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Siglec1 suppresses antiviral innate immune response
by inducing TBK1 degradation via the ubiquitin ligase
TRIM27
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Type I interferon (IFN) production plays pivotal roles in host antiviral innate immune responses, but an excessive
production of type I IFN leads to the development of immunopathological conditions. Investigations on the regula-
tory mechanisms underlying host type I IFN production are currently of great interest. Here, we found that the ex-
pression of lectin family member Siglec1 was upregulated by viral infection in macrophages, which was dependent on
the IFN/JAK/STAT1 signaling pathway. Siglecl was found to negatively regulate viral infection-triggered type I IFN
production. Mechanistically, Siglecl associates with DAP12 to recruit and activate the scaffolding function of SHP2;
SHP2 then recruits E3 ubiquitin ligase TRIM27, which induces TBK1 degradation via K48-linked ubiquitination at
Lys251 and Lys372. Therefore, viral infection-induced upregulation of Siglec1 feedback loop inhibits type I IFN pro-
duction and suppresses antiviral innate immune responses. Our study outlines a novel mechanism of negative regula-

tion of type I IFN production, which may help virus to escape immune elimination.
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Introduction

Effective recognition of the invading virus by the host
innate immune system is essential for the subsequent
triggering of antiviral innate and adaptive immune re-
sponses. Upon recognizing viral components, host innate
immune cells are activated to produce type I interferon
(IFN) and proinflammatory cytokines, which are import-
ant for elimination of the invading pathogens [1, 2]. In
particular, the inducible production of type I IFN plays
pivotal roles in antiviral immune responses because an
appropriate amount of type I IFN induces cellular resis-
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tance to viral infection and triggers apoptosis of virus-in-
fected cells [3]. However, excessive production of type
I IFN may lead to tissue damage, contributing to the de-
velopment of immunopathological conditions or immune
disorders such as autoimmune diseases. Hence, type |
IFN production during viral infection should be tightly
controlled in order to initiate an appropriate immune
response that eliminates invading pathogens while avoid-
ing the development of immune disorders [4]. However,
the mechanisms underlying the precise control of type I
IFN production and function remain to be fully under-
stood.

Viruses are recognized by the host through pattern rec-
ognition receptors (PRRs), including Toll-like receptors,
RIG-I-like receptors, Nod-like receptors (NLRs), and
nucleic acid sensors [5, 6]. Upon viral infection, these
PRRs trigger TBK1 activation through the key adaptors
TRIF, MAVS, or STING, which then activates the tran-
scription factor IRF3 to induce type I IFN production
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[7]. Various types of PRRs tightly cross-regulate type |
IFN production to ensure that an appropriate amount is
produced. Indeed, several negative regulators of PRR
signaling can function to suppress type I IFN production,
which may prevent immune disorders caused by uncon-
trolled or excessive type I IFN production. For example,
NLR family CARD domain containing 5 (NLRCS5) [8]
and NACHT, LRR, and PYD domains-containing protein
4 (NLRP4) [9] have been identified as negative regula-
tors of PRR signaling. As another layer of regulation,
PRR signaling is also cross-modulated by signals gener-
ated via other membrane-associated receptors. For exam-
ple, sialic acid binding immunoglobulin-like lectin G (Si-
glec-G) negatively regulates type I IFN production in the
innate immune response against RNA virus infection by
promoting RIG-I proteasomal degradation [10]. Howev-
er, whether antiviral innate immune response is regulated
by other membrane-associated receptors, especially other
Siglec family members, still needs investigation.
Siglecl, the first Siglec family member identified,
contains 17 immunoglobulin-like domains with the sialic
acid-binding site located within the V-set terminal im-
munoglobulin domain. Siglec1 lacks inhibitory cytosolic
signaling motifs and possesses a neutral transmembrane
domain [11]. Siglecl has been shown to play an import-
ant role in the capture and internalization of pathogens
via binding to sialic acid residues expressed on the sur-
face of some important pathogens such as HIV-1 [12]
and porcine reproductive and respiratory syndrome vi-
rus [13]. Siglecl has also been shown to participate in
antigen presentation and induction of adaptive immune
responses [ 14, 15]. However, the biological functions of
Siglecl in antiviral innate immunity remain elusive, and
its cytosolic signaling pathway is still unknown.
Ubiquitination is one of the most versatile post-trans-
lational modifications (PTMs) of proteins and plays
critical roles in the regulation of antiviral innate immune
response. Modification of TBK1 by different types of
ubiquitin chains has been found to be a key event in the
regulation of TBK1-triggered IRF3 activation [16]. K63-
linked ubiquitination by E3 ubiquitin ligases TRAF3 [17],
mind bomb 1 and 2 (MIB1 and MIB2) [18], and Nrdpl
[19] has been shown to induce TBK1 activation. On the
other hand, K48-linked ubiquitination of TBK1 can pro-
mote the proteasomal degradation of TBK1 and then ter-
minate the downstream signaling. For instance, NLRP4
recruits the E3 ligase DTX4 to TBK1 for K48-linked
polyubiquitination at Lys670, which leads to TBK1
degradation [9]. TRAF-interacting protein (TRIP) also
negatively regulates antiviral innate immune response
by promoting proteasomal degradation of TBK1 [20].
However, whether other E3 ubiquitin ligases contribute

to TBK1 degradation still needs to be fully elucidated.

In the present study, we found that viral infection
significantly upregulated Siglecl expression in mouse
macrophages in an IFN/JAK/STAT1 pathway-dependent
manner. This viral infection-induced upregulation of Si-
glec1 facilitated viral replication by suppression of type |
IFN production via promoting TRIM27-mediated TBK1
degradation. Our findings reveal a new negative regula-
tory mechanism for type I IFN production in the antiviral
innate immune response.

Results

Viral infection significantly upregulates Siglecl expres-
sion in macrophages via the IFN/JAK/STATI pathway

We previously reported that several genes of the lectin
family were significantly upregulated upon VSV infec-
tion in macrophages, and siglecl was one of them [10].
However, the biological significance of Siglecl upregu-
lation in the antiviral innate immune response still needs
to be elucidated. Here we further examined Siglecl ex-
pression in infected mouse peritoneal macrophages and
observed that the upregulation of Siglecl expression fol-
lowing VSV infection occurred in a time- and dose-de-
pendent manner (Figure 1A). Infection of SeV (another
RNA virus) or HSV (a DNA virus) also induced Siglecl
upregulation in macrophages (Figure 1B and 1D). In
addition to its upregulation in macrophages, Siglecl ex-
pression was also enhanced by VSV infection in mouse
peripheral blood mononuclear cells, myeloid convention-
al dendritic cells (cDCs) and plasmacytoid dendritic cells
(Figure 1C). Taken together, these data suggest that in-
fection with various viruses can significantly upregulate
Siglecl expression in innate immune cells.

The mechanism underlying Siglecl upregulation was
further examined. We first determined whether Siglecl
was upregulated by signaling events upstream of IFN
production or downstream of the IFN/JAK/STAT1 effec-
tor signaling pathway. We found that VSV infection or
IFN-a treatment markedly upregulated Siglecl expres-
sion in wild-type (WT) macrophages, and Siglec1 induc-
tion was abolished in type I IFN receptor (IFNAR)-defi-
cient macrophages (Figure 1E), suggesting that Siglecl
upregulation is dependent on signals downstream of
type I IFN production. We also found an IFN-stimulated
response element (ISRE) site located 3 048 bp upstream
of the transcription start site of Siglec! (Supplementary
information, Figure S1A). We constructed luciferase
reporters driven by the Siglecl promoter containing
either WT or mutant ISRE site, and observed that the
mutant Siglecl reporter failed to be induced by IFN-a
stimulation (Supplementary information, Figure S1B).
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Figure 1 Viral infection upregulates Siglec1 expression through the IFN/JAK/STAT1 signaling pathway in macrophages. (A)
Q-PCR analysis of Siglec1 in primary peritoneal macrophages infected with VSV for 24 h (left), or infected with VSV (MOI
= 10) for the indicated time (right). Siglec1 expression was normalized to that of the pB-actin internal control in each sample.
(B) Q-PCR analysis of Siglec1 in macrophages infected with SeV (MOI = 10) or HSV (MOI = 10) for 24 h as indicated. (C)
Q-PCR analysis of Siglec1 in peripheral blood mononuclear cells (PBMNCs), cDCs and plasmacytoid dendritic cells (pDCs)
infected with VSV (MOI = 10) for 24 h as indicated. (D) Immunoblot analysis of Siglec1 in macrophages infected with VSV
(MOI = 10) or HSV (MOI = 10) for 24 h. B-Actin served as a loading control. (E) Q-PCR analysis of Siglec1 expression in
macrophages from WT or IFNAR-deficient mice treated with VSV (MOI = 10) or IFN-a (200 U/ml). (F) Q-PCR analysis of Si-
glec1 in macrophages pretreated for 30 min with the indicated inhibitors and stimulated with 200 U/ml IFN-a for 24 h. (G, H)
Immunoblot and Q-PCR analyses of STAT1 in macrophages transfected with STAT1 siRNA. (I) Q-PCR analysis of Siglec1 in
macrophages transfected with STAT1 siRNA and then stimulated with IFN-a (200 U/ml) for 24 h. Data are shown as mean +
SD. **P < 0.01; NS, not significant. See also Supplementary information, Figure S1.
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Moreover, inhibition of STAT1 efficiently blocked IFN-
a-induced Siglecl upregulation, but inhibition of ERK,
GSK, or NF-kB activity had little effect (Figure 1F).
Consistently, STAT1 knockdown blocked IFN-a-induced
upregulation of Siglec1 expression (Figure 1G-11). Taken
together, these results suggest that viral infection upregu-
lates Siglecl expression in macrophages mainly through
the IFN/JAK/STAT1 signaling pathway.

Siglecl promotes VSV replication through inhibiting vi-
rus-triggered type I IFN production in macrophages

To investigate the biological significance of VSV-in-
duced upregulation of Siglec1, we examined the effect of
Siglecl knockdown on VSV replication in macrophages.
First, we designed two siRNAs targeting Siglecl (siR-
NA#1 and #2) and determined their knockdown efficien-
cy (Figure 2A). Both irrelevant (NC) and recently re-
ported C911 seed-matched negative-control siRNA were
used to exclude the potential off-target effects of RNA
interference [21] (Figure 2A). By measuring the VSV
RNA level in the cytoplasm and the 50% tissue culture
infective dose (TCIDs,) per milliliter of the supernatant
from the infected macrophages, we found that Siglecl
knockdown suppressed VSV replication (Figure 2B-2C).
Moreover, we constructed RAW264.7 macrophage cell
clones stably overexpressing Siglecl (Figure 2D), and
found that overexpression of Siglecl facilitated VSV
replication (Figure 2E).

To further determine the role of Siglecl in host anti-
viral responses, we examined the effect of Siglecl de-
pletion on VSV-triggered type I IFN production. Siglecl
knockdown significantly increased virus-triggered type |
IFN production in macrophages and cDCs (Figure 2F-2G
and Supplementary information, Figure S2). Moreover,
we found that viral infection-induced type I IFN produc-
tion was inhibited in macrophages stably overexpressing
Siglecl (Figure 2H), further confirming that Siglecl
could inhibit type I IFN production. These results sug-
gest that upregulation of Siglecl allows VSV to replicate
more effectively in host cells by inhibiting type I IFN
production.

Siglecl inhibits IRF'3 phosphorylation by targeting TBK1

We next sought to determine the molecular mecha-
nisms by which Siglec1 inhibits virus-triggered type |
IFN production. We found that overexpression of Siglecl
markedly suppressed RIG-I-, MAVS-, or TBK1-induced
IFN-B luciferase activity. However, Siglecl did not
affect IFN-B luciferase activity induced by the consti-
tutively active IRF3(5D) [22] or IKKe (Figure 3A and
Supplementary information, Figure S3). These results
suggest that inhibition of type I IFN production by Si-

glecl is dependent on TBK1 and Siglecl acts upstream
of IRF3. VSV infection-triggered phosphorylation of
IRF3 and TBK1 was enhanced by Siglecl knockdown,
while phosphorylation of ERK, p38, JNK, and p65 was
less influenced (Figure 3B). Moreover, knockdown of
Siglecl resulted in a much higher level of endogenous
TBKI1 compared with that in control macrophages after
poly(I:C) transfection (Figure 3C). Also, overexpression
of Siglecl in macrophages decreased the endogenous
TBKI1 protein level with little effect on its mRNA level
(Figure 3D). Taken together, these results suggest that Si-
glecl negatively regulates VSV infection-induced IRF3
activation by reducing TBK1 protein level.

Siglecl associates with DAP12 and SHP2

Next, we investigated the molecular mechanisms
by which Siglecl regulates TBK1 protein levels. Since
Siglecl itself lacks inhibitory cytosolic signaling mo-
tifs and possesses a neutral transmembrane domain, we
sought to identify the adaptor that associates with Si-
glecl to mediate the signals that ultimately inhibit type
I IFN production. We immunoprecipitated Siglecl from
lysates of VSV-infected peritoneal macrophages and then
performed mass spectrometry (MS) to identify Siglec1-as-
sociated proteins. Among the proteins identified by the MS,
we focused on the adaptor protein DAP12 (containing a
cytosolic immunoreceptor tyrosine-based activation motif
(ITAM)) and examined its potential role in regulating Si-
glec1 signaling (Supplementary information, Figure S4).

Some Siglec family members contain a positively
charged residue in the transmembrane anchor region, and
they may associate with a disulfide bond-linked homod-
imer of DAP12, DAP10 (containing a cytosolic YxxM
motif), or FcRy (containing a cytosolic ITAM motif) [23].
Immunoprecipitation (IP) experiments showed that Si-
glecl interacted with ITAM-containing DAP12 and FcRy
adaptors, but not DAP10 (Figure 4A). We also observed
that the interaction between endogenous Siglecl and
DAP12 was enhanced upon VSV or HSV infection (Fig-
ure 4B), suggesting that DAP12 is an important adaptor
in Siglecl signaling pathway.

Considering that DAP12 homodimers contain ITAMs
that can be phosphorylated by Src family tyrosine kinas-
es and recruit Syk, SHP-1, or SHP-2 to trigger down-
stream signaling events [24], we investigated the acti-
vation status of these molecules in Siglec/ knockdown
macrophages in the presence of viral infection. Siglecl
knockdown significantly inhibited SHP2 phosphorylation
and activation, while phosphorylation of Syk, Src, and
SHP1 was less influenced (Figure 4C), suggesting that
Siglecl is required for VSV-triggered SHP2 phosphory-
lation. IP experiments also showed that SHP2 interacted
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Figure 2 Siglec1 promotes VSV replication and suppresses VSV-triggered type | IFN production. (A) Immunoblot analysis of
Siglec1 in macrophages transfected with NC, Siglec1 siRNA#1 C911, Siglec1 siRNA#1, and Siglec1 siRNA#2 as indicated
for 48 h. (B) Q-PCR analysis of intracellular VSV RNA levels from macrophages transfected as described in A and stimulated
with VSV (MOI = 10) for the indicated time. (C) Macrophages were transfected with Siglec1 siRNA#1 and infected by VSV
(MOI = 10) for 72 h. Their supernatants were measured for VSV TCIDs,. (D) Immunoblot analysis of Siglec1 in RAW264.7 cell
clones stably overexpressing Siglec1. (E) Q-PCR analysis of intracellular VSV RNA levels in cells shown in D infected with
VSV for the indicated time. (F, G) Macrophages were transfected as in A or C and infected with VSV (MOI = 10) or HSV (MOl
= 10) for 12 h. Q-PCR analysis of IFN-p and IFN-a4 mRNA and ELISA of IFN-f in the supernatants were then performed. (H)
RAW264.7 cell clones stably overexpressing Siglec1 were infected with VSV (MOI = 10) or HSV (MOI = 10) for the indicated
time. Q-PCR analysis of intracellular IFN-B mRNA levels and ELISA of IFN-B in the supernatants were then performed. Data
are shown as mean = SD or representative photographs. *P < 0.05; **P < 0.01; NS, not significant. See also Supplementary
information, Figure S2.
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Figure 3 Siglec1 inhibits IRF3 phosphorylation by targeting TBK1. (A) IFN-p luciferase activity in HEK293T cells co-transfect-
ed with RIG-I, MAVS, TBK1, IKKg, or IRF3(5D) and Siglec1 as indicated. (B) Immunoblot analysis of the indicated molecules
in lysates of macrophages transfected with Siglec1 siRNA#1 and infected with VSV (MOI = 10). (C) Immunoblot and RT-PCR
analyses were performed to respectively measure TBK1 protein and mRNA levels in macrophages transfected with Siglec1
siRNA and stimulated with poly(l:C) transfection at the indicated time. Actin serves as a loading control. (D) Immunoblot and

RT-PCR analyses were performed to respectively measure

TBK1 protein and mRNA levels in RAW264.7 cells transfected

with increasing doses of Siglec1 plasmid. Data are shown as mean = SD or representative photographs. **P < 0.01; NS, not

significant. See also Supplementary information, Figure S3.

with DAP12 and FcRy, but not DAP10 (Figure 4D).
We also found that DAP12 associated with Siglecl and
SHP2, and SHP2 associated with Siglecl and DAP12,
suggesting that Siglecl, DAP12, and SHP2 form a com-
plex (Figure 4E). Furthermore, SHP1 did not exist in
the complex (Figure 4E). Interestingly, overexpression
of DAP12 was found to promote the binding between
Siglecl and SHP2 (Figure 4E). Collectively, these data
suggest that upon VSV infection, Siglecl may associate
with DAP12 and SHP2, thus leading to suppression of
type I IFN production.

SHP?2 recruits TRIM27 to suppress VSV-triggered type 1
IFN production
Among Siglecl-associated proteins detected by MS,

we focused on an E3 ligase TRIM27 to examine its po-
tential role in regulating TBK1 turnover (Supplementary
information, Figure S4). We did not find any direct inter-
action between Siglecl and TRIM27 in HEK293T cells
overexpressing these two proteins (data not shown), but
IP and GST pull-down experiments showed that SHP2
directly interacted with TRIM27 (Figure 5A and Sup-
plementary information, Figure S6A). Furthermore, en-
hanced interaction among endogenous SHP2, TRIM27,
and DAP12 was observed upon VSV infection (Figure
5B). Also, co-IP experiments revealed that SHP2 associ-
ated with TRIM27 and DAP12, and DAP12 associated
with TRIM27 and SHP2 in HEK293T cells co-express-
ing various tagged plasmids (Figure 5C and Supplemen-
tary information, Figure S5A). These results suggest that
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Figure 4 Siglec1 associates with DAP12 and SHP2 in VSV-infected macrophages. (A) IP and immunoblot analyses of the
indicated proteins in HEK293T cells co-transfected with Siglec1 and DAP12, DAP10, or FcRy as indicated. (B) IP and immu-
noblot analyses of the endogenous DAP12-Siglec1 interaction in macrophages infected with VSV or HSV. IgG served as an
IP control. (C) Immunoblot analysis of the indicated molecules in macrophages transfected with NC or Siglec1 siRNA and
infected with VSV (MOI = 10). (D) IP and immunoblot analyses of the indicated proteins in HEK293T cells co-transfected with
SHP2 and DAP12, DAP10, or FcRy as indicated. (E) IP and immunoblot analyses of the indicated proteins in HEK293T cells
co-transfected with Siglec1 and DAP12, SHP2, or SHP1 as indicated. Data are shown as representative photographs. See
also Supplementary information, Figure S4.

WCL

www.cell-research.com | Cell Research

127



@ Siglec1 suppresses type | IFN production

1128

DAP12, SHP2, and TRIM27 may form a complex and
play important roles in Siglec1-mediated signaling pathway.

We further investigated whether TRIM27 plays a role
in Siglecl-mediated regulation of type I IFN production.
First, we found that TRIM27 knockdown significantly
inhibited VSV replication and increased virus-triggered
type I IFN production (Figure 5D and 5E). We estab-
lished TRIM27-overexpressing RAW264.7 macrophages
(Figure 5F), and found that type I IFN production in-
duced by VSV or HSV infection was inhibited and VSV
replication was enhanced in these cells (Figure 5G),
further confirming that TRIM27 could inhibit type I IFN
production. Moreover, TRIM27 knockdown enhanced
IRF3 and TBK1 phosphorylation, while phosphorylation
of ERK, p38, JNK, and p65 was less influenced (Figure
5H). We also found that overexpression of Siglecl or
TRIM27 reduced TBK1-induced IFN-f luciferase activa-
tion, and overexpression of both further inhibited IFN-3
reporter activation. However, overexpression of both
Siglecl and TRIM27 failed to reduce the constitutively
active IRF3(5D)-induced IFN-B luciferase activation
(Figure 51I), suggesting that Siglecl and TRIM27 have
cumulative effects on downregulating type I IFN produc-
tion, which is dependent on TBK1.

To further investigate the role of SHP2 in Sigle-
cl-mediated signaling pathway, we used SHP2-deficient
macrophages and found that Siglecl knockdown failed
to upregulate VSV infection-induced IFN-f production
in SHP2-deficient macrophages (Figure 5J). Although
TRIM27 knockdown still facilitated VSV-induced IFN-3
production in SHP2-deficient macrophages, such fa-
cilitating effect was smaller as compared with that in
WT macrophages (Supplementary information, Figure
S5C). These results suggest that SHP2 is required for the
inhibitory effects of Siglecl and TRIM27 on IFN-B pro-
duction, and SHP2 may function upstream of TRIM27
and downstream of Siglecl. We next examined whether
SHP2 phosphorylation is required for Siglecl-mediated
signaling. Intriguingly, WT SHP2, catalytically inactive
SHP2 (SHP2CS), and SHP2 phosphorylation-defective
mutant (SHP2 Y542A/Y580A) are all capable of de-
creasing VSV-triggered IFN-f production in SHP2-de-
ficient cells (Supplementary information, Figure S5B).
We also found that SHP2CS was still able to associate
with TRIM27 (Supplementary information, Figure S5D).
These results indicate that SHP2 negatively regulates
type I IFN production in a phosphatase activity- and
phosphorylation-independent manner. Furthermore, Si-
glecl failed to inhibit IFN-f production in macrophages
with TRIM27 knockdown (Figure 5K), but could still do
so in cells with knockdown of other reported TBK1 E3
ligase DTX4 [9] or TRIP [20] (Supplementary informa-

tion, Figure SS5E), suggesting that TRIM27 plays a key
role in Siglecl-mediated inhibition of type I IFN pro-
duction. Together, these results indicate that upon VSV
infection, Siglecl activates the scaffolding function of
SHP2, and then SHP2 recruits TRIM27 to work jointly
to suppress type I IFN production.

TRIM?27 inhibits VSV infection-induced type 1 IFN pro-
duction by promoting TBK1 degradation

We previously reported that SHP2 can interact with
TBK1 and inhibit TBK1-mediated IFN production, but
the mechanism is unknown [25]. We then investigated
whether SHP2 recruits TRIM27 to TBK1 for inhibiting
VSV-triggered type I IFN production. The direct associ-
ation between TRIM27 and TBK1 was detected (Figure
6A and Supplementary information, Figure S6A) and the
co-localization between TRIM27 and TBK1 upon VSV
infection was observed using confocal microscopy (Sup-
plementary information, Figure S6B). Overexpression
of TRIM27 decreased TBK1 protein level, while knock-
down of TRIM27 increased TBK1 protein level (Figure
6B and Supplementary information, Figure S6C). We
also found that TBK1 mRNA level did not change upon
overexpression of TRIM27 (Figure 6C), thus excluding
the possibility that the decrease of TBK1 protein level
was caused by lower expression of the TBK gene. These
data suggest that TRIM27 may function primarily as an
E3 ubiquitin ligase to degrade TBK1. The proteasome
inhibitor MG-132 blocked TRIM27-induced decrease of
TBKI protein level (Figure 6D), indicating that TRIM27
decreases TBK1 expression by inducing TBK1 degra-
dation via the proteasome pathway. In characterization
of TRIM27-mediated ubiquitination of TBK1, we found
that TRIM27 induced an increase in K48-linked ubiquiti-
nation of TBK1, whereas K63-linked ubiquitination re-
mained unchanged (Figure 6E), suggesting that TRIM27
induces K48-linked polyubiquitination of TBK1 to facil-
itate its degradation. It was reported that phosphorylation
of TBK1 at serine 172 was critical for NLRP4-mediated
ubiquitination of TBK1 [9]. We found that TRIM27 was
still able to bind and induce K48-linked ubiquitination of
the TBK1 S172A mutant (Supplementary information,
Figure S6D), indicating that TRIM27-induced TBK1
degradation may be independent of TBK1 Ser172 phos-
phorylation. Together, these results suggest that TRIM27
functions as an E3 ubiquitin ligase of TBK1 and pro-
motes its degradation.

In order to characterize the TRIM27-TBK1 interaction
in more detail, we constructed plasmids expressing vari-
ous truncated fragments of TRIM27 and TBK1. Binding
between TRIM27 and TBK1 was mediated by the inter-
action between their respective coiled-coil domains, and
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Figure 5 Recruitment of TRIM27 by SHP2 inhibits VSV-triggered type | IFN production in macrophages. (A) IP and immu-
noblot analyses of the indicated proteins in HEK293T cells co-transfected with TRIM27 and SHP2 as indicated. (B) Im-
munoblot analysis of DAP12 and TRIM27 in SHP2-immunoprecipitated products from lysates of VSV-infected (MOl = 10)
macrophages. (C) IP and immunoblot analyses of the indicated proteins in HEK293T cells co-transfected with TRIM27 and
DAP12, SHP2, or SHP1 as indicated. (D) Immunoblot analysis of TRIM27 in macrophages transfected with TRIM27 siRNA as
indicated for 48 h. (E) Macrophages were transfected as in D and then infected with VSV (MOI = 10) or HSV (MOI = 10) for
12 h. Q-PCR analysis was performed to evaluate IFN-B and VSV RNA levels in cells, and ELISA was performed to evaluate
IFN-B protein levels in the supernatants. (F) Immunoblot analysis of TRIM27 in RAW264.7 cell clones stably overexpressing
TRIM27. (G) RAW264.7 cell clones stably overexpressing TRIM27 were infected with VSV (MOI = 10) or HSV (MOI = 10) for
the indicated time. Q-PCR analysis of intracellular IFN-p mRNA and VSV RNA levels and ELISA of IFN-B in the supernatants
were then performed. (H) Immunoblot analysis of the indicated molecules in lysates of macrophages transfected with TRIM27
siRNA#1 and infected with VSV (MOI = 10). (I) IFN-p luciferase activity in HEK293T cells transfected with TBK1 or IRF3(5D),
and Siglec1 or TRIM27 as indicated. (J) Q-PCR analysis of IFN-B mRNA levels in SHP2-deficient macrophages transfected
with Siglec1 or TRIM27 siRNA and infected with VSV. (K) Q-PCR analysis of IFN-f mRNA levels in Siglec1 stably overex-
pressing-RAW264.7 cell clones that were transfected with TRIM27 siRNA and infected with VSV for 8 h. Data are shown as
mean + SD or representative photographs. *P < 0.05; **P < 0.01; NS, not significant. See also Supplementary information,
Figure S5.
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Figure 6 TRIM27-mediated K48-linked ubiquitination and degradation of TBK1. (A) IP and immunoblot analyses of the in-
dicated proteins in HEK293T cells co-transfected with TRIM27 and TBK1 as indicated. (B) Immunoblot analysis of TBK1
in RAW264.7 cells transfected with increasing doses of TRIM27 plasmids. (C) RT-PCR analysis of TBK1 mRNA levels in
RAW264.7 cells transfected with increasing doses of TRIM27 plasmids. GAPDH mRNA serves as a loading control. (D)
Immunoblot analysis of extracts from HEK293T cells transfected with TBK1 and TRIM27 plasmids and treated with MG-
132 or dimethyl sulfoxide (DMSO). (E) IP and immunoblot analyses of extracts from HEK293T cells transfected with TBK1
with or without TRIM27 as well as WT, K48-linked, or K63-linked ubiquitin as indicated. (F) IP and immunoblot analyses of
the indicated proteins in HEK293T cells transfected with various TRIM27 truncated fragments along with TBK1. AR, lacking
RING domain; AR+BB, lacking RING and B-Box domains; ARFP, lacking PRY-SPRY domain; RFP, PRY-SPRY domain.
Numbers above the domain names indicate amino acid positions. (G) IP and immunoblot analyses of the indicated proteins
in HEK293T cells transfected with various TBK1 truncated fragments and TRIM27 as indicated. KD, kinase domain; ULD,
ubiquitin-like domain; CC, coiled-coil domain. Data are shown as representative photographs. See also Supplementary infor-

mation, Figure S6.

the B-Box domain of TRIM27-mediated TBK1 degra-
dation (Figure 6F and 6G). We also found that TRIM27
mutants lacking the B-Box domain were no longer able
to inhibit TBK1-induced IFN-f luciferase activation,
while TRIM27 fragments containing the B-Box domain
retained this function (Supplementary information, Fig-
ure S6E). Therefore, the coiled-coil and B-Box domains
of TRIM27 are responsible for TBK1 interaction and
degradation, respectively.

TRIM?27 induces K48-linked ubiquitination of TBKI at
Lys251 and Lys372

We further attempted to identify the specific sites of
TRIM27-mediated ubiquitination in TBK1. Among all

TBK1 truncations examined, the fragment containing
only the coiled-coil domain did not show enhanced K48-
linked ubiquitination and degradation upon TRIM27
overexpression (Figure 7A and 7B), suggesting that the
kinase domain and the ubiquitin-like domain of TBK1
may contain sites for TRIM27-mediated ubiquitination.
Using computer-assisted algorithms [26], we identi-
fied five potential ubiquitination sites (Lys82, Lys241,
Lys251, Lys341, and Lys372) in these two domains, and
substituted them with arginine to create five single-site
mutants and a double-site mutant K251/372R. We found
that the K251/372R double mutation almost completely
blocked TRIM27-induced degradation and K48-linked
ubiquitination of TBK1 (Figure 7C and 7D), suggesting
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that K251 and K372 are required for TRIM27-mediated
TBKI1 ubiquitination. Furthermore, the inhibitory effect
of TRIM27 on TBK1-induced IFN-f luciferase acti-
vation was reduced by either K251R or K372R single
mutation of TBK1, and was completely abolished by the
K251/372R double mutation (Figure 7E). Siglecl was
unable to inhibit IFN-f luciferase activation induced by
the K251/372R mutant of TBK1 (Figure 7F). In addition,
promotion of VSV replication induced by overexpression
of Siglecl or TRIM27 was abolished by transfection of
the K251/372R TBK1 mutant (Figure 7G). However, the
K251/372R mutant can still bind to TRIM27 (Supple-
mentary information, Figure S7). Taken together, these
results suggest that Lys251 and Lys372 of TBK1 are
essential for Siglecl- and TRIM27-mediated K48-linked
ubiquitination and degradation of TBK1. Hence, our
results reveal a negative feedback pathway regulating
type I IFN production, in which IFN-induced upregula-
tion of Siglecl in turn activates TRIM27-mediated TBK1
degradation (Figure 7H and 71).

Discussion

Although an effective host defense against viral infec-
tion requires the induction of appropriate innate immune
responses, excessive activation of antiviral innate im-
mune responses may cause the development of acute or
chronic inflammatory disorders. Therefore, immune cells
need to employ various negative regulatory mechanisms
to avoid uncontrolled immune responses when encoun-
tering viral invasion. Here we discovered that inducible
upregulation of the Siglec1 pathway and increase of
TBK1 degradation may represent a new feedback regula-
tory mechanism for the host antiviral immune response.

Siglecl is expressed in many types of immune cells
with a preferential expression in macrophages [27]. In
contrast, IFNAR is extensively expressed in many tissues
and cell types, and highly expressed in immune cells.
As innate immune cells, especially macrophages and
DCs, are important IFN-producing cells, the negative
regulation of IFN production in these cells is important
for the prevention of excessive IFN production-mediated
immune disorders. We now demonstrate that type I IFN
can induce Siglec1 expression in macrophages and DCs,
suggesting that the negative regulatory loop of type I
IFN production mediated by Siglec1 exists in uninfected
cells and can be induced upon viral infection in innate
immune cells. Hence, the activated Siglecl pathway by
type I IFN may represent a new mechanism to prevent
excessive type I IFN production.

Excessive IFN production has been suggested to be
involved in the pathogenesis of a set of autoimmune
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diseases, especially the systemic lupus erythematosus
[28]. In these diseases, negative regulators or regulatory
pathways of IFN production are often deregulated or in-
activated. Here we show that Siglecl expression can be
significantly induced by type I IFN, and the induced Si-
glecl in turn suppresses IFN production. Siglecl-medi-
ated negative feedback loop controlling IFN production
may be important for the prevention of IFN-mediated
autoimmune diseases. It would be interesting to further
investigate whether the Siglecl pathway is deregulated
in autoimmune diseases. Host negative regulation of
type I IFN production may also be exploited by the virus
to subvert the immune responses, thus helping virus to
promote its replication and immune evasion in host cells.
Siglecs are inhibitory receptors defined by their ability to
recognize sialic-acid-containing structures. Several types
of pathogens can exploit sialic acids, which are either
synthesized by themselves or acquired from the host,
to activate inhibitory Siglecs on innate immune cells,
thus attenuating host protective responses and achiev-
ing immune evasion [11]. Membrane Siglecl has been
reported to be utilized by HIV-1 to infect macrophages
[29]. Together with our data that Siglecl expression was
upregulated upon viral infection, we thus speculate that
Siglecl upregulation may be an important and common
strategy utilized by different families of viruses to evade
host immune responses. Therefore, Siglecl may bear
considerable potential to serve as a new target for the
development of therapies against viral infection and in-
fection-related diseases.

Siglecl is expressed in numerous macrophage popula-
tions and contains an extended extracellular region con-
sisting of 17 Ig-like domains. It is believed to primarily
function in mediating macrophage-pathogen adhesion
and phagocytosis [30] as well as in promoting antigen
presentation [31]. Siglecl does not contain any known
cytosolic motifs to mediate inhibitory signaling itself,
and the interaction between Siglecl and intracellular
regulators is poorly understood. Here we found that Si-
glecl associates with DAP12 to activate the scaffolding
function of SHP2, which then recruits TRIM27 to de-
grade TBK1. We have previously reported that Siglec-G
recruits the E3 ligase c-Cbl to degrade RIG-I via K48-
linked ubiquitination [10]. Therefore, both Siglecl and
Siglec-G pathways can be utilized by viruses to evade
host immune responses and act in parallel by targeting
different key signaling molecules of innate immune re-
sponses. Our findings have provided new insight into
mechanisms by which membrane-bound Siglec family
members regulate intracellular signaling pathways. How-
ever, the interaction mechanism between Siglec] and
DAP12 still needs to be investigated in the future.
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Figure 7 Lys251 and Lys372 of TBK1 are critical sites for TRIM27-mediated degradation of TBK1. (A, B) IP and immuno-
blot analyses of the indicated proteins in HEK293T cells co-transfected with various TBK1 truncated fragments (KD, 35 KD;
KD+ULD, 40 KD; CC, 44 KD; ULD+CC, 49 KD), TRIM27, and K48-linked ubiquitin as indicated. (C, D) IP and immunoblot
analyses of the indicated proteins in HEK293T cells transfected with TRIM27 and K48-linked ubiquitin together with vari-
ous TBK1 mutants as indicated. (E) IFN-B luciferase activity in HEK293T cells transfected with various TBK1 mutants and
TRIM27. (F) IFN-B luciferase activity in HEK293T cells transfected with WT or mutant TBK1 and Siglec1 as indicated. (G)
Q-PCR analysis of VSV RNA levels in RAW264.7 cells that were transfected with WT or mutant TBK1 and Siglec1 or TRIM27
and then infected with VSV (MOI = 10) for 12 h. (H, 1) Working model for the mechanism by which viral infection-induced up-
regulation of Siglec1 negatively regulates type | IFN production in a feedback manner via recruiting TRIM27 to degrade TBK1
and impair IRF3 signaling in the initiation of type | IFN production. This proposed negative feedback pathway is independent
of the phosphorylation and the phosphatase activity of SHP2. Data are shown as mean + SD or representative photographs.
**P < 0.01. See also Supplementary information, Figure S7.
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Ubiquitination is one of the most versatile PTMs and
is important for antiviral responses. Many members of
the TRIM family can induce K63- or K48-linked ubiq-
uitination [32]. For example, TRIM25 and TRIMS56 can
induce RIG-I and STING ubiquitination, respectively,
by K63-mediated linkage, which are essential for type
I IFN production [33, 34]. In contrast, TRIM21 nega-
tively regulates type I IFN production mainly through
promoting K48-linked ubiquitination and degradation of
DDX41 [35]. Recently, TRIM27 was described to act as
an E3 ligase that negatively regulates NOD2 by mediat-
ing its ubiquitination and proteasomal degradation [36].
Here we show that TRIM27 is a key E3 ligase that me-
diates K48-linked ubiquitination at Lys251 and Lys372
of TBK1 and promotes TBK1 proteasomal degradation,
thus functioning as a negative regulator of type I IFN
production. It was reported that Lys620 is the site for
TBKI1 ubiquitination by DTX4, suggesting that different
E3 ligases could target TBK1 for degradation during vi-
ral infection. More importantly, knockdown of TRIM27
blocked Siglecl-mediated inhibition of type I IFN pro-
duction, but knockdown of other reported TBK1 E3
ligases, DTX4 or TRIP, in macrophages failed to do so.
Furthermore, DTX4 and TRIP were not detected by MS
as Siglecl-associated proteins (data not shown). These
data suggest that TRIM27 serves as a specific E3 ligase
for TBKI in the Siglecl-mediated signaling pathway
during viral infection. The RING domain of TRIM fam-
ily members was reported to mediate their E3 ubiquitin
ligase activity; however, we found that TRIM27-mediat-
ed TBK1 degradation is independent of its RING domain
and is instead dependent on its B-Box domain. Why only
the B-Box domain of TRIM27 is involved in TBK1 ubig-
uitination still needs to be investigated in the future.

SHP-2 is an evolutionarily conserved protein tyro-
sine phosphatase, containing two SH2 domains at the N
terminus, a central catalytic domain, and a C-terminal
tail. SHP-2 functions as a regulator in various signaling
pathways [37]. Here we show that SHP2 negatively reg-
ulates type I IFN production in a phosphatase activity-
and phosphorylation-independent manner. We also found
that SHP2 is required for TRIM27-mediated negative
regulation of IFN production. Hence, we propose that
SHP2 may function as an adaptor between DAP12 and
TRIM27. However, the detailed mechanisms of SHP2
activation and its role in TRIM27 activation still need
further investigation.

On the basis of our findings, we propose the following
working model to explain how inducible upregulation of
Siglec] inhibits type I IFN production and suppresses the
antiviral innate immune response (Figure 7H and 71). Vi-
ral infection significantly upregulates Siglecl expression
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in macrophages through the IFN/JAK/STAT1 signaling
pathway. Siglecl in turn inhibits type I IFN production
through targeting TBK1. Mechanistically, Siglecl asso-
ciates with DAP12 and activates the scaffolding function
of SHP2; SHP2 subsequently recruits TRIM27, which
then binds TBK1 through an interaction between their
coiled-coil domains. TRIM27 then functions as an E3 li-
gase to induce K48-linked ubiquitination at both Lys251
and Lys372 residues of TBK1, consequently leading to
proteasomal degradation of TBK1, suppression of IRF3
phosphorylation, and inhibition of type I IFN production.

Materials and Methods

Mice

C57BL/6 mice (6-8 weeks) were obtained from the Joint
Ventures Sipper BK Experimental Animal Company (Shanghai,
China). IFNAR-deficient mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME, USA). SHP2-deficient mice were a kind
gift from Dr Gensheng Feng (University of California San Diego,
San Diego, CA, USA). Mice were housed and bred in specific
pathogen-free conditions. All animal experiments were performed
in accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals, with the approval of the Sci-
entific Investigation Board of Second Military Medical University
(Shanghai, China).

Cell culture and transfection

HEK293T and RAW264.7 cell lines were obtained from Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured as described previously [38]. Cells (1 x 10°) were seeded
into 6-well plates and incubated overnight. Jet-PRIME transfection
reagents (Polyplus-transfection, Illkirch, France) were used for
co-transfection of plasmids and siRNAs according to the manufac-
turer’s instructions. Thioglycollate-elicited mouse peritoneal mac-
rophages were seeded (2 x 10° cells in 0.5 ml) into 24-well plates
and incubated overnight. Cells were then transfected with siRNAs
using INTERFERin (Polyplus-transfection) according to the man-
ufacturer’s instructions. To establish stably transfected RAW264.7
cells, G418 was added (1 000 pg/ml) 48 h after transfection and
maintained at 800 pg/ml for 3 weeks for positive selection. For
stably transfected cells, Siglecl and TRIM27 expression was con-
firmed by western blot. Stably transfected RAW264.7 cells were
subsequently cultured in a complete medium containing 500 pg/ml
G418.

Reagents and pathogens

The STAT1 inhibitor (Fludara, 100 pg/ml), GSK inhibitor
(SB216763, 10 uM), JNK inhibitor (SP1006, 30 uM), NF-xB
inhibitor (PDTC, 200 uM), and MG132 (5 uM) were purchased
from Calbiochem (San Diego, CA, USA). Poly(I:C) (P1530) and
glutathione (G4251) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). rIFN-alb was obtained from Sanyuan Com-
pany (Shanghai, China). Antibodies against B-actin (sc-8432) and
DAP12 (sc-20783), and horseradish peroxidase (HRP)-coupled
secondary antibodies (sc-2749) were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Antibody against Siglecl (MAB5610)
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was from R&D Systems (Minneapolis, MN, USA). Antibodies
against STAT1 (9172), p-IRF3 (4947), IRF3 (4302), p-JNK (9251),
INK (9252), p-p65 (3033), p65 (8242), p-p38 (9215), p38 (9212),
p-Src (2113), Src (2123), p-SHP2 (3751), SHP2 (3752), p-Syk
(14140), Syk (13198), p-SHP1(8849), SHP1(3759), p-TBK1
(5483), TBK1 (3013), and Myc-tag (2278) were from Cell Sig-
naling Technology (Danvers, MA, USA). Antibodies against
HA (ab9110) and V5 (ab9116) were from Abcam (Cambridge,
UK). Antibodies against TRIM27 (AV34701) and the Flag-tags
(F7425) as well as the agarose used for IP were from Sigma-Al-
drich. HRP-conjugated secondary antibody (TrueBlot; 18-8816)
was from eBioscience (San Diego, CA, USA). Alexa Fluor 488
(A-21202) and Alexa Fluor 546 (A-11071) were from Life tech-
nologies. VSV (Indiana Strain) was propagated and amplified by
infecting a monolayer of Vero cells. The supernatant was harvested
24 h later and clarified by centrifugation. Viral titers were deter-
mined by evaluating TCID;, levels in Vero cells. Sendai virus and
HSV-1 virus (Kos strain) were kindly provided by Dr Qihan Li
(Chinese Academy of Medical Sciences).

RNA interference

Thioglycollate-elicited mouse peritoneal macrophages or
RAW264.7 cells were transfected with siRNA (final concentration:
20 nM) using the INTERFERin reagent (Polyplus-transfection).
All siRNAs were obtained from GenePharma (Supplementary in-
formation, Table S1).

Real-time quantitative PCR

Total RNA was extracted with Trizol reagent (Invitrogen) and
reversed-transcribed using the Reverse Transcription System from
Toyobo (Osaka, Japan). The reverse transcription products from
different samples were amplified by real-time PCR and analyzed
as described previously [39, 40]. The primer sequences for Q-PCR
analysis are listed in Supplementary information, Table S2.

Molecular cloning of related genes

Related genes were obtained from mouse macrophage or
HEK293T ¢cDNA by RT-PCR and subsequently subcloned into
pGL3-enhancer, pcDNA-Flag, pcDNA-Myc, or pcDNA-V5 vec-
tors. The deletion domains of mouse Flag-TRIM27 and Myec-
TBK1 were generated by PCR. Corresponding primers used are
listed in Supplementary information, Table S3. Phosphorylation
and ubiquitination site point mutations in TBK1 were generated
by PCR-based amplification. Each construct was confirmed by se-
quencing. The corresponding primers used in this study are listed
in Supplementary information, Table S4.

Nanospray liquid chromatography-tandem mass spectrometry

Macrophages were infected with VSV for 6 h or uninfected (0
h), and then lysed for immunoprecipitation with Siglecl antibody.
After silver staining, different bands with intensive signal in 6 h
compared with 0 h and IgG control were cut and digested, fol-
lowed by analysis by reverse-phase nanospray liquid chromatog-
raphy-tandem mass spectrometry. The spectra from tandem mass
spectrometry were automatically used for searching against the
nonredundant International Protein Index mouse protein database
(version 3.72) with the Bioworks browser (rev.3.1).

Confocal microscopy
HEK293T cells plated on glass coverslips in six-well plates

were co-transfected with plasmids and infected with VSV. Cells
were then labeled with tag antibody and viewed using a Leica TCS
SP2 confocal laser microscope.

GST pull-down assays

The cDNAs encoding TRIM27 were cloned into pGEX-4T-1
vector (GE Healthcare), and cDNAs encoding SHP2, TBK1, or
SHP1 were cloned into pET-22b(+) vector (Novagen). The ex-
pression and purification of GST or 6x His fusion proteins and the
GST pull-down assays were performed as previously described
[25].

Luciferase reporter assays

HEK293T cells (1 x 10*) were plated in 96-well plates and
transfected with a mixture of the indicated luciferase reporter
plasmid and the pRL-TK-Renilla luciferase plasmid together with
various amounts of the following plasmids: Siglecl, TRIM27, and
WT or mutant TBK1. An empty pcDNA3.1 vector was used to
maintain equal amounts of DNA among wells. Cells were collect-
ed at 24 h after transfection, and luciferase activity was measured
with a Dual-Luciferase Assay (Promega, Madison, WI, USA) with
a Luminoskan Ascent Luminometer (Thermo Scientific, Hanover
Park, IL, USA) as described previously [39]. Reporter gene activ-
ity was determined by normalizing Firefly luciferase activity to
Renilla luciferase activity.

Immunoblot and immunoprecipitation

Cells were lysed using Cell Lysis Buffer (Cell Signaling Tech-
nology) supplemented with cocktail protease inhibitor (Calbio-
chem). Protein concentrations of the extracts were measured using
a BCA assay (Pierce, Rockford, IL, USA) and equalized with the
extraction reagent. Equivalent amounts of extracts were used for
IP, or were loaded and subjected to SDS-PAGE, transferred onto
nitrocellulose membranes, and then blotted as described previous-
ly [41]. For IP, whole-cell extracts were prepared after transfection
or stimulation with appropriate ligands, followed by incubation
overnight with the appropriate antibodies plus Protein A/G beads.
Beads were washed five times and eluted as described previously
[10].

Statistical analysis

All statistical analyses were performed by Student’s #-test using
Prism (version 5.0; GraphPad). Statistical values achieving P < 0.05
were considered to be statistically significant.
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