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Abstract

Type I interferons play a pivotal role in innate immune response to virus infection.
The protein tyrosine phosphatase SHP-1 was reported to function as a negative regu-
lator of inflammatory cytokine production by inhibiting activation of NF-kB and
MAPKSs during bacterial infection, however, the role of SHP-1 in regulating type I
interferons remains unknown. Here, we demonstrated that knockout or knockdown of
SHP-1 in macrophages promoted both HSV-1- and VSV-induced antiviral immune
response. Conversely, overexpression of SHP-1 in 1.929 cells suppressed the HSV-
1- and VSV-induced immune response; suppression was directly dependent on phos-
phatase activity. We identified a direct interaction between SHP-1 and TRAF3; the
association between these two proteins resulted in diminished recruitment of CKle
to TRAF3 and inhibited its K63-linked ubiquitination; SHP-1 inhibited K63-linked
ubiquitination of TRAF3 by promoting dephosphorylation at Tyr116 and Tyr446.
Taken together, our results identify SHP-1 as a negative regulator of antiviral immu-

nity and suggest that SHP-1 may be a target for intervention in acute virus infection.
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HAO ET AL.
1 | INTRODUCTION
Viruses, including human immunodeficiency virus

(HIV)-1, Zika virus, Ebola virus, and influenza virus, are
worldwide problems that threaten human health and re-
sult in enormous economic losses and social problems.l"4
Emergence of the novel coronavirus, SARS-CoV-2, has re-
sulted in an extraordinary public health crisis in China that
is having an impact worldwide.>” At present, there is no
effective means for prevention or specific treatment for this
pathogen.8 As host innate immune response provides crit-
ical control of virus infection, an improved understanding
of the molecular mechanisms that promote antiviral innate
immunity will permit intervention at the earliest stages of
infection.

As the first line of defense against invading viruses,
host immune cells synthesize and secrete type I interferons
(IFNs) including IFN-a and IFN-; these factors promote
antiviral, anti-proliferative, and immunomodulatory func-
tions. Type I IFNs are critical components of the innate
defense against viral infections. Virus infection can acti-
vate antiviral signaling pathways including TBK1-IRF3 as
well as NF-kB and MAPK pathway.”'” Viruses and their
components induce type I IFN responses via the activation
of pattern recognition receptors (PRRs),"! notably the toll-
like receptors (TLRs) which are detected both intracellu-
larly and on the cell surface. TLRs 3, 7, 8, and 9 recognize
virus-derived nucleic acids and activate signaling cascades
that lead to translocation of the transcription factors NF-
kB, IRF3, and IRF7 into the nucleus; these signaling events
result in the induction of type I IFNs.'>!3 The retinoic acid
inducible gene-I (RIG-I) and melanoma differentiation-as-
sociated gene-5 (MDAJS) recognize virus replication inter-
mediates such as intracellular dsSRNA and likewise activate
NF-«B and IRFs through the adaptor mitochondrial antivi-
ral signaling (MAVS) to induce type | IENs.'*1 Moreover,
cyclic GMP-AMP synthase (cGAS) specifically recognizes
cytosolic DNA and responds by producing cyclic GMP-
AMP (cGAMP); cGAMP binds to and activates the stimu-
lator of interferon genes (STING), which serves to recruit
and activate (TANK)-binding kinase 1 (TBK1), resulting in
phosphorylation, dimerization, and translocation of IRF3
and production of type I IFNs. 720

Tumor necrosis factor (TNF) receptor-associated factor 3
(TRAF3) is a member of the extensive TNF receptor-associ-
ated factor family and includes N-terminal RING finger, zinc
finger, and C-terminal meprin and TRAF homology (MATH)
domains.”! TRAF3 also participates in the antiviral innate
immune response and promotes Myd88 and TRIF-dependent
activation of NF-kB, AP-1, IRF3, and IRF7 via interactions
with TLRs.?? Furthermore, in RIG-I-like receptor signaling
pathways, MAVS recruits and induces K63-linked polyubig-
uitination of TRAF3, leading to the activation of TBK1 and
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IRF3.%% Likewise, in the cGAS-STING signaling pathway,
TRAF3 binds to STING and TBK1, which induces phosphor-
ylation and dimerization of IRF3; this leads to translocation
of IRF3 from the cytoplasm to the nucleus and ultimately
results in induction of type I IFNs and proinflammatory cy-
tokines.?® These cytokines subsequently induce transcription
of numerous antiviral genes that mediate innate antiviral im-
mune response.

The cytoplasmic protein tyrosine phosphatase (PTP), Src
homology 2 domain-containing PTP (SHP)-1, encoded by
Ptpné6, is mainly expressed in myeloid cells including neutro-
phils, dendritic cells (DCs), monocytes, macrophages, mast
cells, and eosinophils. SHP-1 is involved in numerous cell
functions including proliferation, survival, adhesion, chemo-
taxis, phagocytosis, and deg.granulation.27 SHP-1 contains two
Src homology (SH)2 domains and a PTP domain and binds to
immunoreceptor tyrosine-based inhibition motif-containing
proteins, including FcRIIb, carcinoembryonic antigen cell
adhesion molecule-1 (CD66a), and platelet and endothelial
cell adhesion molecule-1 (CD31) to serve as negative regula-
tor in multiple immune signaling pathways.28 SHP-1 deficient
mice (Pipn6™ ™) display spontaneous and severe inflam-
matory and autoimmune diseases, indicating that SHP-1 is a
key regulator of immune cell function. Our previous results
showed that SHP-1 suppresses NF-kB and MAPK signaling
transduction in response to infection with enterohemorrhagic
Escherichia coli by inhibiting K63-linked polyubiquitination
of transforming growth factor beta-activated kinase 12230 1¢
is not yet clear whether SHP-1 participates in virus infection
and can promote antiviral immune responses.

In this study, we examined the role of SHP-1 in the in-
nate immune response to DNA or RNA virus and found
that SHP-1 functioned as a negative regulator of antiviral
signal transduction and thereby inhibited the synthesis of
type I IFNs and proinflammatory cytokines promoted by
virus infection. Mechanistically, our findings revealed a di-
rect interaction between SHP-1 and TRAF3 that suppressed
K63-linked ubiquitination of TRAF3 by dephosphorylating
TRAF3 at Tyr116 and Tyr446. These findings reveal a pre-
viously unknown mechanism by which SHP-1 negatively
regulates the posttranslational modifications of TRAF3 and
suggests a molecular target for developing new therapeutics
to limit the impact of acute virus infection.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Primary mouse PMs as well as cells from the mouse mac-
rophage line (RAW264.7; American Type Culture Collection
(ATCC) TIB-71), cells from the mouse fibroblast line
(L929, ATCC CCL-1), African green monkey kidney cells
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(Vero, ATCC CCL-81) and cells from the human embryonic
kidney (HEK293T, ATCC CRL-1573) were maintained in
Dulbecco's modified Eagle's medium (DMEM; Hyclone) sup-
plemented with 10% (v/v) of heat-inactivated FBS (Gibco) and
100 U/mL of penicillin and streptomycin (Hyclone). Cells from
the human cervical cancer line (HeLa, ATCC CCL-2) were
cultured in Roswell Park Memorial Institute 1640 medium
(Hyclone) supplemented with 10% (v/v) of heat-inactivated FBS
(Gibco) and 100 U/mL of penicillin and streptomycin (Hyclone).
All the cells were incubated at 37°C with 5% of CO,.

2.2 | Mouse strains

Mice heterozygous for SHP-1 deficiency
(‘motheaten’ C57BL/6J Ptpn6me'V/+/J mice; 000811; Jackson
Laboratories) were bred in specific pathogen-free conditions
at the Shanghai Research Center for Biomodel Organisms.
Three-week-old homozygous Pipn6™ ™" mice and their
WT littermates (control mice) were used in the experiments.
All animal studies were approved by the Institutional Animal
Care and Use Committee of the Fudan University.

2.3 | Isolation of mouse PMs

Three-week-old homozygous Pipn6™ ™" mice and their
WT littermates were injected intraperitoneally (ip) with 1 mL
of Brucella Broth (3%). Three days later, peritoneal lavage
fluid was collected from the mice. Cells from the lavage
fluid were collected by centrifugation and were washed three
times in phosphate-buffered saline (PBS). PMs were cultured
in DMEM supplemented with 10% of FBS and 100 U/mL of
penicillin and streptomycin for 4 hours. Supernatants were
removed, and PMs were cultured in DMEM without serum
overnight prior to virus infection.

2.4 | Virus, virus infection, and titration
HSV-1 and VSV were collected from supernatants of infected
Vero cells at the appearance of cytopathic effect. Virus titers in
the supernatants were determined by standard plaque assay, and
stocks were stored at —80°C. PMs, 1.929 cells, and HEK293T
cells were incubated for 12 hours without serum, and then,
infected with HSV-1 (multiplicity of infection (MOI) = 5) or
VSV (MOI = 1) for the periods of time indicated.

2.5 | Reagents and antibodies

Primary antibodiesincluded anti-phospho-TBK1 (CST,3504),
anti-phospho-IRF3 (CST, 29047), anti-phospho-STAT1

(CST, 9167), anti-phospho-p65 (CST, 3033), anti-phos-
pho-p38 (CST, 9215), anti-phospho-Erk1/2 (CST, 9101),
anti-SHP-1  (Abcam, 55356), anti-GAPDH (Sigma,
SAB2108266), anti-HA (Sigma, H6908), anti-Flag (Sigma,
F7425), anti-GST (CWBIO, CWO0085M), and anti-His
(CWBIO, CW0083M). Secondary antibodies included Alexa
Fluor®594 goat anti-rabbit IgG (Invitrogen, SA11012s)
and Alexa Fluort488 goat anti-mouse IgG (Invitrogen,
SA11001s). Some experiments included monoclonal mouse
anti-Flag M2 Affinity Gel (Sigma, A2220) and protein A/G
PLUS-Agarose (Santa Cruz, SC-2003).

2.6 | Plasmids and transfection

Plasmids encoding HA-ubiquitin, HA-CK /¢, Flag-TRAF3,
Flag-RIG-1, Flag-N-RIG-I, Flag-TBK1, and Flag-IRF3
were obtained from Dr B. Ge (Tongji University, Shanghai,
China). HA-SHP-1°*%, Flag-TRAF3 with mutations in
Tyr residues, and individual domains of Flag-TRAF3 and
Flag-SHP-1 were generated using KOD plus Mutagenesis
Kit (SMK101, TOYOBO) according to the manufacturer's
instructions. Plasmids encoding SHP-1 and MAVS were
constructed into by PCR amplification and subcloning into
pcDNA3.1. The genes encoding TRAF3 and SHP-1 were am-
plified by PCR and subcloned into pGEX-4T1 (Amersham)
and pET28a (Novogen) vectors, respectively. HEK293T cells
were transiently transfected using polyethylenimine (PEI,
23966-2; Polysciences) according to the manufacturer's in-
structions. L.929 and HeLa cells were transiently transfected
with Lipofectamine 2000 (11668; Invitrogen) according to
the manufacturer's instructions.

2.7 | Immunoprecipitation and western blot

Forty-eight hours after transfection, HEK293T cells were
washed three times with ice-cold PBS and lysed with lysis
buffer (Beyotime) supplemented with 1% of protease inhibi-
tor cocktail (B14002; Selleck), 1 mM of phenylmethylsulfo-
nyl fluoride, 1 mM of NaF, and 1 mM of Na;VO, on ice for
30 minutes. Cell lysates were centrifuged at 13,200 rpm for
15 minutes at 4°C. The supernatants were incubated with anti-
Flag M2 Affinity Gel or anti-HA Affinity Gel at 4°C overnight.
The samples equilibrated with affinity gels were centrifuged at
1000 rpm for 5 minutes at 4°C and washed three times with
ice-cold PBST buffer (1% of Triton X-100 in PBS). The pre-
cipitates and lysates were boiled in 1 X sodium dodecyl sulfate
(SDS) loading buffer for 10 minutes at 100°C. Proteins were
separated by SDS-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride membranes soaked in
methanol before, followed by blocking in Tris-buffered saline
with 1% of Triton X-100 (TBST) with 5% of skim milk. After
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washing three times, each for 5 minutes with TBST, the mem-
branes were incubated with primary antibodies at 4°C over-
night. Then, the membranes were incubated with HRP-linked
secondary antibody for 2 hours after and washed as above.
Proteins were visualized by enhanced chemiluminescence ac-
cording to the manufacturer's instructions.

2.8 | Glutathione-S-transferase pull-down
The GST-TRAF3 and GST-control plasmids were trans-
formed into BL-21 (DE3) (Tiangen Biotech) bacteria and
induced to express GST fusion proteins at 30°C by isopro-
pyl p-b-1-thiogalactopyranoside. GST fusion proteins were
equilibrated with glutathione beads for 4 hours at 4°C and
incubated with purified His-SHP-1 through Ni-column from
BL-21 strain or lysates from mouse PMs. The beads were
centrifuged at 1000 rpm for 5 minutes at 4°C and washed for
three times, followed by boiling in 1 X SDS loading buffer
for 10 minutes at 100°C and analyzed by immunoblot.

2.9 | Dual-luciferase reporter assay

HEK?293T cells were seeded in 12-well plate and transiently
transfected with IFN-B-Luc or ISRE-Luc, TK, and indicated
plasmids for 24 hours. Luciferase activity was detected
using the dual-luciferase reporter assay system (RGO028;
Beyotime) according to the manufacturer's instructions.

2.10 | Cell staining and confocal microscopy
HeLa cells were transiently transfected with HA-SHP-1,
FLAG-TRAF3, or control vector for 48 hours and fixed with
4% of formaldehyde for 20 minutes at room temperature.
Then, cells were permeabilized with PBST (0.3% of Triton
X-100 in PBS) for 30 minutes, and nonspecific binding was
blocked in blocking buffer (1% of BSA in PBS) for 1 hour at
4°C. After that, cells were incubated with primary antibodies
at 4°C overnight and secondary antibodies for 1 hour at room
temperature. After staining with 4',6-diamidino-2-phenylin-
dole, images were captured with Leica TCS SP5 confocal
laser microscope according to the manufacturer's instructions.

2,11 | RNA interference

RAW264.7 cells were digested with trypsin and counted
with cell counter. siRNA targeting SHP-1 and control
siRNA were transfected into RAW264.7 cells using the
Amaxa program D-032 according to the manufacturer's
instructions.
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2.12 | Quantitative real-time PCR

Total RNA was extracted with RN Aiso Plus (9109; Takara)
according to the manufacturer's instructions. One mi-
crogram of RNA was reverse transcribed to cDNA using
PrimeScript RT reagent kit (RR037; Takara). Quantitative
real-time analysis of indicated genes was performed on
LightCycler (LC480; Roche) using SYBR RT PCR kit (QPK
212; Toyobo) according to the manufacturer's instructions.

2.13 | Statistical analysis

Statistical analyses included unpaired, two-tailed Student's ¢
tests. Data are presented as mean + SEM from at least three
independent experiments. The differences were considered
statistically significant at P < .05. These statistical analyses
were performed using GraphPad Prism 8.

3 | RESULTS

3.1 | Knockout or knockdown of SHP-1
enhances HSV-1- and VSV-induced innate
antiviral immune response

Virus infection triggers activation of antiviral signal-
ing pathways and promotes the production of type I IFNs,
chemokines, interferon-stimulated genes and proinflam-
matory cytokines, such as IFN-p, CXCL10, ISG15, and
TNE.*! To investigate the role of SHP-1 in the innate anti-
viral immune response, we isolated primary peritoneal mac-
rophages (PMs) from wild-type (WT) and SHP-1 deficient
mice (Pipn6™ ™) and infected them with herpes sim-
plex virus 1 (HSV-1) or vesicular stomatitis virus (VSV)
for 12 hours. The results indicated that knockout of SHP-1
resulted in elevated levels of transcripts encoding IFNB,
CXCLI10, ISG15, and TNF as revealed by quantitative real-
time PCR (qRT-PCR) (Figure 1A,B). Accordingly, the virus
titers were significantly decreased in PMs from Ptpn6™ ™
MV mice compared with those from WT mice (Figure 1C).
To determine the mechanism by which SHP-1 regulates type
I IEN production, we examined the phosphorylation of major
regulators of antiviral signal transduction at indicated times
after HSV-1 infection. Increased phosphorylation of TBKI,
IRF3, STATI, p65, p38, and Erk was observed in Ptpnéme'V/
eV PMs compared with those from WT mice (Figure 1D),
indicating that SHP-1 inhibits virus-induced signaling in
response to infection. We next transfected RAW264.7 with
siRNA and found that SHP-1-specific siRNA decreased the
expression of SHP-1 (Figure 1E). As expected, knockdown
of SHP-1 by siRNA resulted in elevated expression of /FNB,
CXCLI10, ISG15, and TNF (Figure 1F,G) and lower virus
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load (Figure 1H) in response to HSV-1 or VSV infection.
These data suggest that knockout or knockdown SHP-1 en-
hances host antiviral signaling and type I IFN production in
response to infection with DNA or RNA viruses.

3.2 | Overexpression of SHP-1 suppresses
HSV-1- and VSV-induced innate antiviral
immune response

L929 cells are commonly used in virus-related studies
as they produce IFN-pf and related proinflammatory cy-
tokines.”> To confirm the impact of SHP-1 on the antiviral
immune response, we transfected vector encoding SHP-1
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the control (Figure 2A,B). Moreover, the virus load in L929
cells overexpressing SHP-1 was higher than that in control
cells (Figure 2C). These results indicate that SHP-1 sup-
presses the innate antiviral immune response. To explore the
mechanism further, we also examined the phosphorylation
of critical signaling regulators at the indicated time points
after VSV infection. Consistent with decreased expression
of proinflammatory cytokines, overexpression of SHP-1 re-
sulted in markedly reduced phosphorylation of TBK1, IRF3,
STATI, p65, p38, and Erk (Figure 2D). These results suggest
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that overexpression of SHP-1 inhibits host antiviral signaling
transduction and type I IFN production in response to DNA
or RNA virus infection.

3.3 | SHP-1-mediated immune inhibition
requires phosphatase activity

SHP-1 is a PTP with two SH2 domains and phosphatase
activity that is dependent on the amino acid Cys453. To de-
termine whether SHP-1-mediated immune inhibition is de-
pendent on its phosphatase activity, we generated the SHP-1
mutant (SHP-1°*%%), in which the cysteine at position 453
was replaced with serine. The WT SHP-1 and SHP-1¢%538
were detected at comparable levels when expressed in L929
cell transfectants (Figure 3A). 1929 cells were transfected
with control vector, SHP-1, or SHP-1%% and infected
with HSV-1 or VSV for 12 hours. Interestingly, cells trans-
fected with SHP-19"3% were unable to inhibit expression of
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IFNB, CXCLI10, ISG15, and TNF (Figure 3B,C). Moreover,
the virus titer from SHP-1**5_transfected cells was lower
than that from the SHP-1-transfected cells and comparable
with titers from control cells (Figure 3D). These data suggest
that SHP-1 may suppress type I IFN production through its
phosphatase activity and indicate that SHP-1 might serve as
a negative regulator of the host antiviral immune response by
dephosphorylating critical tyrosine residues in intracellular
signaling molecules.

3.4 | SHP-1 interacts with TRAF3

To explore further the molecular mechanism by which
SHP-1 suppresses the antiviral immune response, we per-
formed luciferase assays in HEK293T cells. >3 Among
the results, we showed that SHP-1 suppressed N-RIG-I-,
MAVS-, and TRAF3/TBK1-mediated induction of the an-
tiviral immune response but had no impact on TBK1- and
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FIGURE 3 SHP-1-mediated immune inhibition requires phosphatase activity. A, immunoblot of lysates of L929 cells transfected with control
vector or vectors encoding SHP-1 or SHP-1°%35 B and C, IFNB, CXCLI10, ISG15, and TNF mRNA levels in 1.929 cells transfected with control
vector or vectors encoding SHP-1 or SHP-1°*3% and infected with HSV-1 (B) or VSV (C) for 12 hours. D, virus titers from experiments in (B) and
(C). Data are representative of at least three independent experiments (mean + SEM in B-D). *P < .05, **P < .01, and ***P < .001, two-tailed

unpaired Student's 7 test
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FIGURE 4 SHP-1 interacts with TRAF3. A, luciferase assay of IFN-f and ISRE activation in HEK293T cells expressing N-RIG-I, MAVS,
TBKI1, TRAF3, IRF3, and SHP-1 or transfected with control vector. B, immunoprecipitation and immunoblot analysis of lysates of HEK293T

cells transfected with vectors as indicated. C, immunoprecipitation and immunoblot analysis of lysates of PMs from WT mice infected with HSV-1
or VSV at indicated times. D, direct binding of GST-TRAF3 with His-SHP-1 (left) or endogenous SHP-1 from PMs (right). E, confocal image

of HeLa cells transfected with vectors encoding SHP-1 and TRAF3. F, deletion mutants of TRAF3. G, immunoprecipitation and immunoblot
analysis of lysates of HEK293T cells transfected with vectors as indicated. H, deletion mutants of SHP-1. I, immunoprecipitation and immunoblot
analysis of lysates of HEK293T cells transfected with vectors as indicated. J, immunoprecipitation and immunoblot analysis of lysates of HEK293T
cells expressing various vectors (above lanes). Data are representative of at least three independent experiments (mean + SEM in A). *P < .05,

*¥*P < .01, and ****P < .0001, two-tailed unpaired Student's # test
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IRF3-induced activation of IFN-B and interferon-stimu-
lated response elements (ISREs) (Figure 4A). These results
indicated that SHP-1 might participate in an inhibitory role
at a point upstream of TBK1-IRF3. Furthermore, we found
that SHP-1 interacted with TRAF3 by forward and re-
verse co-immunoprecipitation (Co-IP) assays (Figure 4B).
Meanwhile, we examined the interaction of endogenous
SHP-1 and TRAF3 in PMs and the results showed that these
two proteins interact with each other in PMs, while HSV-1
and VSV infection facilitated their interaction (Figure 4C).
To determine whether SHP-1 binds to TRAF3 directly,
we purified glutathione-S-transferase (GST)-TRAF3 and
His-SHP-1 with GST-beads and Ni-column, respectively,
from BL-21 bacteria and then, incubated them together,
or incubated GST-TRAF3 with lysates from primary
PMs. The GST pull-down assay revealed that both puri-
fied and endogenous SHP-1 could bind directly to TRAF3
(Figure 4D). Furthermore, immunofluorescence confocal
microscopy analysis showed that SHP-1 co-localized with
TRAF3 in transfected HeLa cells (Figure 4E).

To determine the nature of the interaction between SHP-1
and TRAF3, we analyzed the interaction of SHP-1 with
various deletion mutants of TRAF3 (Figure 4F), including
those targeting the N-terminal RING finger, the zinc finger,
and the C-terminal MATH domains. By Co-IP experiments,
we determined that the interactions of TRAF3(92-568) and
TRAF3(248-568) with SHP-1 were almost totally blocked
compared with full-length TRAF3 and TRAF3 (1-377).
These results indicate that the region containing RING fin-
ger (containing amino acids 56-91) is essential for interac-
tions between TRAF3 and SHP-1 (Figure 4G). Similarly, we
analyzed the domains of SHP-1, which included two SH2
domains and one phosphatase activity domain (Figure 4H).
We found that deletion of either N-terminal SH2 domain
or C-terminal SH2 domain resulted in less coimmunopre-
cipitation of TRAF3 with SHP-1, whereas deletion of both
SH2 domains resulted much less interaction still (Figure 4I),
suggesting that the interaction between TRAF3 and SHP-1
was to large extent dependent on the SH2 domains of SHP-1.
To test whether the interaction between SHP-1 and TRAF3
was dependent on its phosphatase activity, we transfected
HEK293T cells with plasmids encoding TRAF3 and SHP-1
or SHP-1435 and found that the phosphatase activity of
SHP-1 was not necessary to promote or maintain the interac-
tion between these two proteins (Figure 4J).

3.5 | SHP-1 inhibits K63-linked
ubiquitination of TRAF3

Ubiquitylation is a posttranslational modification that plays
an important role in regulating innate immune response.“’35

Earlier publications reported that K63-linked ubiquitination
of TRAF3 promotes the recruitment of TBK1 to MAVS,
which is crucial for production of type I IENs.** Moreover,
the interactions between CK1e and TRAF3 have been shown
to promote K63-linked ubiquitination of TRAF3 by phospho-
rylating TRAF3 at Ser** " To explore the role of SHP-1 and
its direct impact on TRAF3 ubiquitination, we first exam-
ined the effect of SHP-1 on the interactions between TRAF3
and CKle in HEK293T. The results of our Co-IP assay indi-
cated that SHP-1 was able to disrupt the interaction between
CKle and TRAF3 in a dose-dependent manner and this was
accompanied by an apparent decreased phosphorylation of
TRAF3. Interestingly, loss of enzymatic activity of SHP-
19935 could not inhibit the interaction of CK1le and TRAF3
and the phosphorylation of TRAF3, suggesting that SHP-
1-induced inhibition of the interaction is dependent on its
phosphatase activity (Figure SA). Simultaneously, we exam-
ined the interaction of endogenous CKle and TRAF3 in WT
and Pipn6™"™"" mice upon VSV infection, and the results
showed stronger binding of CK1le and TRAF3 in Pipn6™
TV PMs compared to WT PMs (Figure 5B). Together, we
confirmed that SHP-1 could significantly inhibit the interac-
tion of CK1le with TARF3.

We next explored whether SHP-1 inhibits ubiquitination
of TRAF3 by transfecting HEK293T cells with vectors ex-
pressing TRAF3, CKle, and HA-Ub with SHP-1 or control
vector. We observed that SHP-1 markedly reduced CKle-
induced ubiquitination of TRAF3 in a dose-dependent man-
ner (Figure 5C). Similarly, we used vectors of HA-K63-Ub
and HA-K48-Ub, in which all lysines were mutated to ar-
ginine expect for Arg63 or Arg48 and found that overex-
pression of SHP-1 also resulted in diminished K63-linked
ubiquitination of TRAF3 (Figure 5D) but had no impact on
K48-linked ubiquitination (Figure 5E). We next examined
the ubiquitination of endogenous TRAF3 in PMs from WT
and Prpn6™ Y™ mice upon VSV infection and found that
knockout of SHP-1 promoted the total and K63-linked ubig-
uitination of TRAF3 but had no significant effect on K48-
linked ubiquitination (Figure 5F).

Subsequently, we confirmed whether the inhibition of
K63 ubiquitination of TRAF3 by SHP-1 was dependent on
its phosphatase activity. The Co-IP assays indicated that
SHP-1** abrogated inhibition of K63-linked ubiquiti-
nation of TRAF3 (Figure 5G). These results indicated that
the phosphatase activity of SHP-1 is a critical for the inhi-
bition of K63-linked ubiquitination of TRAF3. K63-linked
ubiquitination of TRAF3 is essential for its binding to
TBK1.2*% As anticipated, overexpression of SHP-1 resulted
in a dramatic, dose-dependent inhibition of the interaction
between TRAF3 and TBK1, while SHP-1 “**% lost the abil-
ity to inhibit the binding of TRAF3 to TBK1 (Figure 5H).
Furthermore, we found that SHP-1 promoted a decrease in
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FIGURE 5 SHP-1 inhibits K63-linked ubiquitination of TRAF3. A, immunoprecipitation and immunoblot analysis of lysates of HEK293T
cells transfected with vectors as indicated. B, immunoprecipitation and immunoblot analysis of lysates of PMs from WT and Pipn6™ "™ mice
infected with VSV at indicated times. C-E, immunoprecipitation and immunoblot analysis of lysates of HEK293T cells transfected with vectors

as indicated. F, immunoprecipitation and immunoblot analysis of lysates of PMs from WT and Ptpn6™""™" mice infected with VSV at indicated
times. G and H, immunoprecipitation and immunoblot analysis of lysates of HEK293T cells transfected with vectors as indicated. I and J, luciferase
assay of IFN-f (I) and ISRE (J) activation in HEK293T cells transfected with vectors as indicated. Data are representative of at least three

independent experiments (mean &+ SEM in I and J). **P < .01, two-tailed unpaired Student's 7 test

TBKI1-TRAF3-CKle-induced IFN-p and ISRE activation by disrupts the binding of TBK1 and TRAF3; this results in im-
luciferase assay (Figure 51J). These data suggest that SHP-1 paired downstream signaling and a reduction in the synthesis
inhibits K63-linked ubiquitination of TRAF3, and thereby of type I IFNs.
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3.6 | SHP-1 targets TRAF3 at Tyr116 and
Tyr446 to inhibit its K63-linked ubiquitination

We have confirmed that the inhibitory role of SHP-1 on
K63-linked ubiquitination of TRAF3 is dependent on its
phosphatase activity. Here, we raised the hypothesis that,
as a PTP, SHP-1 might dephosphorylate TRAF3 at a tyros-
ine residue and thereby, negatively regulate its K63-linked
ubiquitination. To validate this hypothesis, we first detected
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the effect of virus infection on TRAF3 tyrosine phospho-
rylation in PMs and found that HSV-1 and VSV infection
significantly promoted tyrosine phosphorylation of TRAF3
(Figure 6A). Since the SRC-family tyrosine kinase can spe-
cifically catalyze tyrosine phosphorylation, we constructed
six eukaryotic expression vectors of SRC-family (BLK,
FRK, FYN, LCK, LYN, and SRC) and further identified ty-
rosine kinases involved in TRAF3 tyrosine phosphorylation.
The Co-IP assays displayed that only BLK could specifically

vs§vgh) 0 1 3 6 12 KDa
Bp-Tyr e &8 &8 &8 . -70
IP.TRAF3 - ””’7’_70

IBTRAF3 i s
IB:SHP-1 e s s s e — /0

Lysate _
[B:GAPDH /4 S . - -
+

myc - BLK FRK FYN LCK LYN SRC,p,

IB:myc

IP:Fla o Tvr B T e e
9 BT R

IB:Flag [ G - e —— a— a—

Lysatel IB:myc

(€) L ow 5 & ESG S5 &6 &5 & 6
D~ = O N T ¥ Y VO 0N 0O T
FagTRAFSE &£ £ £ - s § F T EEF T T ITFTFTE
HA—CK1£-++++++++-++++7-:+747~ +kaa
IP:Flag
BFlag e S €0 5 6 40 60 S0 6D« & 40w 4 o = s w0
Lysatel IB:HA E )
FEERN
(D) 5 %% (B) FagTRAF3 & & ¥ ¥ § § § §
Flag-TRAF3 & T I 3 HAK63ub + + + + + + + +
HA-K63-ub + + + + + HA-CK1e + 0+ o+ o+ o+ o+ o+
HACKle - + + + + pa HASHP1 - + - + - + - + o
L 100
~ B —-100
IB:HA IP-Flag IB:HA
IP:Flag 70
& T
IB:Flag | e - e & — ——
. BHA [ - ———-——
Lysate
e ET

FIGURE 6 SHP-1 targets TRAF3 at Tyr116 and Tyr446 to inhibit its K63-linked ubiquitination. A-E, immunoprecipitation and immunoblot
analysis of lysates of HEK293T cells transfected with vectors as indicated. Data are representative of at least three independent experiments
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targeted to TRAF3 and promoted its tyrosine phosphoryla-
tion (Figure 6B).

To further investigate the mechanism by which TRAF3
tyrosine regulates its ubiquitination, we generated mutations
(to phenylalanine) at the 14 tyrosine residues in TRAF3.
Interestingly, we found that the interaction of CKle with
TRAF3Y''6F TRAF3Y#F were markedly decreased compared
with interactions with WT TRAF3 by Co-IP (Figure 6C); as
expected, TRAF3Y'F and TRAF3Y*F mutants exhibited
reduced K63-linked ubiquitination (Figure 6D). These data
suggest that the phosphorylation of TRAF3 at Tyr 116 and
Tyr 446 regulate CK1e-induced K63-linked ubiquitination. To
confirm whether SHP-1 inhibited K63-linked ubiquitination
of TRAF3 by targeting tyrosine, we overexpressed SHP-1 to-
gether with HA-K63 Ub, HA-CKle, and Flag-TRAF3 and re-
lated mutant proteins in HEK293T cells. We found that SHP-1
did not promote additional decrease in K63-linked ubiquitina-
tion of TRAF3""'" and TRAF3Y**" but did decrease K63-
linked ubiquitination of WT TRAF3 and the TRAF3Y*F
mutant (Figure 6E). These results indicate that SHP-1 inhibit
K63-linked ubiquitination of TRAF3 by dephosphorylating it
at Tyr116 and Tyr446. Collectively, these results suggest that
SHP-1 suppress K63-linked ubiquitination of TRAF3 by de-
phosphorylating it at Tyr116 and Tyr446.

4 | DISCUSSION

SHP-1 is a critical negative regulator in a variety of signaling
pathways and plays important roles in human diseases as well
as various disorders modeled in mice.>**' The basic function
of SHP-1 is to dephosphorylate kinases and suppress signal
activation in a variety of intracellular pathways.42’43 SHP-1
also promotes negative regulation of signal transduction and
immune responses to bacterial infection.””*** However,
there is relatively little evidence that suggests a role for
SHP-1 in response to virus infection. The results from our
study identified SHP-1 as an inhibitory regulator that sup-
pressed antiviral signal transduction and type I IFN produc-
tion in L929 cells, primary macrophages, and RAW?264.7
cells in response to infection with HSV-1 or VSV; this ac-
tivity was directly dependent on its endogenous phosphatase
activity. Furthermore, we demonstrated that SHP-1 directly
interacted with TRAF3 and resulted in diminished K63-
linked ubiquitination by catalyzing its dephosphorylation at
Tyr116 and Tyr446. This serves to obstruct TRAF3-TBK1
complex formation, thereby impairing downstream signal ac-
tivation and type I IFN production.

As we know, ubiquitin mainly binds to lysine residues in
specific substrates and thereby has an impact on their stability
and/or activity. K48-linked ubiquitination typically mediates
protein degradation, and K63-linked ubiquitination mediates
protein activation.>>*** In our study, we demonstrated that
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SHP-1 obstructs antiviral signal transduction by disrupting
K63-linked ubiquitination of TRAF3; we identified two key
tyrosine residues at Tyr116 and Tyr446 that might be targets
of SHP-1. However, we are still not certain of the mechanis-
tic endpoint of TRAF3 ubiquitination in this pathway. It will
be necessary to elucidate the specific lysine in TRAF3 that
was targeted by SHP-1 and to explore whether Tyr116 and/or
Tyr446 are/is involved in the regulation of K63-linked ubiq-
uitination. In the meantime, it is interesting to further clar-
ify the roles of specific lysine residues with respect to signal
transduction and type I IFN production in response to HSV-1
or VSV infection. K63-linked ubiquitination of TRAF3 is
positively regulated by the conserved serine-threonine kinase
CKle.’” Moreover, cellular inhibitor of apoptosis protein
(cIAP)1 and cIAP2, two E3 ubiquitin ligases, interact with
TRAF3 upon virus infection and promote K63-linked ubig-
uitination of TRAF3 to stimulate IRF3 activation and IFN-f
production.47 In our study, we found SHP-1 directly bound to
TRAF3 and inhibited the interaction of CK1le and TRAF3,
which subsequently suppressed CKle-induced K63-linked
ubiquitination of this target. At this time, we cannot exclude
the possibility that SHP-1 might suppress an interaction be-
tween TRAF3 with cIAP1 or cIAP2, which may then form a
complex with CKle during virus infection. We will need to
determine whether SHP-1 is capable of disrupting interac-
tions between TRAF3 and the E3 ubiquitin ligases, as these
findings will further illuminate the suppressive molecular
mechanism of SHP-1 and its complex roles in modulating the
innate antiviral immune response.

Previous publications have reported that SHP-1 pro-
moted macrophage recruitment, notably in response to in-
fection with Theiler's encephalomyelitis Virus;48 however,
no evidence was provided suggesting that SHP-1 partici-
pated in macrophage activation in response to virus infec-
tion. Our study clearly demonstrated that SHP-1 inhibited
the cytokine production including type I IFNs in macro-
phages by targeting TRAF3. We suspect that SHP-1 may
also have a significant impact on the expression of chemo-
kines and/or chemokine receptors that may ultimately ob-
struct the recruitment of macrophages. Moreover, SHP-1
is broadly expressed in numerous immune cells including
neutrophils, DCs, monocytes, and macrophages; all of these
cells have pivotal roles in promoting antiviral immune re-
sponses. Further exploration of the interactions between
SHP-1 and TRAF3 in other immune cells will be a criti-
cal next step. Taken together, our results demonstrated that
SHP-1 serves as a negative regulator of the antiviral im-
mune response by suppressing K63-linked ubiquitination
of TRAF3, an action that may be mediated by dephosphor-
ylation of TRAF3 at Tyr116 and Tyr446. These findings
provide a mechanistic explanation for immune evasion and
highlight potential therapeutic targets for the treatment of
virus infection.
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