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Tyrosine phosphatase SHP2 negatively regulates
NLRP3 inflammasome activation via ANT1-
dependent mitochondrial homeostasis

Wenjie Guo 1 Wen Liu', Zhen Chen® 2, Yanhong Gu3, Shuang Peng1, Lihong Shen', Yan Shen', Xinggqi Wang1,
Gen-Sheng Feng?, Yang Sun® ' & Qiang Xu'

Aberrant activation of NLRP3 inflammasome has an important function in the pathogenesis of
various inflammatory diseases. Although many components and mediators of inflammasome
activation have been identified, how NLRP3 inflammasome is regulated to prevent excessive
inflammation is unclear. Here we show NLRP3 inflammasome stimulators trigger Src
homology-2 domain containing protein tyrosine phosphatase-2 (SHP2) translocation to the
mitochondria, to interact with and dephosphorylate adenine nucleotide translocase 1 (ANT1),
a central molecule controlling mitochondrial permeability transition. This mechanism
prevents collapse of mitochondrial membrane potential and the subsequent release of
mitochondrial DNA and reactive oxygen species, thus preventing hyperactivation of NLRP3
inflammasome. Ablation or inhibition of SHP2 in macrophages causes intensified NLRP3
activation, overproduction of proinflammatory cytokines IL-13 and IL-18, and increased
sensitivity to peritonitis. Collectively, our data highlight that, by inhibiting ANT1 and
mitochondrial dysfunction, SHP2 orchestrates an intrinsic regulatory loop to limit excessive
NLRP3 inflammasome activation.
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nflammasomes are multi-molecular signaling complexes that

have a crucial function in host defense against infection, as

well as various autoimmune and inflammatory disorders’.
Inflammsomes are activated upon various cellular stresses that
promote caspase-1-dependent maturation of interleukin-1f (IL-
1p) and IL-182. Among a number of inflammasomes identified,
the Nod-like receptor family, pyrin domain containing 3
(NLRP3) inflammasome is the most extensively studied due to its
robust activation by a variety of stimuli, including infection, tissue
damage, and metabolic stress. Typically, activation of NLRP3
inflammasome requires two signals. The first priming signal
(Signal 1), classically triggered by microbe-derived lipopoly-
saccharide (LPS), upregulates transcription of proinflammatory
cytokines and inflammasome components via activation of
transcription factor nuclear factor-kB (NF-«xB). The second acti-
vation signal (Signal 2), stimulated by adenosine triphosphate
(ATP), monosodium urate (MSU) and nigericin, assembles
cytosolic inflammasome components, resulting in cleavage of
caspase-1 and production of pro-inflammatory cytokines, i.e., IL-
1 or IL-183. Mitochondrial dysfunction, exemplified by the
mitochondrial permeability transition, overproduction of reactive
oxygen species (ROS), and the resultant release of mitochondrial
DNA, is crucial for the Signal 2 activation of NLRP3 inflamma-
some*™, Given the importance of NLRP3 inflammasome in the
pathogenesis of many inflammatory diseases such as peritonitis,
multiple sclerosis and obesity’~, understanding the positive and
negative regulation of NLRP3 inflammasome may provide insight
into pathology and identify new therapeutic strategies.

Src  homology 2 (SH2) domain-containing tyrosine
phosphatase-2 (SHP2) is a ubiquitously expressed non-receptor
protein tyrosine phosphatase (PTP). Encoded by the PTPNII
gene in humans, SHP2 protein consists N-SH2 and C-SH2
domains, both of which are important for its subcellular locali-
zation, and a PTP domain, which is crucial for its enzymatic
activity'?, SHP2 has been identified to have critical functions in
cell proliferation and differentiation in response to growth factors
and cytokines!!, such as epidermal growth factor and platelet-
derived growth factor-induced Ras-Raf-Erk cascade!>14,
Increasing evidence indicates that SHP2 is also involved in
immune signaling and inflammatory response. For example,
SHP2 has been shown to negatively regulate TLR3-activated and
TLR4-activated interferon (IFN)-f production in macrophages'>.
However, whether SHP2 has a regulatory function in NLRP3
inflammasome, the key effector of innate immune response, has
not been investigated.

Adenine nucleotide translocase 1 (ANT1) is an ADP/ATP
translocase located in the inner mitochondrial membrane. Protein
complex comprised ANT1, voltage-dependent anion channel, and
cyclophilin D has a crucial function in the maintenance of
mitochondrial membrane potential and permeability!®!”. Mice
with deactivated heart/muscle isoform of ANT1 have character-
istics of myopathy and cardiomyopathy with a severe defect in
mitochondria-coupled respiration!®. Phosphorylation of ANTI
by the Src family kinase members Src and Lck has been shown to
be critical for mitochondrial bioenergetics and cardioprotec-
tion'>?%, Given the control of ANT1 in mitochondrial home-
ostasis, we hypothesize that the dysregulation of ANTI is an
underlying mechanism of NLRP3 inflammasome overactivation.

In this study, we investigate the role of SHP2 in NLRP3
inflammasome activation and its implication in inflammatory
diseases. By wusing macrophage-specific conditional SHP2
knockout (cSHP2-KO) mouse, we demonstrate that SHP2 is a
negative regulator of NLRP3 inflammasome. Furthermore, we
identify ANT1 as phosphatase substrate of SHP2 upon its
translocation to mitochondria, which mediates the negative reg-
ulation of NLRP3 inflammasome by SHP2. Specifically, SHP2-
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mediated dephosphorylation of ANT1 at Tyr 191 is essential for
mitochondrial homeostasis and mitigation of NLRP3 inflamma-
some activation. Collectively, our findings provide new insights
into the dynamic regulation of NLRP3 inflammasome activation
through a SHP2-ANT1-mediated negative regulatory loop.

Results

SHP2 inhibits NLRP3 inflammasome activation in macro-
phages. To examine the function of SHP2 in NLRP3 inflamma-
some activation, we generated macrophage-specific (Lyz2-Cre)
c¢SHP2-KO mice (Supplementary Fig. 1). In primary peritoneal
macrophages isolated from ¢SHP2-KO mice, NLRP3 inflamma-
some activation by ATP, MSU, or Nigericin was remarkably
intensified, evidenced by increased caspase-1 cleavage, as well as
over-production of IL-1f and IL-18 (Fig. la—c). To confirm this
result in human cells, we also stimulated NLRP3 inflammasome
activation in THP-1-derived macrophages. Consistently, SHP2
knockdown significantly augmented NLRP3 inflammasome acti-
vation (Fig. 1d-f). In addition, pharmacological inhibition of
SHP2 with NSC87877 or PHPSI resulted in a similar potentiation
of IL-1p production (Fig. 1g). As the hallmark of Signal 2, the
assembly of NLRP3/ASC (apoptosis-associated speck-like protein
containing a CARD)/pro-caspase-1 complex was also enhanced
when SHP2 was knocked down (Fig. 1h). Furthermore, ATP-
stimulated ASC oligomerization was higher in cells with SHP2
knockdown, when compared with that in cells transfected with
control short hairpin RNA (shRNA) (Fig. 1i). Collectively, these
observations suggest that SHP2 negatively regulates NLRP3
inflammasome activation in the macrophage.

SHP2 inhibits NLRP3 inflammasome activation in vivo. Given
that SHP2 inhibits NLRP3 inflammasome activation in vitro, we
further examined the role of SHP2 in the alum-induced murine
peritonitis model. Upon alum challenge, cSHP2-KO mice had
higher numbers of total peritoneal exudate cells (PECs), neu-
trophils, and monocytes, when compared with the wild-type
(WT) littermates (Fig. 2a and Supplementary Fig. 2). Such pro-
inflammatory profile in ¢cSHP2-KO mice was also associated with
a significantly higher level of IL-1f in the lavage fluid (Fig. 2b).
Consistently, caspase-1 activation was more evident in PECs from
c¢SHP2-KO mice compared with WT controls (Fig. 2c). These
findings demonstrate that SHP2 inhibits NLRP3 inflammasome
activation in vivo, and its deficiency leads to overactivation of
NLRP3 inflammasome in the context of inflammatory diseases.

SHP2 deficiency leads to mitochondrial dysfunction. Our data
from Figs. 1 and 2 indicate that the Signal 2 of inflammasome
activation is augmented in macrophages and mice with SHP2
deficiency, evidenced by increased level of caspase-1 cleavage but
not pro-caspase-1. We thus examined the role of SHP2 in the
mitochondrial dysfunction, which subsequently contributes to
NLRP3 inflammasome activation. ATP stimulation of primary
peritoneal macrophages isolated from WT mice caused mem-
brane potential collapse (JC-1 staining), mtROS production
(mitochondrial reactive oxygen species, MitoSOX staining), and
mitochondrial DNA (mtDNA) release to the cytosol, which were
potentiated in macrophages isolated from cSHP2-KO mice
(Fig. 3a—c). Similarly, membrane potential collapse, mtROS pro-
duction and mtDNA release to cytosol were also aggravated in
THP-1-derived macrophages with SHP2 silencing (Supplemen-
tary Fig. 3). Of note, we did not observe any significant change in
cell survival or lysosome activity due to SHP2 knockdown
(Supplementary Fig. 4). In addition, the augmented IL-1f pro-
duction in SHP2-knockdown THP-1-derived macrophages in
response to ATP was abrogated by either ROS scavenger
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Fig. 1 SHP2 deficiency results in excessive activation of NLRP3 inflammsome in macrophages. Two groups of macrophages, i.e., peritoneal macrophages
from conditional SHP2 knockout (cSHP2-KO) and wild-type (WT) mice a=¢, or PMA-differentiated THP-1 cells with shRNA-Ctrl or shRNA-SHP2 lentivirus
d, f, were primed with 100 ng mI™" LPS for 3 h, and then stimulated with ATP (5 mM, 1h), MSU (500 pg ml™", 2 h) or Nigericin (10 uM, 2 h), respectively.
a, b, d, e Enzyme-linked immunosorbent assay (ELISA) of IL-1 and IL-18 in culture supernatants. ND represents not detectable. ¢, f Inmunoblot analysis of
cell lysates. g ELISA of IL-1B in supernatants of THP-1-derived macrophages left untreated or treated with SHP2 inhibitor PHPST (10 pM) or NSC87877 (10
puM) for Th, followed by LPS treatment and ATP, MSU or Nigericin stimulation. h Immunoblot analysis of proteins immunoprecipitated with anti-ASC from
lysates of ATP-treated SHP2 knockdown THP-1-derived macrophages. i Immunoblot analysis of ASC in cross-linked pellets (upper panels) and cell lysates
(lower panels) from ATP-treated SHP2 knockdown THP-1-derived macrophages. *P < 0.05, **P < 0.01, one-way ANOVA for multiple comparisons. Data
are representative of three independent experiments (mean and SEM of three independent samples in a, b, d, e, g)

NAC (N-acetylcysteine) or caspase-1 inhibitor Ac-YVAD-cmk,
but was marginally affected by E-64d, a lysosome inhibitor
(Fig. 3d and Supplementary Fig. 3d), suggesting ROS release and
caspase-1 activation are required for the excessive activation of
NLRP3 inflammasome due to SHP2 deficiency.

SHP?2 translocates into mitochondria and interacts with ANTI.
Next, we aimed to elucidate the mechanism by which SHP2
controls mitochondrial permeability. Immunostaining of SHP2
hinted that SHP2 could translocate from cytosol to mitochondria
upon ATP, MSU or Nigericin treatment (Fig. 4a). Consistently,
immunoblot analysis of mitochondrial and cytosolic fractions
confirmed this phenomenon (Fig. 4b). Considering that SHP2
translocate to mitochondria, another question was raised. Where
was SHP2 located in mitochondria? To answer this issue, we used
proteinase K to digest mitochondrial outer membrane (MOM)
proteins in the mitochondrial fraction isolated from THP-1 cells.

|8:2168

Protein component of MOM, e.g., Tom20 was digested while
SHP2 and Tim23, a mitochondrial inner membrane (MIM) were
protected from the degradation in mitochondrial fraction isolated
from the ATP-treated cells (Fig. 4c), suggesting that SHP2 is not
located in the MOM. By using alkaline extraction of mitochon-
drial matrix?!, we found that SHP2 may translocate to the matrix
of mitochondria (Fig. 4d). This mitochondrial localization of
SHP2 was also observed by structured-illumination microscopy
(Deltavision, OMX. GE). Tom20 in MOM was stained and
indicated a tube-like shape of mitochondria (Fig. 4e). SHP2 was
located in this tube-like shape under ATP-stimulation compared
with unstimulated cells (Figs. 4e, and 3D-reconstitution image in
Supplementary Movie 1 and 2).

Furthermore, we examined the SHP2-interacting proteins
using GST-pulldown assay, using GST-SHP2 as a bait. Mass
spectrometry profiling of binding protein partners of SHP2
identified ANTI as a high-confidence hit (Fig. 5a and
Supplementary Table 1). This observation motivated us to further
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Fig. 2 SHP2 deficiency in macrophages aggravates murine peritonitis model. a-c Eight-week-old female cSHP2-KO and WT mice were killed 12 h after
Alum injection and peritoneal cavities were washed with PBS. a Flow cytometry analysis of peritoneal exudate cells (PECs) 12 h after Alum injection in
mice. b ELISA of IL-1f level in the lavage fluid 8 h after Alum injection in mice. ¢ Immunoblot analysis (left panel) and flow cytometry analysis (right panel)
of caspase-1 activation in PECs 12 h after Alum injection in mice. Data are representative of three independent experiments (mean and SEM of 10 mice per

group), *P < 0.05 by Student'’s t-test

investigate whether SHP2 indeed interacts with ANT1 during
NLRP3 inflammasome activation. The confocal immunofluores-
cence analysis showed that SHP2 co-localized with ANT1 upon
ATP treatment (Fig. 5b), providing an evidence that SHP2 and
ANT1 are interacting with each other during NLRP3 inflamma-
some activation. Moreover, reciprocal co-immunoprecipitation
assay proved the endogenous association between SHP2 and
ANT1 in THP-1-derived macrophages treated with ATP for
15-30 min (Fig. 5¢). Interestingly, the assembly of NLRP3/ASC/
pro-caspase-1 complex was detected as early as 5 min upon ATP
treatment (Supplementary Fig. 5). More importantly, these two
partners interplayed in the mitochondria when NLRP3 inflam-
masome was activated (Fig. 5d). In addition, we confirmed this
result in HEK293T cells, where we detected the interaction
between the exogenous HA-tagged SHP2 and myc-tagged ANT1
(Fig. 5e).

Given the translocation of SHP2 to mitochondria upon NLRP3
inflammasome activation, we searched for a mitochondria-
targeting sequence in SHP2 protein using PSORT II prediction
tool??. Indeed, there was RRWFH motif (Argnine-Argnine-
Tryptophane-Phenylalanine-Histidine) in N-SH2 domain of
SHP2 (Fig. 6a). To validate this prediction, we overexpressed
the RRWFH motif tagged with green fluorescent protein (GFP) in
HEK293T cells. As a result, GFP had no specific location while
RRWFH-GFP predominantly localized in the mitochondria
(Fig. 6b, d). When RRWFH motif was mutated, both SHP2
translocation to mitochondria and the SHP2-ANT1 interaction
were diminished (Fig. 6¢, e, f). As a result, this SHP2 mutant did
not exert inhibitory effect on the collapse of mitochondrial
membrane potential (Fig. 6g). Furthermore, to illuminate how
SHP2 translocate to the matrix of mitochondria, we examined the
mitochondrial translocation of SHP2 in THP-1 cells with Tom20
or Tom40, or Tom70 knockdown, as well as Tim22 or Tim23
knockdown (Supplementary Fig. 6), which mediated the protein
crossed MOM and MIM into matrix after targeting to the
mitochondria®®. We found that the translocation of SHP2 into
mitochondria induced by ATP treatment was almost completely
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blocked when Tom20 or Tom40 was knocked down, respectively
(Fig. 6h). Moreover, localization of SHP2 in matrix triggered by
ATP treatment was remarkably reduced by Tim23 but not Tim22
knockdown (Fig. 61). These data indicate that Tom20 and Tom40
in MOM, as well as Tim23 in MIM are responsible for the
translocation of cytosolic SHP2 into mitochondrial matrix during
NLRP3 inflammasome activation. Taken together, these results
suggest that during the activation of NLRP3 inflammasome,
SHP2 translocates from cytosol to mitochondrial matrix and
interacts with ANT1.

ANT1 knockdown suppresses NLRP3 inflammasome activa-
tion. The interaction of SHP2 and ANT1 prompted us to
determine the role of ANT1 in mitochondrial permeabilization
and NLRP3 inflammasome activation. We knocked down ANT1
in THP-1-derived macrophages with stable transfection of
ANT1 shRNA and investigated the consequence in terms of
inflammasome activation. Compared with control shRNA group,
we found that in ANT1-knockdown THP-1-derived macro-
phages, (1) secretions of IL-1p and IL-18, and the cleavage of pro-
caspase-1 were significantly inhibited (Fig. 7a—c); (2) the NLRP3/
ASC/pro-caspase-1 assembly was profoundly inhibited (Fig. 7d);
(3) ATP-induced collapse of mitochondrial membrane potential
was attenuated (Fig. 7e); and (4) various danger signal-stimulated
release of mtROS and mtDNA were almost abolished (Fig. 7f,g).
Conversely, overexpression of ANT1 markedly enhanced mito-
chondrial permeabilization (Supplementary Fig. 7). These find-
ings indicate that ANT1 is required for mitochondrial
permeability transition and the subsequent NLRP3 inflamma-
some activation.

SHP2 inhibits NLRP3 activation in an ANT1-dependent
manner. The interaction between SHP2 and ANT1 (Fig. 5),
and the opposite effects of SHP2 and ANTI1 shRNAs in the
activation of NLRP3 inflammasome (Figs. 1 and 7) raised the
possibility that the SHP2 may inhibit ANT1 to suppress NLRP3

:2168 | DOI: 10.1038/541467-017-02351-0 | www.nature.com/naturecommunications
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Fig. 3 SHP2 deficiency leads to mitochondrial dysfunction and excessive NLRP3 inflammasome activation. a, b Flow cytometry analysis of mitochondrial
membrane potential by JC-1 staining a or mitochondrial ROS by MitoSOX staining b in peritoneal macrophages from conditional SHP2 knockout (cSHP2-
KO) and wild-type (WT) mice, and left untreated or treated with ATP (5 mM) for indicated times. ¢ Quantitative real-time PCR analysis of mtDNA released
from peritoneal macrophages from cSHP2-KO and WT mice and left unstimulated (medium) or primed with LPS (100 ng mI™) for 3 h and stimulated with
ATP (5 mM, 1h) and Nigericin (10 uM, 2 h). d ELISA of IL-1p in supernatants of peritoneal macrophages from cSHP2-KO and WT mice, which were primed
with LPS (100 ng mI™") for 3 h, and left untreated or treated with Ac-YVAD-cmk (30 uM), NAC (5 mM), or E-64d (20 uM) for 1h, followed by stimulation
of ATP (5 mM) for 1h. *P < 0.05, **P < 0.01, one-way ANOVA for multiple comparisons; NS represents no significance. Data are presented as mean + SEM

of three independent experiments in a-d

inflammasome activation. To test this hypothesis, we compared
the effects of SHP2 only, ANT1 only, and both SHP2 and ANT1
knockdown in THP-1-derived macrophages (Supplementary
Fig. 6). Remarkably, the overactivation of NLRP3 inflammasome
(hallmarked by the excessive production of IL-1p) and damaged
mitochondria (signified by cytosolic mtDNA release) resulted
from SHP2 knockdown was completely reversed by ANT1 and
SHP2 double knockdown (Fig. 8a, b), which is similar to that of
ANT]1 only knockdown (Fig. 7a, g). Similarly, the effect of SHP2
inhibitors, NSC87877 and PHPS], in enhancing IL-1f production
induced by ATP or Nigericin was abrogated in THP-1-derived
macrophages with ANT1 knockdown (Fig. 8c). Furthermore,
ANT1 specific inhibitor bongkrekic acid (BA) and CATR (Car-
boxyatractyloside) interrupted the interaction between SHP2 and

NATURE COMMUNICATIONS | 8: 2168

ANT!1 (Fig. 8d), and also reversed SHP2 deficiency-induced IL-1f
production (Fig. 8e) and caspase-1 activation (Fig. 8f). These data
indicated that SHP2 negatively regulates NLRP3 inflammasome
activation in an ANT1-dependent manner.

SHP2-ANT1 interaction mediates mitochondrial homeostasis.
Finally, we sought to determine whether the tyrosine phosphatase
activity of SHP2 is involved in ANT1-dependent NLRP3 inflam-
masome regulation. We first overexpressed WT SHP2, or SHP2-
D61A (Asp-61 mutated to Ala in SH2 domain, gain-of-function
mutant), or SHP2-C459S (Cys-457 mutated to Ser in PTP domain,
loss-of-function mutant) in HEK293T cells. As shown in Fig. 9,
overexpression of WT SHP2 or SHP2-D61A but not SHP2-C459S
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www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

inhibited ATP-induced mitochondrial membrane potential col-
lapse (Fig. 9a) as well as caspase-1 activation (Fig. 9b, c), suggesting
the phosphatase activity of SHP2 is required for mitochondrial
homeostasis and attenuation of NLRP3 inflammasome activation.
Indeed, SHP2 phosphorylation level in mitochondria was increased
by ATP treatment in a time-dependent manner (Fig. 4c),

SHP2

Mitotracker red

indicating activation of SHP2 in mitochondria. When SHP2 was
knockdown by shRNA, total tyrosine phosphorylation of ANT1
was markedly increased, suggesting that SHP2 may depho-
sphorylate ANT1 (Supplementary Fig. 8). To pin down the specific
ANT1-interacting domain in SHP2, plasmids containing only PTP
domain (SHP2-ASH2-HA) or only SH2 domain (SHP2-APTP-
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HA) of SHP2 were overexpressed in HEK293T cells. Co-
immunoprecipitation assay showed that SH2 domain of SHP2
interacted with ANT1 (Supplementary Fig. 9). To further deter-
mine which tyrosine phosphorylation site of ANT1 is depho-
sphorylated by SHP2, we created the dephosphorylated mutant of
ANT]1, in which tyrosine was replaced with phenylalanine (Y to F
mutation). As a result, Tyr 191 but not Tyr 195 mutation of ANT1
attenuated the collapse of mitochondrial membrane potential
(Fig. 9d) and suppressed caspase-1 activation (Fig. 9e, f). Notice-
ably, these effects were similar to those of ANT1 knockdown
(Fig. 7). The data presented in Fig. 9 suggest that SHP2-mediated
dephosphorylation of ANT1 at Tyr 191 is critical for mitochondrial
homeostasis and attenuation of NLRP3 inflammasome activation.
Collectively, these data demonstrate that SHP2, by depho-
sphorylating ANT1 and maintaining mitochondrial homeostasis,
constitutes an intrinsic negative regulatory loop to limit NLRP3
inflammasome overactivation (Fig. 10).

activation triggers SHP2 translocation from cytoplasm to mito-
chondria, where it interacts with and dephosphorylates ANT1, a
central molecule controlling mitochondrial permeability transi-
tion. These molecular events constitute a checkpoint that prevent
mitochondrial damage and thereby inhibit overactivation of
NLRP3 inflammasome and the consequent overproduction of
proinflammatory cytokines IL-1p and IL-18. Loss of SHP2 in
macrophage leads to excessive inflammasome activation in
murine peritonitis model. Together our findings reveal a novel
mechanism by which SHP2, through dephosphorylating ANT1,
provides a crucial negative regulatory loop to prevent uncon-
trolled activation of NLRP3 inflammasome.

As mechanisms leading to inflammasome activation continue
to be intensively investigated, several negative regulators have
been identified to attenuate NLRP3 inflammasome signaling
through different mechanisms. At the molecular level, leucine-
rich repeat Fli-I-interacting protein 224, A20%°, small hetero

dimer partner’® and aryl hydrocarbon receptor’” have been
demonstrated to inhibit NLRP3 inflaimmasome activation in
macrophage. Recently, lipin-2 has been reported to regulate
P2X7 receptor sensitization to limit overactivation of NLRP3

Discussion
In this study, we identified SHP2 as a negative regulator of
NLRP3 inflammasome activation. Summarized in Fig. 10, NLRP3

Fig. 4 SHP2 translocates into mitochondrial matrix during NLRP3 inflammasome activation. a Immunofluorescence analysis of SHP2 and mitochondria
from bone marrow-derived macrophages with untreated (medium) or ATP (5 mM, 15 min), or MSU (500 pug ml™, 2 h) or Nigericin (10 uM, 2 h) treatment.
Scale bar, 5 um. b Immunoblot analysis of mitochondrial and cytosolic components of THP-1-derived macrophages treated with ATP (5 mM) for indicated
times. ¢ Immunoblot analysis of SHP2 location in mitochondria from THP-1-derived macrophages. Cells were treated with 5mM ATP for 30 min, then
mitochondria were isolated and incubated with 40 uM proteinase K for 30 min. Tom20 in mitochondrial outer membrane (MOM) and Tim23 in
mitochondrial inner membrane (MIM) were used as controls, respectively. d Immunoblot analysis of SHP2 expression in submitochondrial fractions from
THP-1-derived macrophages treated with ATP (5 mM, 30 min). Tom20, COX IV, and HSP60 were used to represent MOM, MIM, and mitochondrial matrix
protein, respectively. e Immunofluorescence analysis of SHP2 and Tom20 from bone marrow-derived macrophages with untreated (medium) or ATP (5
mM, 30 min) by structured-illumination microscopy (SIM). Scale bar, 5 um. Data are representative of three independent experiments
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Fig. 5 SHP2 interacts with ANTT during NLRP3 inflammasome activation. a Sliver staining of GST pull-down proteins using GST-SHP2 fusion protein. The
proteins interacting with GST-SHP2 were identified by mass spectrometry. b Immunofluorescence analysis of SHP2 and ANT1 from bone marrow-derived
macrophages with untreated (medium) or ATP (5 mM, 15 min) treatment. Scale bar, 5um. ¢ Immunoblot analysis of reciprocal co-immunoprecipitation
(Co-IP) from THP-1-derived macrophages treated with ATP (5 mM) for indicated times. d Immunoblot analysis of Co-IP from mitochondrial and cytosolic
components in THP-1-derived macrophages treated with ATP for 15 min. e Immunoblot analysis of reciprocal Co-IP from HEK293T cells overexpressing
HA-tagged SHP2 and myc-tagged ANT1. Data are representative of three independent experiments
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Fig. 6 Tom20/Tom40 and Tim23 complex are necessary for SHP2 translocation to mitochondrial matrix. a Predication of mitochondrial target sequence in
SHP2 by PSORT II. b Immunoblot analysis of GFP localization in submitochondrial fractions from HEK293T cells which were transfected with GFP or
RRWFH-GFP plasmid. € Immunoblot analysis of SHP2 localization in submitochondrial fractions from HEK293T cells which were transfected with SHP2-HA
or SHP2-mut-HA (mitochondrial target sequence mutation, RRWFH mutated to AAWFH) plasmid followed by ATP treatment (5 mM, 30 min). d
Immunofluorescence analysis mitochondrial localization of GFP-tagged RRWFH motif in HEK293T cells. Scale bar, 10 um. e Immunofluorescence analysis
mitochondrial localization of SHP2-HA or SHP2-mut-HA plasmid in HEK293T cells. Scale bar, 10 um. f Co-immunoprecipitation (Co-IP) analysis of the
interaction of SHP2 and ANT1 in HEK293T cells, which were transfected with ANT1-myc and SHP2-HA or SHP2-mut-HA. g Flow cytometry analysis of
mitochondrial membrane potential by JC-1 staining in HEK293T cells which were transfected with SHP2-HA or SHP2-mut-HA plasmid followed by cccp
treatment (20 uM, 1h). h Immunoblot analysis of SHP2 in mitochondria after Tom20 or Tom40, or Tom70 sliencing. Endogenous Toms were separately

knocked down by its corresponding shRNAs in THP-1 cells followed by ATP

treatment (5 mM, 30 min), then mitochondria were isolated and incubated

with 40 pM proteinase K (Pro K) for 30 min. Tom20 in mitochondrial outer membrane (MOM) and Tim23 in mitochondrial inner membrane (MIM) were
used as control, respectively. i Immunoblot analysis of SHP2 expression in submitochondrial fractions from THP-1-derived macrophages treated with ATP

(5 mM, 30 min) after Tim22 or Tim23 silencing. *P < 0.05 by Student's t-test,

experiments (mean and SEM of three independent samples in g)

inflammasome, which may provide clues to better understand the
molecular features that characterize the high IL-1p production
found in Majeed syndrome patients with LPIN2 mutations®, At
subcellular level, autophagy, the regulated process that allows the
orderly degradation and recycling of cellular components, can
preserve the mitochondrial integrity and consequently inhibits
the mtDNA-activated NLRP3 inflammasome”. Also, NF-kB-p62-

8 |

NS represents no significance. Data are representative of three independent

mitophagy axis has also been confirmed to restrain NLRP3
inflammasome activation, servmg as a self-limiting loop for NF-
kB-mediated inflammation®’. In the present study, we found that
Signal 2 stimuli (i.e., ATP, MSU, and Nigericin), whereas insti-
gating NLRP3 activation on one hand also trigger translocation of
SHP2 into mitochondria, leading to subsequent depho-
sphorylation of ANT1 at Tyr 191 and suppression of
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Fig. 7 ANT1 knockdown suppresses activation of NLRP3 inflammasome. Two groups of THP-1-derived macrophages, i.e., with shRNA-Ctrl or shRNA-ANT],
were primed with 100 ng ml~ LPS for 3 h, and then stimulated with ATP (5 mM, 1h), MSU (500 ug mi™! 2 h), or Nigericin (10 uM, 2 h), respectively. a, b
ELISA of IL-1B and IL-18 in the culture supernatant. € Immunoblot analysis of cell lysates from THP-1-derived macrophages. d Immunoblot analysis of Co-IP
from THP-1-derived macrophages. e, f Flow cytometry analysis of mitochondrial membrane potential by JC-1 staining e or mitochondrial ROS by MitoSOX
staining f from THP-1-derived macrophages with shRNA-Ctrl or shRNA-ANT1 lentivirus, followed by LPS treatment and ATP or Nigericin stimulation. g
Quantitative real-time PCR analysis of mtDNA released from ANT1-knockdown THP-1-derived macrophages and left unstimulated (medium) or primed
with LPS and stimulated with ATP, MSU or Nigericin. *P < 0.05, **P < 0.01, one-way ANOVA for multiple comparisons. Data are representative of three

independent experiments (mean and SEM of three independent samples in

mitochondrial permeability transition, thus hampering NLRP3
inflammasome activation on the other hand. Notably, we detected
the assembly of NLRP3/ASC/pro-caspase-1 complex as early as 5
min upon ATP treatment (Supplementary Fig. 5). This precedes
the mitochondrial translocation of SHP2 and the depho-
sphorylation of ANT1, both of which were observed at 15-30 min
(Figs. 4b and 5c). The temporal order of signal transduction
suggests that under physiological conditions, the initial activation
of NLRP3 inflammasome (i.e., Signal 2), while induces a burst of
production of pro-inflammatory cytokines IL-1f and IL-18, also
rapidly switches on a negative loop mediated by SHP2. Specifi-
cally, SHP2 is rapidly mobilized to mitochondria and suppresses
ANT1-propagated mitochondrial damage, including collapse of
mitochondrial membrane potential, mitochondrial permeability
transition, and overproduction of mitochondrial DNA and ROS.
When SHP2 was inhibited in macrophages, the negative reg-
ulatory loop became compromised or abrogated, and therefore
led to uncontrolled activation of inflammasome, the extensive
damage of mitochondria and unrestrained release of mitochon-
drial DNA and ROS, which further augment the inflammasome
cascade, leading to aberrant innate immune activation (Figs. 1
and 3). In support of this notion, mice with SHP2 deficiency
developed more severe sterile inflammation, signified by
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a b, e-g)

aggravated peritonitis (Fig. 2). Our data are in line with the
previous study'® demonstrating the negative regulation by SHP2
in TLR3- and TLR4-activated production of pro-inflammatory
cytokines such as IFN-B, IL-6, and tumor necrosis factor-a.
Although we focused on the role of SHP2 in NLRP3 inflamma-
some activation in macrophages in the context of sterile inflam-
mation, SHP2 may also be implicated a variety of pathogen-
associated molecular patterns and other danger-associated
molecular patterns-induced innate immune response in a range
of immune cells. For example, SHP2 is also required for the host
defense against fungal pathogens and the associated production of
pro-inflammatory cytokines and chemokines including IL-1$>%
Future study is warranted to elucidate the comprehensive reg-
ulation of SHP2 in the innate immune response.

As a protein phosphatase, the substrates and the associated
molecular functions of SHP2 largely depend upon the upstream
signals and its subcellular localization®!. In the cytosol, SHP2 can
dephosphorylate Gabl, Paxillin or Sprouty proteins®>~3, all of
which are involved in the innate immune and inflammatory
response. In the nucleus, SHP2 dephosphorylates STAT1 to
inhibit its transcriptional activity’” or interacts with STATS5 to
regulate prolactin-mediated signaling®. In the mitochondria, the
role of SHP2 remains unclear. Previous studies in the brain and
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Fig. 8 SHP2 inhibits NLRP3 inflammasome activation in an ANT1-dependent manner. a, b SHP2 knockdown, ANT1 knockdown and SHP2-ANT1 double
knockdown THP-1-derived macrophages were primed with 100 ng mI™" LPS for 3 h, followed by ATP (5 mM, 1h), MSU (500 pg mI™", 2 h), or Nigericin (10
uM, 2 h) stimulation, respectively. a ELISA of IL-1B in the supernatant. b Quantitative real-time PCR analysis of mtDNA. ¢ ELISA of IL-1B in the culture

supernatant from ANT1 knockdown THP-1-derived macrophages and left untreated or treated with NSC87877 (10 pM) or PHPS1 (10 uM) for 1h, followed
by ATP or Nigericin stimulation. d-f LPS-primed SHP2 knockdown THP-1-derived macrophages were treated with CATR (5 mM) or BA (50 uM) for 1h,
followed by ATP or Nigericin stimulation. d Immunoblot analysis of Co-IP from THP-1-derived macrophages treated with CATR or BA. e ELISA of IL-1§ in
the culture supernatant. f Immunoblot analysis of cell lysates from THP-1-derived macrophages treated with CATR or BA. *P < 0.05, **P < 0.01, one-way
ANOVA for multiple comparisons, NS represents no significance. Data are representative of three independent experiments (mean and SEM of three

independent samples in a-c, e)

endothelial cells suggested that SHP2 can reduce endogenous
mitochondrial ROS formation although the mechanisms are
unclear®>*°, This is in line with our finding that mitochondria-
derived ROS was elevated in macrophages with SHP2 knock-
down, which was associated with decreased mitochondrial
membrane potential and increased cytosolic mtDNA (Fig. 3). We
identified in the current study a mitochondria-targeting motif
RRWFH in the N-SH2 domain of SHP2 is required for its
translocation from cytosol to mitochondria and subsequent
interaction with ANT1 (Fig. 6b—f). In order to arrive in the
mitochondrial innermost space—the matrix, SHP2 needs to cross
two membranes, the MOM and MIM*!. Our results showed that
this process was mediated by two translocase complexes, the
Tom20/Tom40 complex in the MOM (Fig. 6h), as well as the
Tim23 complex in the MIM (Fig. 6i). Based on mitochondria-
targeting RRWFH motif, with the help of Tom20/Tom40 and
Tim23 complex, SHP2 translocates into mitochondrial matrix
and subsequently interacts with ANT1.

The key regulatory role of SHP2-ANT1 interplay in mito-
chondrial homeostasis and its involvement in inflammasome
activation is supported by the robust rescuing effect of ANT1
inhibition in SHP2 knockdown cells (Fig. 8a,b). Furthermore, the
Y191F mutant of ANT1 mimicked the effect of ANT1 knock-
down in maintaining the mitochondrial integrity (Fig. 9d).
Consistent with previous study, our findings emphasize the
importance of N-SH2 domain in directing SHP2 to the appro-
priate subcellular location, mediating the binding of SHP2 to
other signaling proteins, and determining the specificity of sub-
strate interactions2.

The role of SHP2 has been established in various biological
processes and diseases. Genetically, loss- and gain-of-function
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mutations in SHP2-encoding gene PTPNI1 have been identified
in Noonan and LEOPARD syndromes*’. PTPNII was first
identified as a proto-oncogene, due to the activating mutations
found in leukemia**. However, loss of SHP2/PTPNII promotes
hepatocellular carcinoma?, suggesting that PTPNII also func-
tions as a tumor suppressor. These opposing functions of the
same gene are dependent on cellular context*®. Given that innate
immune response and inflammation are closely implicated in
these diseases, the mechanisms we proposed may also contribute
to the development of these pathological conditions. To conclude,
we reveal a previously unknown regulation of SHP2 in NLRP3
inflammasome activation in the macrophages. Such negative
regulation of SHP2, through dephosphorylating ANT1, maintains
mitochondrial integrity and prevents excessive activation of
inflammasome and the ensuing inflammation. Hence, fostering
SHP2-ANT1-mediated mitochondrial homeostasis may offer a
novel therapeutic approach for inducing resolution of NLRP3
inflammasome-dependent inflammatory diseases.

Methods

Chemicals, reagents and antibodies. Phorbolmyristate acetate (PMA, P1585),
4',6-diamidino-2-phenylindole (D8417), LPS (L2630), ATP (A7699), Nigericin
sodium salt (72445), MSU (U2875), and Ac-YVAD-cmk (SML0429) were purchased
from Sigma-Aldrich (St. Louis, MO). The SHP2 inhibitor NSC-87877 and PHPS1
were purchased from Calbiochem (La Jolla, CA). NAC (S0077) was purchased from
Beyotime (Nantong, China). Disuccinimidylsuberate (21655) was bought from
Thermo Fisher Scientific; enzyme-linked immunosorbent assay (ELISA) kits for
murine or human IL-1B were purchased from Dakewe (Beijing, China). ELISA kits
for murine or human IL-18 were purchased from Raybiotech (Norcross, GA). Anti-
myc-tag (2276, 1:1,000 dilution) and anti-HA-tag (3724, 1:1,000 dilution) were
purchased from Cell Signaling Technology (Beverly, MA). Anti-NLRP3 (ab17267, 1 :
1,000 dilution), anti-caspase-1 (ab108362, 1:1,000 dilution), anti-ANT1 (ab110322,
1:1,000 dilution), and anti-p-SHP2 (ab62322, 1: 500 dilution) were purchased from
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Fig. 9 SHP2 dephosphorylation of ANT1 at Tyr 191 is essential for mitochondrial homeostasis. a Flow cytometry analysis of mitochondrial membrane
potential by JC-1 staining of HEK293T cells overexpressing Vector, SHP2-HA, SHP2-D61A-HA, or SHP2-C459S-HA plasmid and left untreated (medium)
or treated with cccp (20 uM, Th). b,c HEK293T cells were transfected with pro-caspase-1, ASC, NLRP3, and SHP2-HA, SHP2-D61A-HA, or SHP2-C459S-
HA plasmid, respectively, followed by ATP (5 mM, 1h) treatment. b Flow cytometry analysis of caspase-1 activation. € Immunoblot analysis of caspase-1
activation. d Flow cytometry analysis of mitochondrial membrane potential by JC-1 staining of HEK293T cells overexpressing Vector, ANT1-myc, ANT1-
Y191F-myc, or ANT1-Y195F-myc plasmid and left untreated (medium) or treated with cccp (20 uM, 1h). e, f HEK293T cells were transfected with pro-
caspase-1, ASC, NLRP3, and ANTT-myc, ANT1-Y191F-myc or ANT1-Y195F-myc plasmid respectively followed by ATP (5 mM, 1h) treatment. e Flow
cytometry analysis of caspase-1 activation. f Immunoblot analysis of caspase-1 activation. *P < 0.05, one-way ANOVA for multiple comparisons, NS
represents no significance. Data are representative of three independent experiments (mean and SEM of three independent samples in a, b, d, e)

Abcam (Cambridge, UK). Anti-PYCARD (ASC, sc-271054, 1:2,000 dilution), anti-
Tom20 (sc-136211, 1:2,000 dilution), anti-Tom40 (sc-365467, 1:1,000 dilution),
anti-Tom?70 (sc-390545, 1:1,000 dilution), anti-Tim23 (sc-514463, 1:1,000 dilu-
tion), anti-HSP60 (sc-376240, 1:500 dilution), COX IV (sc-69359, 1:400 dilution),
and anti-SHP2 (sc-7384, 1:500 dilution) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-Tim22 (14927-1-AP, 1: 1,000 dilution) was
purchased from Proteintech Group (Wuhan, China). Anti-Actin (M20010, 1: 2,000
dilution) was purchased from Abmart (Shanghai, China). Anti-mouse Grl-PE (12-
593, dilution 1:50) and anti-mouse CD11b-APC (17-0112, dilution 1:50) were
purchased for eBioscience (USA). JC-1 (T-3168), MitoSOX Red Mitochondrial
Superoxide Indicator (M36008), Alexa Fluor 488 goat anti-rabbit IgG (A11008),
Alexa Fluor 488 Donkey Anti-Goat IgG (A11055), Alexa Fluor 594 Goat Anti-Mouse
IgG (A11032), and mitochondrial specific dye MitoTracker Red CMXRos (M7512)
were purchased from Thermo Fisher Scientific (MA, USA) Mitochondria/Cytosol
Fractionation Kit (ab65320) was purchased from Abcam. Incomplete Freund’s
adjuvant was purchased from Sigma-Aldrich. All other chemicals were obtained
from Sigma-Aldrich.

Plasmids and lentivirus. pET21b-caspase-1-His (Plasmid 11809), pCI-ASC-HA
(Plasmid 41553), pGEX-4T1 SHP2 WT (Plasmid 8322), and pCMV-SHP2 (Plas-
mid 8381) were purchased from Addgene. Recombinant vectors encoding human
ANT1, human pro-IL-1f, and human NLRP3 were constructed by PCR-based
amplification of complementary DNA from THP-1 cells, and then were subcloned
into the pcDNA3.1 eukaryotic expression vector. pPCMV-SHP2-HA, pCMV-SHP2-
D61A-HA, pCMV-SHP2-C459S-HA, SHP2-mut-HA (R4R5A4A5), SHP2-APTP-
HA, SHP2-ASHP2-HA, ANT1-Y191F-myc and ANT1-Y195F-myc were obtained
by PCR-based mutation and amplification of WT expression vector. Plasmids were
transiently transfected into HEK293T cells. The shRNA-Tim22 (sc-94220-V),
shRNA-Tim23 (sc-44155-V) and shRNA-Ctrl (sc-108080) were purchased from
Santa Cruz Biotechnology. The lentivirus for stRNA-SHP2, shRNA-ANT]1,
shRNA-Tom20, shRNA-Tom40, shRNA-Tom70, and shRNA-scramble (shRNA-
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Ctrl) were purchased from Shanghai Obio Technology Co. Ltd. (Shanghai, China).
The sequences were 5-TTCTCCGAACGTGTCACGT-3' (shRNA-Ctrl), 5'-
ACACTGGTGATTACTATGA-3' (shRNA-SHP2), 5-CCTTTGA-
CACTGTTCGTCGTA-3' (shRNA-ANT1), 5-GCTCACTTTCCCTCCATTT-3'
(shRNA-Tom20), 5-GCAAGAACAAGTTTCAGTG-3’ (shRNA-Tom40), and 5'-
GCATGCTGTTAGCCGATAA-3' (shRNA-Tom70), respectively.

Generation of cSHP2-KO mice. The macrophage-specific cSHP2-KO mice were
generated by crossing SHP20¥/10% mice with Lyz2-Cre transgenic mice (Supple-
mentary Fig. 1). The animals were maintained with free access to pellet food and
water in plastic cages at 21 + 2 °C and kept on a 12 h light—dark cycle. All mice are
in C57BL/6 background and are harbored in the specific pathogen-free facility in
Nanjing University. Eight-week-old female cSHP2-KO mice and WT littermates
were used. Animal welfare and experimental procedures were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health, USA) and the related ethical regulations of our university. All
efforts were made to reduce the number of animals used and to minimize animal
suffering.

Cell culture. Human monocytic THP-1 cell line was purchased from Shanghai
Institute of Cell Biology (Shanghai, China) and cultured at 37 °C in a 5% (v/v) CO,
atmosphere. Before further stimulation, THP-1 cells were treated with PMA (500
nM) for 12 h. Peritoneal macrophages were harvested from mice by flushing the
peritoneal cavity with 5ml ice-cold phosphate-buffered saline (PBS). Cells were
then centrifuged at 300 g for 10 min and allowed to adhere to glass coverslips
overnight. Non-adherent cells were washed away with PBS and attached cells were
maintained in culture. Bone marrow-derived macrophages were isolated from
C57BL/6 mice and cultured with Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum and 20 ng ml™! recombinant murine mac-
rophage colony-stimulating factor (PeproTech, 315-02). Culture fluid was
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Fig. 10 The graphic illustration of the mechanism of SHP2 regulating NLRP3 inflammasome activation. Stimulated by Signal 2 activators (e.g., ATP, MSU,
and Nigericin), SHP2 is recruited to mitochondria through its RRWFH motif. With the help of Tom20/Tom40 and Tim23 complex, SHP2 translocates into
the mitochondrial matrix and dephosphorylates ANT1 at Tyr 191. This serves as a key mechanism controlling mitochondrial homeostasis, preventing
leakage of mitochondrial DNA (mtDNA) and overproduction of reactive oxygen species (ROS), which results in negative regulation of NLRP3

inflammasome activation

exchanged with fresh culture medium every 3 day. Under these conditions, an
adherent macrophage monolayer was obtained at day 7.

Immunoblot assay. Immunoblot assay was performed as described previously®”.
Briefly, proteins were extracted in lysis buffer. The proteins were then separated by
SDS—polyacrylamide gel electrophoresis (PAGE) and electrophoretically trans-
ferred onto polyvinylidene difluoride membranes. The membranes were probed
with antibodies overnight at 4 °C, and then incubated with a horseradish
peroxidase-coupled secondary antibody. Detection was performed using a Lumi-
GLO chemiluminescent substrate system. Full-length uncropped blots are pre-
sented in Supplementary Figures 10-16.

Co-immunoprecipitation assay. Proteins from cells were incubated with 1 pg of
appropriate antibody and precipitated with protein A/G-agarose beads (Santa Cruz
Biotechnology). The immunoprecipitated proteins were separated by SDS-PAGE
and immunoblot was performed with the indicated antibodies.

The quantification of mtDNA by quantitative PCR. The quantification of
mtDNA was performed as described previously®. Total DNA was isolated from
cells with a DNeasy Blood & Tissue kit (Qiagen). For the extraction 1 x 107 cells
were homogenized with a Dounce homogenizer in 100 mM Tricine-NaOH solu-
tion, pH 7.4, containing 0.25 M sucrose, 1 mM EDTA, and protease inhibitor, then
were centrifuged at 700 g for 10 min at 4 °C. Protein concentration and volume of
the supernatant were normalized, followed by centrifugation at 10,000 g for 30 min
at 4 °C for the production of a supernatant corresponding to the cytosolic fraction.
DNA was isolated from 200 pl of the cytosolic fraction. Quantitative PCR was
performed on BioRadCFX96 Touch Real-Time PCR Detection System (Bio-Rad)
by using iQ SYBR Green Supermix (1708880, Bio-Rad), and threshold cycle
numbers were obtained using BioRad CFX Manager software. The program for
amplification was 1 cycle of 95 °C for 2 min followed by 40 cycles of 95 °C for 10,
60 °C for 30's, and 95 °C for 10s. The copy number of mtDNA was normalized to
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nuclear DNA (cytochrome ¢ oxidase I/18S ribosomal RNA). The primers sequence
was provided in the Supplementary Table 2.

ASC pyroptosome detection. ASC pyroptosomes were detected as described
previously*$. THP-1 cells were pelleted by centrifugation and resuspended in 0.5 ml
of ice-cold buffer containing 20 mM HEPES-KOH, pH 7.5, 150 mM KCl, 1%
Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride and a protease inhibitor
mixture, and lysed by shearing 10 times through a 21-gauge needle. The cell lysates
were then centrifuged at 5000 g for 10 min at 4 °C, and the resultant pellets were
washed twice with PBS and resuspended in 500 ul of PBS. Next, the resuspended
pellets were cross-linked with fresh disuccinimidylsuberate (4 mM) for 30 min and
pelleted by centrifugation at 5000 g for 10 min. The cross-linked pellets were
resuspended in 30 ul of SDS sample buffer separated using 12% SDS-PAGE and
immunoblotted using anti-mouse ASC antibodies.

Alum-induced peritonitis in mice. Eight-week-old female C57BL/6 mice (10 mice
per group) were intraperitoneally (i.p.) injected with 700 mg Alum (Thermo Fisher
Scientific) as described previously?*. For analysis of inflammatory cell subsets, mice
were killed 12 h after Alum injection and peritoneal cavities were washed with 6 ml
of PBS. PECs were collected and analyzed by flow cytometry. The numbers of
neutrophils and monocytes in each mouse were calculated according to its pro-
portion in PECs (Supplementary Fig. 2). For the analysis of IL-1p in the peritoneal
cavity, 8 h after i.p. injection of Alum, peritoneal cavities were washed with cold
PBS. Then the peritoneal fluids were concentrated for ELISA analysis.

Preparation of the subcellular fractions. The cytoplasmic and mitochondrial

fractions were prepared by using the Mitochondria Isolation Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Briefly, THP-1 cells were
lysed by reagents A, B, and C supplied with the kit and centrifuged at 700 g at 4 °C
for 10 min to obtain a postnuclear upernatant. The mitochondria were pelleted by
centrifugation at 10,000 g at 4 °C for 15 min. The supernatant fraction was the

cytosolic protein fraction. The various fractions were analyzed by SDS-PAGE. For

| DOI: 10.1038/541467-017-02351-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

protease digestion, fractions of mitochondria (resuspended in 20 mM HEPES-
KOH, pH 7.4, 250 mM sucrose, 80 mM KOAc, and 5 mM MgOAc) were incubated
with 40 pM proteinase K (Sigma-Aldrich) for 30 min on ice. Digestion was stopped
with 1 mM PMSF and the samples were determined by immunoblot analysis.
Alkaline extraction was carried out as previously reported®!. Briefly, mitochondrial
samples were lysed in 0.1 M Na,CO3, pH 11.5, on ice for 30 min with occasional
vortexing. The membranes were isolated by centrifugation at 100,000 g for 30 min
at 4 °C and analyzed by immunoblot analysis.

Statistical analysis. Data are expressed as mean + SEM. Statistically evaluated by
Student’s ¢-test when only two value sets were compared and one-way analysis of
variance (ANOVA) followed by Dunnett’s test when the data involved three or
more groups. P < 0.05 was considered significant.

Data availability. The data that support this study are available within the article
and its Supplementary Information files or available from the authors upon
request.

Received: 9 December 2015 Accepted: 23 November 2017
Published online: 18 December 2017

References

1.

2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Gross, O., Thomas, C. J., Guarda, G. & Tschopp, J. The inflammasome: an
integrated view. Immunol. Rev. 243, 136-151 (2011).

Schroder, K. & Tschopp, J. The inflammasomes. Cell 140, 821-832 (2010).
Vanaja, S. K., Rathinam, V. A. & Fitzgerald, K. A. Mechanisms of
inflammasome activation: recent advances and novel insights. Trends Cell Biol.
25, 308-315 (2015).

Zhou, R, Yazdi, A. S., Menu, P. & Tschopp, J. A role for mitochondria in
NLRP3 inflammasome activation. Nature 469, 221-225 (2011).

Nakahira, K. et al. Autophagy proteins regulate innate immune responses by
inhibiting the release of mitochondrial DNA mediated by the NALP3
inflammasome. Nat. Immunol. 12, 222-230 (2011).

Gurung, P., Lukens, J. R. & Kanneganti, T. D. Mitochondria: diversity in the
regulation of the NLRP3 inflammasome. Trends Mol. Med. 21, 193-201 (2015).
Vandanmagsar, B. et al. The NLRP3 inflammasome instigates obesity-induced
inflammation and insulin resistance. Nat. Med. 17, 179-188 (2011).
Malhotra, S. et al. NLRP3 inflammasome is associated with the response to
IFN-beta in patients with multiple sclerosis. Brain 138, 644—652 (2015).
Chase, A. Neuroinflammation: Targeting neuroinflammation through
inhibition of NLRP3. Nat. Rev. Neurol. 11, 186 (2015).

Feng, G. S., Hui, C. C. & Pawson, T. SH2-containing phosphotyrosine
phosphatase as a target of protein-tyrosine kinases. Science 259, 1607-1611
(1993).

Qu, C. K. Role of the SHP-2 tyrosine phosphatase in cytokine-induced signaling
and cellular response. Biochim. Biophys. Acta 1592, 297-301 (2002).

Agazie, Y. M. & Hayman, M. J. Molecular mechanism for a role of SHP2 in
epidermal growth factor receptor signaling. Mol. Cell Biol. 23, 7875-7886
(2003).

De Rocca Serra-Nedelec, A. et al. Noonan syndrome-causing SHP2 mutants
inhibit insulin-like growth factor 1 release via growth hormone-induced ERK
hyperactivation, which contributes to short stature. Proc. Natl Acad. Sci. USA
109, 4257-4262 (2012).

Shi, Z. Q., Yu, D. H., Park, M., Marshall, M. & Feng, G. S. Molecular
mechanism for the Shp-2 tyrosine phosphatase function in promoting growth
factor stimulation of Erk activity. Mol. Cell Biol. 20, 1526—1536 (2000).

An, H. et al. SHP-2 phosphatase negatively regulates the TRIF adaptor protein-
dependent type I interferon and proinflammatory cytokine production.
Immunity 25, 919-928 (2006).

Kroemer, G., Galluzzi, L. & Brenner, C. Mitochondrial membrane
permeabilization in cell death. Physiol. Rev. 87, 99-163 (2007).

Clemencon, B., Babot, M. & Trezeguet, V. The mitochondrial ADP/ATP carrier
(SLC25 family): pathological implications of its dysfunction. Mol. Asp. Med. 34,
485-493 (2013).

Graham, B. H., Waymire, K. G., Cottrell, B., Trounce, I. A., MacGregor, G. R. &
Wallace, D. C. A mouse model for mitochondrial myopathy and
cardiomyopathy resulting from a deficiency in the heart/muscle isoform of the
adenine nucleotide translocator. Nat. Genet. 16, 226-234 (1997).

Feng, J. et al. Phosphoproteome analysis of isoflurane-protected heart
mitochondria: phosphorylation of adenine nucleotide translocator-1 on Tyr194
regulates mitochondrial function. Cardiovasc. Res. 80, 20-29 (2008).

Feng, J. et al. Tyrosine phosphorylation by Src within the cavity of the adenine
nucleotide translocase 1 regulates ADP/ATP exchange in mitochondria. Am. J.
Physiol. Cell Physiol. 298, C740-748 (2010).

|8:2168

21.

22

23.

24,

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

| DOI: 10.1038/541467-017-02351-0 | www.nature.com/naturecommunications

Jin, S. M., Lazarou, M., Wang, C., Kane, L. A., Narendra, D. P. & Youle, R. J.
Mitochondrial membrane potential regulates PINK1 import and proteolytic
destabilization by PARL. J. Cell Biol. 191, 933-942 (2010).

. Nakai, K. & Kanehisa, M. A knowledge base for predicting protein localization

sites in eukaryotic cells. Genomics 14, 897-911 (1992).

Baker, M. ., Frazier, A. E., Gulbis, ]. M. & Ryan, M. T. Mitochondrial protein-
import machinery: correlating structure with function. Trends Cell Biol. 17,
456-464 (2007).

Jin, J. et al. LRRFIP2 negatively regulates NLRP3 inflammasome activation in
macrophages by promoting Flightless-I-mediated caspase-1 inhibition. Nat.
Commun. 4, 2075 (2013).

Vande Walle, L. et al. Negative regulation of the NLRP3 inflammasome by A20
protects against arthritis. Nature 512, 69—73 (2014).

Yang, C. S. et al. Small heterodimer partner interacts with NLRP3 and
negatively regulates activation of the NLRP3 inflammasome. Nat. Commun. 6,
6115 (2015).

Huai, W. et al. Aryl hydrocarbon receptor negatively regulates NLRP3
inflammasome activity by inhibiting NLRP3 transcription. Nat. Commun. 5,
4738 (2014).

Lorden G, et al. Lipin-2 regulates NLRP3 inflammasome by affecting P2X7
receptor activation. J. Exp. Med. 214, 511-528 (2017).

Zhong, Z. et al. NF-kappaB restricts inflammasome activation via elimination
of damaged mitochondria. Cell 164, 896-910 (2016).

Deng, Z. et al. Tyrosine phosphatase SHP-2 mediates C-type lectin receptor-
induced activation of the kinase Syk and anti-fungal TH17 responses. Nat.
Immunol. 16, 642—-652 (2015).

. Jakob, S., Altschmied, J. & Haendeler, J. “Shping 2” different cellular

localizations - a potential new player in aging processes. Aging Us 1, 664—668
(2009).

Ren, Y., Meng, S., Mei, L., Zhao, Z. ., Jove, R. & Wu, J. Roles of Gabl and SHP2
in paxillin tyrosine dephosphorylation and Src activation in response to
epidermal growth factor. J. Biol. Chem. 279, 8497-8505 (2004).

Montagner, A., Yart, A, Dance, M., Perret, B., Salles, J. P. & Raynal, P. A novel
role for Gabl and SHP2 in epidermal growth factor-induced Ras activation. J.
Biol. Chem. 280, 5350-5360 (2005).

Kratchmarova, I, Blagoev, B., Haack-Sorensen, M., Kassem, M. & Mann, M.
Mechanism of divergent growth factor effects in mesenchymal stem cell
differentiation. Science 308, 1472—1477 (2005).

Hanafusa, H., Torii, S., Yasunaga, T. & Nishida, E. Sproutyl and Sprouty2
provide a control mechanism for the Ras/MAPK signalling pathway. Nat. Cell
Biol. 4, 850-858 (2002).

. Jarvis, L. A., Toering, S. J., Simon, M. A., Krasnow, M. A. & Smith-Bolton, R. K.

Sprouty proteins are in vivo targets of Corkscrew/SHP-2 tyrosine phosphatases.
Development 133, 1133—1142 (2006).

Wu, T. R. et al. SHP-2 is a dual-specificity phosphatase involved in Statl
dephosphorylation at both tyrosine and serine residues in nuclei. J. Biol. Chem.
277, 47572-47580 (2002).

Chughtai, N., Schimchowitsch, S., Lebrun, J. J. & Ali, S. Prolactin induces
SHP-2 association with Stat5, nuclear translocation, and binding to the beta-
casein gene promoter in mammary cells. J. Biol. Chem. 277, 31107-31114
(2002).

Arachiche, A. et al. Localization of PTP-1B, SHP-2, and Src exclusively in rat
brain mitochondria and functional consequences. J. Biol. Chem. 283,
2440624411 (2008).

Jakob, S., Altschmied, J. & Haendeler, J. “Shping 2” different cellular
localizations - a potential new player in aging processes. Aging (Albany NY) 1,
664—668 (2009).

Becker, T., Béttinger, L. & Pfanner, N. Mitochondrial protein import: from
transport pathways to an integrated network. Trends Biochem. Sci. 37, 85-91
(2012).

Qu, C. K, Shi, Z. Q., Shen, R, Tsai, F. Y., Orkin, S. H. & Feng, G. S. A deletion
mutation in the SH2-N domain of Shp-2 severely suppresses hematopoietic cell
development. Mol. Cell Biol. 17, 5499-5507 (1997).

Digilio, M. C. et al. Grouping of multiple-lentigines/LEOPARD and
Noonan syndromes on the PTPN11 gene. Am. J. Hum. Genet 71, 389-394
(2002).

Tartaglia, M. et al. Somatic mutations in PTPN11 in juvenile myelomonocytic
leukemia, myelodysplastic syndromes and acute myeloid leukemia. Nat. Genet.
34, 148-150 (2003).

Bard-Chapeau, E. A. et al. Ptpn11/Shp2 acts as a tumor suppressor in
hepatocellular carcinogenesis. Cancer Cell 19, 629—-639 (2011).

Li, S., Hsu, D. D., Wang, H. & Feng, G. S. Dual faces of SH2-containing
protein-tyrosine phosphatase Shp2/PTPN11 in tumorigenesis. Front. Med. 6,
275-279 (2012).

Guo, W. J. et al. Novel monofunctional platinum (II) complex Mono-Pt
induces apoptosis-independent autophagic cell death in human

ovarian carcinoma cells, distinct from cisplatin. Autophagy 9, 996-1008
(2013).

13


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

48. Mao, K. et al. Nitric oxide suppresses NLRP3 inflammasome activation and
protects against LPS-induced septic shock. Cell Res. 23, 201-212 (2013).

Acknowledgements

We are grateful to Dr Rongbin Zhou (University of Science and Technology of China) for
valuable advice. We thank the National Natural Science Foundation of China (81330079,
81422050, 81673436, 81730100, 81673437, and 91429308), Science Fund for Creative
Research Groups of NSFC (81421091), Mountain-Climbing Talents Project of Nanjing
University, and US National Institute of Health (HL122368) for financial support.

Author contributions

Y.S. and Q.X. conceived and supervised the study. W.G., W.L, S.P.,, LS., Y.S. and X.W.
performed experiments and analyzed data. Z.C., Y.G. and G.S.F. provided scientific
suggestions and contributed to the manuscript revision. Y.S.,, Q.X. and W.G. wrote the
manuscript. All authors discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02351-0.

Competing interests: The authors declare no competing financial interests.

18:2168

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

=Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-02351-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-017-02351-0
https://doi.org/10.1038/s41467-017-02351-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Tyrosine phosphatase SHP2 negatively regulates NLRP3 inflammasome activation via ANT1-dependent mitochondrial homeostasis
	Results
	SHP2 inhibits NLRP3 inflammasome activation in macrophages
	SHP2 inhibits NLRP3 inflammasome activation in�vivo
	SHP2 deficiency leads to mitochondrial dysfunction
	SHP2 translocates into mitochondria and interacts with ANT1
	ANT1 knockdown suppresses NLRP3 inflammasome activation
	SHP2 inhibits NLRP3 activation in an ANT1-dependent manner
	SHP2-ANT1 interaction mediates mitochondrial homeostasis

	Discussion
	Methods
	Chemicals, reagents and antibodies
	Plasmids and lentivirus
	Generation of cSHP2-KO mice
	Cell culture
	Immunoblot assay
	Co-immunoprecipitation assay
	The quantification of mtDNA by quantitative PCR
	ASC pyroptosome detection
	Alum-induced peritonitis in mice
	Preparation of the subcellular fractions
	Statistical analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




