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Palmitoylation restricts SQSTM1/p62-mediated autophagic
degradation of NOD2 to modulate inflammation
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The nucleotide-binding oligomerization domain protein 2 (NOD2) senses bacterial peptidoglycan to induce proinflammatory and
antimicrobial responses. Dysregulation of NOD2 signaling is involved in multiple inflammatory disorders. Recently, S-palmitoylation,
a novel type of post-translational modification, is reported to play a crucial role in membrane association and ligand-induced
signaling of NOD2, yet its influence on the stability of NOD2 is unclear. Here we show that inhibition of S-palmitoylation facilitates
the SQSTM1/p62-mediated autophagic degradation of NOD2, while S-palmitoylation of NOD2 by ZDHHC5 promotes the stability of
NOD2. Furthermore, we identify a gain-of-function R444C variant of NOD2 short isoform (NOD2s-R444C) in autoinflammatory
disease, which induces excessive inflammation through its high S-palmitoylation level. Mechanistically, the NOD2s-R444C variant
possesses a stronger binding ability to ZDHHC5, which promotes its S-palmitoylation, and restricts its autophagic degradation by
reducing its interaction with SQSTM1/p62. Taken together, our study reveals the regulatory role of S-palmitoylation in controlling
NOD2 stability through the crosstalk with autophagy, and provides insights into the association between dysfunctional
S-palmitoylation and the occurrence of inflammatory diseases.
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INTRODUCTION
The innate immune system serves as the first line of host defense
by detecting microbes and initiating inflammatory responses.
Recognition of microbial pathogens by pattern recognition
receptors (PRRs) is crucial to trigger downstream innate immune
signaling cascade [1]. The nucleotide-binding oligomerization
domain (NOD)-containing protein 2 (NOD2), also known as
CARD15, is a well-characterized PRR of the NOD-like receptor
(NLR) family and functions as an intracellular sensor of bacterial
cell wall peptidoglycan (PGN) fragments [2]. NOD2 contains
tandem caspase activation and recruitment domains (CARDs), a
NOD domain, and multiple leucine-rich repeats regions [3]. Once
activated by muramyl dipeptide (MDP), a conserved motif
common to the PGN, NOD2 undergoes self-oligomerization via
the central NOD domain, which in turn promotes the recruitment
of the downstream receptor-interacting serine-threonine kinase 2
through CARD-CARD interactions, and subsequently triggers the
activation of mitogen-activated protein kinase and nuclear factor-
κB (NF-κB) signaling [4]. Ultimately, NOD2 signaling contributes to
host defense via transcriptional upregulation of various proin-
flammatory cytokines [5].
Recent studies suggested that dysregulation of NOD2 signaling

could confer susceptibility to several immunologic and inflamma-
tory diseases, including Crohn’s disease (CD), Blau syndrome (BS),
and early-onset sarcoidosis, underscoring the critical role of NOD2

activation in inflammatory homeostasis [5]. Gain-of-function NOD2
variants have been confirmed to lead to increased basal NF-κB
activity in BS, while other loss-of-function NOD2 variants have been
indicated to be incapable of active NOD2 signaling in CD [6–8].
TRIM22 variants that affect K63-linked NOD2 polyubiquitination,
and consequent NOD2-dependent NF-κB and type I interferon
signaling, are demonstrated to be associated with very-early-onset
inflammatory bowel disease [9]. However, it is still poorly under-
stood how NOD2 variants contribute to disease pathogenesis.
Accumulating evidence indicates that NOD2-mediated signal-

ing can be modulated by multiple post-translational modifica-
tions [8]. TRIM27-induced K48-linked polyubiquitination facilities
the 26S proteasome-mediated degradation of NOD2 [10], while
TRIM22-mediated K63-linked polyubiquitination of NOD2 is
required for the activation of NOD2 signaling, but not NOD2
degradation [9]. NOD2 can also be O-GlcNAcylated, which
increases the half-life of NOD2 [11]. Recently, palmitoylation of
proteins by aspartate-histidine-histidine-cysteine (DHHC) palmi-
toylacyltransferases has been shown to regulate protein
localization, trafficking, and degradation [12, 13]. Strikingly,
ZDHHC5-mediated S-palmitoylation of NOD2 is reported as a
required step of its membrane recruitment for subsequent
PGNs-triggered responses [14]. However, it remains unknown
whether S-palmitoylation can modulate the protein stability
of NOD2.
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In this study, we found that S-palmitoylation of NOD2 by
ZDHHC5 inhibits the SQSTM1/p62-mediated autophagic degrada-
tion of NOD2 to positively regulate NF-κB signaling. Moreover, we
demonstrated that the disease-associated R444C variant in the
short isoform of NOD2 (NOD2s-R444C), but not the corresponding
variant in long isoform of NOD2 (NOD2l-R471C), potentiates NF-κB
signaling and inflammation in a S-palmitoylation-dependent
manner. Mechanistically, NOD2s-R444C variant enhances its
interaction with ZDHHC5 for S-palmitoylation, which prevents
NOD2 from SQSTM1/p62-mediated autophagic degradation. Our
findings deepen our understanding of the function of
S-palmitoylation in immune regulation and provide insights into
the crosstalk between autophagy and inflammation.

RESULTS
S-palmitoylation enhances the protein stability of NOD2
According to a previous study, NOD2 could be S-palmitoylated by
ZDHHC5, which is a required step for membrane recruitment
during pathological conditions [14]. Since S-palmitoylation might
also control protein trafficking and stability [15, 16], we checked
whether S-palmitoylation affects NOD2 degradation by applying
2-bromopalmitate (2BP), a general S-palmitoylation inhibitor, to
reduce the S-palmitoylation in HCT116 cells (a colorectal epithelial
cell line). The protein levels of NOD2 were reduced by 2BP
treatment in both dose-dependent (Fig. 1a, b) and time-
dependent manners (Fig. 1c, d). Yan et al. observed that treatment
of 50 μM 2BP affected the redistribution of NOD2 from
membranes to the cytosol, and 100 μM 2BP treatment substan-
tially reduced the levels of NOD2 associated with membrane
fraction but did not apparently affect cytosolic NOD2 protein
levels in HCT116 cells [14]. These results were consistent with our
study that total NOD2 protein levels remained unchanged with
the treatment of 50 μM 2BP and slightly decreased with the
treatment of 100 μM 2BP, as shown in Fig. 1a–d. Notably, when
the concentration of 2BP was increased to 150 μM, or the duration
of 2BP treatment extended to 36 h, we observed a significant
decrease of NOD2 protein abundance. We further confirmed the
effect of 2BP (100 μM, 24 h) on NOD2 by immunofluorescence.
Indeed, the membrane localization of NOD2 was no longer
obvious and the total fluorescence intensity of NOD2 protein
largely decreased upon 2BP treatment (Fig. 1e, f). Such dose-
dependent degradation of NOD2 by 2BP was also observed in
THP-1-derived macrophages (THP-1-DMs) (Supplementary
Fig. S1a). Considering the influence of the S-palmitoylation of
NOD2 on its localization, we performed a subcellular fractionation
assay. We found that 2BP (100 μM, 24 h) treatment significantly
reduced the protein abundance of NOD2 in both cytosolic and
membrane fractions, leading to a decrease of NOD2 level in total
cell lysates (Fig. 1g). We, therefore, speculated that strong
suppression of S-palmitoylation by 2BP could accelerate NOD2
protein degradation to eliminate the redundant NOD2 translo-
cated from the membrane. Consistent with our hypothesis,
overexpression of ZDHHC5 increased the protein level of NOD2
in a dose-dependent manner, while knockdown of ZDHHC5
significantly decreased NOD2 abundance (Fig. 1h–k). It was
demonstrated that the cysteine residues in 395 and 1033 of
NOD2 are the S-palmitoylation sites [14]. We constructed vectors
expressing NOD2 single Cys to Ser mutants NOD2C395S or
NOD2C1033S or double Cys mutant NOD2C395,1033S (Fig. 1l), and
found that these mutants largely reduced the S-palmitoylation of
NOD2 (Supplementary Fig. S1b). We further observed that these S-
palmitoylation-deficient mutants remarkably accelerated the
degradation of NOD2 (Fig. 1m, n).
To further investigate the influence of such S-palmitoylation-

mediated NOD2 stabilization on its downstream signaling, we
examined the NOD2-mediated NF-κB activation by manipulating
NOD2 S-palmitoylation. We found that NOD2-induced NF-κB

activation was decreased by 2BP treatment or mutation of
S-palmitoylation sites of NOD2, while ZDHHC5 overexpression
promoted the activation of NOD2 signaling. Moreover, neither
ZDHHC5 overexpression nor 2BP treatment could significantly
change the NOD2-mediated NF-κB activation when NOD2 is
deficient in S-palmitoylation (Fig. 1o). Collectively, these results
indicate that S-palmitoylation of NOD2 inhibits its degradation
and strengthens the NOD2-mediated NF-κB signaling.

S-palmitoylation attenuates the autophagic degradation of
NOD2
To figure out which degradation pathway of NOD2 is dominantly
regulated by S-palmitoylation, we determined whether the
degradation of NOD2 under 2BP treatment could be abrogated
by the inhibitors of proteasome or the autophagy degradation
pathway. Our results showed that the degradation of NOD2 by
2BP treatment could be blocked by autophagy and autolysosome
inhibitors bafilomycin A1 (Baf A1) and chloroquine (CQ), but not
the proteasome inhibitor MG132 and carfilzomib, indicating that
suppressed S-palmitoylation might result in the autophagic
degradation of both ectopically expressed NOD2 in
HEK293T cells and endogenous NOD2 in HCT116 cells (Supple-
mentary Fig. S2a, b and Fig. 2a, b). It is worth noting that the
protein levels of ectopic NOD2 in the cells treated with the
proteasome inhibitor MG132 and carfilzomib were significantly
elevated when compared to that with DMSO treatment no matter
2BP was added or not (Supplementary Fig. S2a, b), indicating that
the overexpressed NOD2 undergoes proteasomal degradation,
which is consistent with the observations by Zurek et al. [10]. We
next observed that autophagy-initiated by Earle’s balanced salt
solution (EBSS) treatment remarkably degraded NOD2, and 2BP
further facilitated EBSS-induced NOD2 degradation (Fig. 2c, d). To
further demonstrate that NOD2 degrades through the autophagy
pathway, we detected the protein degradation of NOD2 in BECN1
or ATG5 knockout (KO) cells, in which autophagy was largely
impaired. The degradation of NOD2 was significantly abolished in
these autophagy-deficient cells (Fig. 2e–h). In addition, the
degradation of NOD2 by 2BP treatment was mostly abrogated
in BECN1 or ATG5 KO cells (Fig. 2i–l). We next observed that the
degradation of NOD2 by ZDHHC5 depletion was restored by CQ
treatment in THP-1 DMs (Supplementary Fig. S3). Taken together,
these data indicate that S-palmitoylation prevents NOD2 from
autophagic degradation.

Cargo receptor SQSTM1/p62 is required for NOD2
degradation
During the autophagy process, cargo receptors are responsible to
deliver substrates to the autophagosome for selective degradation
[17]. To investigate which cargo receptor mediates the autophagic
degradation of NOD2, we detected the interaction of NOD2 and
several reported cargo receptors, including NIX, NDP52, Tollip,
SQSTM1/p62, OPTN, and NBR1. Co-immunoprecipitation (Co-IP)
assays showed that NOD2 mainly interacted with SQSTM1/p62
rather than other cargo receptors (Fig. 3a). Moreover, rapamycin
(Rapa)-induced autophagy enhanced the interaction of NOD2 and
SQSTM1/p62 (Fig. 3b). CHX assays indicated that the degradation
of NOD2 was almost disappeared in SQSTM1 KO cells (Fig. 3c, d).
Thus, our results suggest that the autophagic degradation of
NOD2 is mediated by cargo receptor SQSTM1/p62.
To further confirm that S-palmitoylation restrains SQSTM1/p62-

mediated autophagic degradation of NOD2, we applied 2BP to
inhibit the S-palmitoylation in wild-type (WT) and SQSTM1 KO
cells. The protein levels of NOD2 were decreased with the
treatment of 2BP in WT cells, while no NOD2 degradation was
observed in SQSTM1 KO cells (Fig. 3e, f). We also found that
overexpression of SQSTM1/p62 led to NOD2 degradation, but this
phenomenon was partially rescued in the presence of ectopic
ZDHHC5 (Fig. 3g, h). Moreover, S-palmitoylation of NOD2 by
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ZDHHC5 restricted the interaction between NOD2 and SQSTM1/
p62 (Supplementary Fig. S4). In contrast, inhibition of NOD2
S-palmitoylation by 2BP or mutation of S-palmitoylation sites
enhanced NOD2-SQSTM1/p62 interaction (Fig. 3i–k). Confocal
microscopy also revealed that the colocalization of NOD2 and
SQSTM1/p62 was significantly reduced by ZDHHC5 overexpres-
sion, while 2BP treatment markedly enhanced NOD2-SQSTM1/p62
colocalization (Fig. 3l, m). Since SQSTM1/p62 was reported to bind
to ubiquitinated protein by its ubiquitin-associated (UBA) domain,
we compared the ubiquitination level of WT and S-palmitoylation-
deficient NOD2, and found that S-palmitoylation-deficiency in
both two main NOD2 isoforms (the canonical NOD2l, 1040 bp;
short form NOD2s, 1013 bp; NOD2s differs from NOD2l by
deficiency of the first 27 amino acids) showed the same level of
ubiquitination (Supplementary Fig. S5a). We next determined the
binding of NOD2 and SQSTM1/p62 or SQSTM1/p62 ΔUBA, and
found that the interaction between NOD2 and SQSTM1/p62 did
not require the UBA domain of p62 (Supplementary Fig. S5b).
These results excluded the possibility that S-palmitoylation affects

the ubiquitination of NOD2 to influence the binding of SQSTM1/
p62 and NOD2. Collectively, our results show that S-palmitoylation
decreased the interaction between NOD2 and SQSTM1/p62, thus
inhibiting NOD2 delivery to the autophagosome for selective
degradation.

NOD2s-R444C variant causes increased NF-κB activation and
inflammation
Many dysfunctional NOD2 variants are closely related to the
occurrence of inflammatory diseases, but the exact molecular
mechanisms by which they cause disease remain unclear [5, 18].
Considering that there are two main NOD2 isoforms, we examined
NF-κB activation of several reported NOD2 variants in both NOD2l
and NOD2s isoforms (R391W, R471C, G481D, C495Y, R587C, A755V
and R702W in NOD2l, and corresponding variants in NOD2s).
Among them, we found the NOD2l R471C variant (NOD2l-R471C)
did not affect the NOD2-mediated NF-κB activation, but the
NOD2s R444C variant (NOD2s-R444C, which has the same amino
acid mutation) could significantly enhance NF-κB activation,

Fig. 1 S-palmitoylation of NOD2 by ZDHHC5 enhances the protein stability of NOD2. a Immunoblot analysis showing NOD2 degradation in
HCT116 cells treated with 2BP at the indicated concentrations (0, 50, 100, and 150 μM) for 24 h. b Quantification of the protein level of NOD2
after 2BP treatment in (a). c Immunoblot analysis showing NOD2 degradation in HCT116 cells treated with 100 μM 2BP for 0, 12, 24, and 36 h.
d Quantification of the protein level of NOD2 after 2BP treatment in (c). e Immunofluorescence staining of Flag-NOD2 in HEK293T cells with or
without 2-BP (100 μM, 24 h) treatment. The nucleus is stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bars, 10 μm. f Quantification of
the NOD2 intensity (30 cells per sample). r.f.u. relative fluorescence unit. g Cytosolic, and membrane fractions of THP-1-derived macrophages
(THP-1-DM) pretreated with DMSO or 2BP (100 μM) for 24 h. THP-1 cells were differentiated with PMA (100 ng/ml) overnight. h Immunoblot
analysis showing stabilization of NOD2 in HCT116 cells transfected with 0-500 ng ZDHHC5 for 24 h. i Quantification of the protein level of
NOD2 after overexpression of ZDHHC5 in (h). j Immunoblot analysis showing NOD2 degradation in HCT116 cells after knockdown of ZDHHC5
for 36 h. k Quantification of the protein level of NOD2 with overexpression of ZDHHC5 in (j). l Schematic view of NOD2 (full-length) and the
location of the S-palmitoylation-deficient NOD2 variants. m Immunoblot analysis showing the stability of wild-type (WT) or S-palmitoylation-
deficient NOD2 mutants. Cells were treated with CHX (100 μg/ml) for 0, 1, 2 and 4 h, and then collected and lysed for IB. n Quantification of WT
or S-palmitoylation-deficient NOD2 mutants in (m). o NF-κB-dependent luciferase reporter gene activities in HEK293T cells expressing Flag-
NOD2 or Flag-NOD2C395,1033S, together with HA-empty vector or HA-ZDHHC5, treated with DMSO or 2BP (100 μM, 24 h). NF-κB promoter-
driven luciferase activity was measured and normalized to the renilla luciferase activity. In b, d, f, i, k, n, and o, all error bars, mean values ±
SEM, P values were determined by unpaired two-tailed Student’s t-test of n= 3 independent biological experiments. *P < 0.05; **P < 0.01; ns
not significant. For a, c, e, g-h, j, and m, similar results are obtained from three independent biological experiments.
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compared with that of WT NOD2 (Fig. 4a). The NOD2l-R471C or
NOD2s-R444C variant is encoded by rs1078327 and has been
reported in patients suffering from IBD, BS, acute myeloid
leukemia or aggressive periodontitis [19–22]. The allele frequency
for this site is 0.01591 in gnomAD East Asian cohort, and 0.001485
in the entire gnomAD exomes cohort. Sequence alignment
analysis revealed that NOD2l-R471 or NOD2s-R444 site was
located at the NACHT domain of NOD2 (Fig. 4b).
To explicitly demonstrate the excessive NF-κB activation

induced by NOD2s-R444C variant, we generated doxycycline
(Dox)-inducible NOD2l-WT, NOD2l-R471C, NOD2s-WT, and NOD2s-
R444C macrophages using a human monocytic THP-1 cell line.
After doxycycline treatment, these THP-1 cell lines could induce
the expression of Flag-tagged NOD2 (Supplementary Fig. S6a, b).
We then differentiated these THP-1 cells into macrophages, and
found that NOD2s-R444C cells showed enhanced MDP-induced
phosphorylation of IKK and IκBα compared to that of NOD2s-WT
cells (Fig. 4c, d). However, similar p-IKK and p-IκBα level were
observed in NOD2l-WT and NOD2l-R471C THP-1 DMs (Fig. 4e, f).
Consistently, MDP stimulation resulted in higher expression levels
of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in NOD2s-
R444C cells, compared to those in NOD2s-WT cells (Fig. 4g), while
the same amount of these proinflammatory cytokines were
expressed in NOD2l-WT and NOD2l-R471C THP-1 DMs (Fig. 4h).
These results confirm that NOD2s-R444C variant markedly
promotes NOD2s-mediated NF-κB activation, but NOD2l-R471C

variant has no significant effect on NOD2l-mediated NF-κB
activation in human macrophages.

R444C mutation promotes NOD2s S-palmitoylation to
enhance its stability
Next, we attempted to explore the molecular mechanisms that
underlie the enhanced activation of NOD2s-R444C. CHX-chase
assay revealed that NOD2s-R444C variant increased NOD2s
stability, but NOD2l-R471C showed the same degradation rate as
NOD2l-WT (Fig. 5a, b). Since we found that S-palmitoylation
attenuated the SQSTM1/p62-mediated autophagic degradation of
NOD2, we next checked whether the NOD2s-R444C variant keeps
NOD2s stability by affecting its S-palmitoylation. Indeed, acyl-biotin
exchange (ABE) assays indicated that R444C mutation increased
the S-palmitoylation of NOD2s, while there was no obvious change
of S-palmitoylation in NOD2l-R471C variant (Fig. 5c).
Previously, we used endogenous NOD2l, the most canonical

isoform of NOD2, to study the mechanism that S-palmitoylation
by ZDHHC5 inhibits autophagic degradation of NOD2. We further
confirmed that NOD2s also underwent autophagic degradation by
2BP treatment, which could be restored by autolysosome inhibitor
CQ (Supplementary Fig. S7a). Moreover, EBSS-induced autophagy
also led to NOD2s degradation, which could be accelerated by 2BP
(Supplementary Fig. S7b). In addition, both NOD2s and NOD2l
exhibited an equivalent binding ability to ZDHHC5 (Supplemen-
tary Fig. S7c).

Fig. 2 Palmitoylation attenuates the autophagic degradation of NOD2. a Immunoblot analysis showing NOD2 protein level in HCT116 cells
treated with proteasome inhibitors MG132 (10 μM), carfilzomib (100 nM), or autolysosome inhibitor ammonium chloride (NH4Cl, 20 mM),
bafilomycin A1 (Baf A1, 0.2 μM), or chloroquine (CQ, 50 μM) for 6 h. b Quantification of relative protein level of NOD2 in (a). c Immunoblot
analysis showing NOD2 degradation in HCT116 cells treated with DMSO or 2BP (100 μM, 24 h) upon starvation-induced autophagy activation
under Earle’s balanced salt solution (EBSS)-cultured condition for 0, 3, 6 or 9 h. d Quantification of relative protein level of NOD2 in
(c). e, h Immunoblot analysis showing protein level of Flag-NOD2 in wild-type (WT) and BECN1 (e) or ATG5 (g) knockout (KO) HEK293T cells.
Cells were transfected with Flag-NOD2 for 24 h, and then treated with CHX (100 μg/ml) for 0, 3, 6 and 9 h. f, h Quantification of relative NOD2
remaining in (e and g). i–l Immunoblot analysis showing protein level of Flag-NOD2 in WT and BECN1 (i, j) or ATG5 (k, l) KO
HEK293T cells treated with DMSO or 2BP (100 μM, 24 h). j, l Quantification of relative protein level of NOD2 in (i and k). In b, d, f, j, and l, all
error bars, mean values ± SEM, P values were determined by unpaired two-tailed Student’s t-test of n= 3 independent biological experiments.
*P < 0.05; **P < 0.01; ns not significant. For a, c–e, g, i, k, similar results are obtained from three independent biological experiments.
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To determine whether the enhanced stability of NOD2s-R444C
variant comes from its low level of S-palmitoylation, we treated
NOD2s-R444C or NOD2s-WT cells with 2BP, and found that the
fluorescence intensity of NOD2s-R444C decreased to the same
level as that of NOD2s-WT (Fig. 5d, e). We further performed a Co-
IP assay and found that the interaction of ZDHHC5 and NOD2s-
R444C was much stronger than that of NOD2-WT (Fig. 5f). In
addition, NOD2s-R444C variant showed the weaker binding ability
to SQSTM1/p62 compared to that of NOD2s-WT (Fig. 5g).
However, NOD2l-R471 and NOD2l-WT exhibited the same binding
abilities with both ZDHHC5 and SQSTM1/p62. The structural basis
underlying NOD2-ZDHHC5 interactions has not been resolved yet.

We got the predicted structure of human NOD2 and ZDHHC5
produced by AlphaFold [23]. Computational analysis based on the
structure prediction by PyMOL for NOD2-ZDHHC5 complex
suggested that the nearest amino acid residue of R471 site of
NOD2l and R444 site of NOD2s in ZDHHC5 is 139N (hydrogen
bond distance: 2.36, 4.49, and 5.43), and the nearest amino acid
residue of C471 site of NOD2l in ZDHHC5 is A107 and T108
(hydrogen bond distance: 2.99, 3.86, and 5.38), while the nearest
amino acid residue of C444 site of NOD2s in ZDHHC5 is 151L
(hydrogen bond distance: 1.91, 4.1, and 4.06). It is likely that the
absence of these 27 amino acids leads to an increased association
with ZDHHC5 due to the change of spatial structure and the

Fig. 3 Palmitoylation attenuates the interaction between NOD2 and cargo receptor SQSTM1/p62. a HEK293T cells were transfected with
HA-NOD2 and indicated Flag-tagged cargo receptors. Cell lysates were co-immunoprecipitated with anti-Flag beads and immunoblotted with
anti-HA antibody. b HEK293T cells were transfected with HA-NOD2 and Flag-tagged SQSTM1, followed by rapamycin (250 nM) treatment for
24 h together with Baf A1 (0.2 μM). Cell lysates were co-immunoprecipitated with anti-Flag beads and immunoblotted with anti-HA antibody. c
Immunoblot analysis showing protein level of Flag-NOD2 in wild-type (WT) and SQSTM1 knockout (KO) HEK293T cells, treated with CHX
(100 μg/ml) for indicated time points. d Quantification of relative NOD2 remaining in (c). e Immunoblot analysis showing protein level of Flag-
NOD2 in WT and SQSTM1 KO HEK293T cells transfected with Flag-NOD2 for 24 h, followed by treatment of DMSO or 2BP (100 μM, 24 h). f
Quantification of relative protein level of NOD2 in (e). g Immunoblot analysis showing protein level of Flag-NOD2 in HEK293T cells transfected
with Flag-NOD2, together with HA-SQSTM1 or Myc-ZDHHC5 for 24 h. h Quantification of relative protein level of NOD2 in (g). i HEK293T cells
were transfected with Flag-NOD2 and HA-SQSTM1, with or without 2BP treatment, followed by rapamycin (250 nM) treatment together with
Baf A1 (0.2 μM). Cell lysates were co-immunoprecipitated with anti-Flag beads and immunoblotted with anti-HA antibody. j HEK293T cells
were transfected with Flag-tagged WT or S-palmitoylation-deficient NOD2, together with HA-SQSTM1 and Myc-ZDHHC5. Cell lysates were co-
immunoprecipitated with anti-Flag beads and immunoblotted with anti-HA antibody. k Quantification of relative protein level of NOD2 in (k).
l Immunofluorescence staining of Flag-NOD2 (green) and HA-SQSTM1 (red) in HeLa cells with or without 2BP (100 μM) treatment, together
with EBSS and CQ treatment. The nucleus is stained with DAPI. Scale bars, 10 μm. m Statistics of colocalization of NOD2 and SQSTM1/p62
indicated by Pearson’s correlation (30 cells per sample). In d, f, h, k, and m, all error bars, mean values ± SEM, P values were determined by
unpaired two-tailed Student’s t-test of n= 3 independent biological experiments. *P < 0.05; **P < 0.01; ns not significant. For a–c, e, g, i, and j,
similar results are obtained from three independent biological experiments.
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increase of surface binding force (Supplementary Fig. S8). The
enhanced binding ability with ZDHHC5 and attenuated binding
ability with SQSTM1/p62 by NOD2s-R444C variant were further
confirmed in THP-1-DMs (Fig. 5h). To address whether the reduced
binding of SQSTM1/p62 for the R444C variant is caused by altered
localization of NOD2, we determined the binding of SQSTM1/p62
and NOD2 in cytosolic fractions. We still found that R444C variant,
but not R471C variant, decreased the interaction of NOD2 and
SQSTM1/p62 (Supplementary Fig. S9a). To figure out if this
decrease is due to altered ubiquitination of NOD2, we detected
ubiquitination of NOD2l/s and their variants accordingly, and
found that all the indicated variants of NOD2 showed an equal
level of ubiquitination as WT NOD2 did (Supplementary Fig. S9b).
Finally, we examined whether it is caused by a binding
competition between ZDHHC5 and SQSTM1/p62 to NOD2, and
our results showed that ZDHHC5 and SQSTM1/p62 competitively
interacted with NOD2 (Supplementary Fig. S9c). In Supplementary
Fig. S5b, our results indicated that the interaction between NOD2
and SQSTM1/p62 did not require UBA domain of p62 protein. It is
possible that the binding of ZDHHC5 as well as the palmitoyl
group on NOD2 mediated by ZDHHC5 could restrict the binding
of SQSTM1/p62 to NOD2 and inhibit the autophagic degradation
of NOD2. In summary, these results suggest that the NOD2s-R444C

variant strengthens its interaction with ZDHHC5 to facilitate its S-
palmitoylation, therewith restraining its binding ability with the
cargo receptor SQSTM1/p62, leading to the inhibition of
autophagic degradation of NOD2.

Inhibition of NOD2s-R444C S-palmitoylation impairs the
excessive NOD2-induced inflammation
Since enhanced S-palmitoylation by ZDHHC5 is accounted for the
promoted stability and excessive inflammation activation of
NOD2s-R444C variant, we next investigated whether knockdown
of ZDHHC5 by siRNAs could impair the excessive activation of
NOD2s-R444C variant. Our results showed that knockdown of
ZDHHC5 in THP-1-DMs markedly decreased the S-palmitoylation of
both NOD2s-WT and NOD2s-R444C variant (Fig. 6a), and increased
their interaction with SQSTM1/p62 (Fig. 6b). As expected, the
excessive mRNA expression and secretion of IL-1β, IL-6, and TNF-α
by NOD2s-R444C-mediated inflammation activation were com-
pletely eliminated by ZDHHC5 deficiency (Fig. 6c, d). We also
found that knockdown of SQSTM1 increased the mRNA expression
and secretion of IL-1β, IL-6, and TNF-α in NOD2s-WT and NOD2s-
R444C THP-1-DMs to the same level (Supplementary Fig. S10 and
Fig. 6e, f). Together, these data suggest that the excessive
activation of NOD2s-R444C is due to its high level of ZDHHC5-

Fig. 4 NOD2s-R444C variant specifically promotes NF-κB activation and inflammation. a Luciferase activity in 293T cells transfected with
the NF-κB luciferase reporter, pRL-TK, together with a vector encoding wild-type (WT) NOD2l, NOD2s, or indicated NOD2 variants (NOD2l: M1,
R391W; M2, R471C; M3, G481D; M4, C495Y; M5, R587C; M6, A755V; M7, R702W. NOD2s: M1, R364W; M2, R444C; M3, G454D; M4, C468Y; M5,
R560C; M6, A728V; M7, R675W). b Schematic view of NOD2 (full-length/long isoform, NOD2l; short isoform, NOD2s) and the location of the
NOD2l-R471C and NOD2s-R444C variants. c–f Immunoblot analysis of muramyl dipeptide (MDP, 10 μg/ml)-induced phosphorylation of IKK and
IκBα in NOD2s-WT/R444C (c–d) or NOD2l-WT/R471C (e–f) THP-1-DM cells. Quantitative comparison of signaling activation between WT and
NOD2s-R444C (d) or NOD2l-R471C (f) variant cells by density scanning of the immunoblots in three independent experiments. g, h Real-time
PCR for IL-1β, IL-6, and TNFα transcription in MDP (10 μg/ml)-induced NOD2s-WT/R444C (g) or NOD2l-WT/R471C (h) THP-1-DM cells. Cells in
(c–h) were differentiated with PMA (100 ng/ml) overnight and subsequently treated with Dox (100 ng/ml) for 10 h. In a, d, f, g, and h, all error
bars, mean values ± SEM, P values were determined by unpaired two-tailed Student’s t-test of n= 3 independent biological experiments. *P <
0.05; **P < 0.01; ns not significant. For c and e, similar results are obtained from three independent biological experiments.
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mediated S-palmitoylation, which impeded SQSTM1/p62-depen-
dent autophagic degradation of NOD2.

DISCUSSION
Autophagy is a highly conserved cytoplasmic homeostasis process
for the recycling and degradation of cytoplasmic constituents, and
involves many human diseases, especially neurodegenerative,
cancer, and inflammatory disorders [24–26]. Recently, autophagy
is also reported to modulate the antimicrobial immune response
by directly decreasing the levels of PAMPs or selectively degrading
several PRRs, such as DDX58/RIG-I and NLRP3 [27, 28]. Selectivity
of autophagy is achieved by specific cargo receptors that harbor
both ubiquitin-binding domains and LC3-interacting regions, such
as SQSTM1/p62, OPTN and NDP52 [25, 29]. These cargo receptors
take charge of cargoes’ recognition and bridge ATG8-family
proteins to ubiquitin chains or other selective signals on cargoes
[17, 30]. However, the substrates and mechanisms of selective
autophagy still remain largely unclear. Although the autophagic
cargo receptor SQSTM1/p62 mainly recognizes ubiquitinated
cargoes, more and more studies showed that SQSTM1/p62 can
also bind to the substrates, such as IKKβ, RIG-I and Sindbis virus

(SINV) capsid, in a ubiquitination-independent manner for
autophagic degradation [31–34]. In our study, we demonstrated
that NOD2, an important PRR, undergoes SQSTM1/p62-mediated
autophagic degradation in a ubiquitination-independent manner.
Since NOD2 S-palmitoylation by ZDHHC5 could attenuate the
interaction between NOD2 and cargo receptor SQSTM1/p62, the
autophagic degradation of NOD2 could be regulated by its
S-palmitoylation state.
According to Cooney et al.’s report, under MDP stimulation,

NOD2 mediates autophagy for both bacterial handling and
generation of MHC class II antigen-specific CD4+ T cell responses
in DCs [35]. SQSTM1/p62 does not play a role in such NOD2-
mediated autophagy flux, but could act as a cargo receptor to
promote the autophagic degradation of NOD2, which is crucial for
avoiding excessive NOD2-mediated response. Ultimately,
SQSTM1/p62 provides a negative feedback mechanism for
NOD2 signaling and ensures appropriate response during host
defense.
Selective targeting and disposal of proteins in eukaryotic cells

usually occur by proteasomes and autophagy [36]. Zurek et al.
reported that ectopically expressed NOD2 could be ubiquitinated
followed by proteasomal degradation [10]. This is consistent with

Fig. 5 R444C variant promotes NOD2s palmitoylation through enhancing its binding ability with ZDHHHC5. a Immunoblot analysis
showing degradation of NOD2s-WT/R444C or NOD2l-WT/R471C, under CHX (100 μg/ml) treatment for 0, 3, 6, and 9 h. b Quantification of
NOD2s-WT/R444C or NOD2l-WT/R471C in (a). c Streptavidin blot detection of palmitoylated NOD2s-WT/R444C or NOD2l-WT/R471C in
HEK293T cells transfected with Flag-tagged NOD2s-WT/R444C or NOD2l-WT/R471C by acyl-biotin exchange (ABE) assay with or without
hydroxylamine (HAM, 1M). The S-palmitoylated NOD2 in immunoprecipitated samples were detected using anti-Flag antibody. d
Immunofluorescence staining of Flag-NOD2s-WT or Flag-NOD2s-R444C in HEK293T cells transfected with the same amount of Flag-NOD2s-WT
or Flag-NOD2s-R444C plasmids, with or without 2-BP (100 μM, 24 h) treatment. The nucleus is stained blue with DAPI. Scale bars, 10 μm. e
Quantification of the NOD2 intensity (30 cells per sample). r.f.u. relative fluorescence unit. f, g Co-immunoprecipitation and immunoblot
analysis showing the interaction of NOD2 and ZDHHC5 (f) or SQSTM1 (g) in HEK293T cells transfected with Flag-tagged NOD2s-WT/R444C or
NOD2l-WT/R471C and HA-ZDHHC5 (f) or HA-SQSTM1 (g) for 24 h. h Immunoblot analysis showing the interaction of NOD2 and ZDHHC5 or
SQSTM1 in MDP (10 μg/ml)-induced NOD2s-WT/R444C THP-1-DM cells. Cells were differentiated with PMA (100 ng/ml) overnight and
subsequently treated with Dox for 10 h. In a–c and f–h, we adjusted the amount of transfected plasmids or Dox to make the protein level of
NOD2 the same. In b and e, all error bars, mean values ± SEM, P values were determined by unpaired two-tailed Student’s t-test of n= 3
independent biological experiments. *P < 0.05; **P < 0.01; ns not significant. For a, c, d, and f–h, similar results are obtained from three
independent biological experiments.
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our results that the protein levels of ectopic NOD2 in the cells
treated with the proteasome inhibitor MG132 and carfilzomib
were significantly elevated when compared to that with DMSO
treatment no matter 2BP is added or not. We also found that the
degradation of endogenous NOD2 in HCT116 cells by 2BP
treatment could be blocked by autophagy and autolysosome
inhibitors, but not the proteasome inhibitors. Hence, it was
proposed that degradation of NOD2 through the ubiquitin-
proteasome pathway may occur only when NOD2 was activated.
Palmitoylation has emerged as a crucial posttranslational

modification that regulates protein–membrane association and
protein–protein interactions [37]. Although close to 3000 proteins
are known to undergo palmitoylation, how this modification
modulates inflammation and innate immune responses remain
unclear [37]. A recent study unraveled that NOD2 is a
palmitoylated protein, and NOD2 S-palmitoylation is required for
membrane recruitment and immune signaling. They also identi-
fied ZDHHC5 as a palmitoyltransferase responsible for NOD2
S-palmitoylation [14]. Here, we found that S-palmitoylation of

NOD2 by ZDHHC5 restricted its interaction with the cargo
receptor SQSTM1/p62, thus inhibiting its delivery to autophago-
somes for degradation and promoting NOD2-mediated inflamma-
tion. Thus, S-palmitoylation facilitates NOD2 signaling in two
distinct ways: (1) direct redistribution of NOD2 to membranes,
which is required for NOD2 signaling; (2) enhancement of the
stability of NOD2 by preventing its autophagic degradation.
Collectively, the dual functions of NOD2 S-pamitoylation orches-
trate the NOD2-mediated host defense.
NOD2 signaling to bacterial PGN has long been recognized to

be vital to immune homeostasis. Numerous studies showed that
NOD2 loss-of-function or gain-of-function variants are associated
with many diseases, including CD, BS, and early-onset sarcoidosis
[8]. However, little is known about the exact molecular mechan-
isms by which they cause these diseases. NACHT domain displays
ATPase activity and is vital for NOD2 activation and oligomeriza-
tion. We found a previously ignored NOD2 mutation (NOD2s-
R444C) in NACHT domain that caused increased NF-κB activation
and proinflammatory cytokine production.

Fig. 6 Inhibition of NOD2s-R444C S-palmitoylation reverses NOD2s-induced excessive inflammatory responses. a NOD2s-WT/R444C THP-
1 cells were differentiated with PMA (100 ng/ml) overnight. After replacement of fresh medium supplemented with Dox (NOD2s-WT, 140 ng/
ml; NOD2s- R444C, 100 ng/ml) for 12 h, cells were transfected with siRNA-NC or ZDHHC5 siRNAs for 36 h. Streptavidin blot detection of
palmitoylated NOD2s-WT/R444C by ABE assay with or without HAM (1 M). b Immunoblot analysis showing the interaction of SQSTM1 and
NOD2-WT/R444C in THP-1-DM cells supplemented with Dox (100 ng/ml) for 12 h. c, d Real-time PCR for IL-1β, IL-6 and TNFα transcription (c)
and ELISA for IL-1β, IL-6, and TNFα secretion (d) in MDP (10 μg/ml)-induced NOD2s-WT/R444C THP-1-DM cells with knockdown of ZDHHC5. e, f
Real-time PCR for IL-1β, IL-6, and TNFα transcription (e) and ELISA for IL-1β, IL-6 and TNFα secretion (f) in MDP (10 μg/ml)-induced NOD2s-WT/
R444C THP-1-DM cells with knockdown of SQSTM1. In b–f, Dox was used at 100 ng/ml for both NOD2s-WT and NOD2s-R444C THP-1-derived
macrophages. In c–f, all error bars, mean values ± SEM, P values were determined by unpaired two-tailed Student’s t-test of n= 3 independent
biological experiments. *P < 0.05; **P < 0.01; ns not significant. For a, b, similar results are obtained from three independent biological
experiments.
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Growing evidence showed that different isoforms of a protein
may be involved in diverse regulation of protein function,
although they are only partially different. For instance, MyD88 is
an adapter protein that is involved in Toll-like receptor (TLR)- and
interleukin-1 receptor (IL-1R)-induced activation of NF-κB. How-
ever, a lipopolysaccharide-inducible isoform of MyD88, MyD88S, is
not able to activate NF-κB, and in contrast, specifically prevents
the recruitment of IRAK-4 into the IL-1R complex and functions as
a dominant-negative inhibitor of TLR/IL-1R-induced NF-κB activa-
tion [38]. Previously, we also demonstrated that TRIM9s, but not
TRIM9l, is a positive regulator of type I interferon signaling in
response to both DNA and RNA viruses by recruiting GSK3β to
TBK1 [39]. There are three NOD2 isoforms, and all of them can
activate NF-κB signaling. Interestingly, although we and other
groups found that NOD2l-R471C variant exhibited no effect on NF-
κB signaling and cytokine secretion, compared to the NODl-WT
[21], the corresponding variant of NOD2s-R444C markedly
promoted inflammatory response. Mechanistically, NOD2s-R444C
variant possessed stronger ability to interact with ZDHHC5,
making it more easily to be S-palmitoylated. Enhanced
S-palmitoylation of NOD2s-R444C impaired its interaction with
the cargo receptor SQSTM1/p62, leading to less SQSTM1/p62-
mediated autophagic degradation of NOD2. Thus, the patients
with NOD2s-R444C variant would more easily overrespond to
bacterial PGN fragments, and trigger excessive inflammation
(Fig. 7). Knockdown of ZDHHC5 diminished NOD2 abundance and
excessive inflammatory response, suggesting a strategy of
targeting ZDHHC5 for anti-inflammatory therapy of these patients.
In summary, we demonstrate that S-palmitoylation of NOD2 by

ZDHHC5 reduces its binding ability to cargo receptor SQSTM1/p62
and restrains it from autophagic degradation, ultimately promot-
ing NOD2-mediated inflammatory response. We further identify a
gain-of-function NOD2s-R444C variant, which is associated with
excessive inflammation through enhanced S-palmitoylation level.
This study highlights that S-palmitoylation-regulated autophagic

degradation of NOD2 is critical in the occurrence of inflammatory
diseases, and would facilitate diagnosis and precision treatment
for patients with NOD2-associated AIDs.

MATERIALS AND METHODS
Cell lines
Human embryonic kidney cells (HEK293T) and HCT116 from ATCC were
cultured in DMEM (Corning) with 10% fetal bovine serum (GenStar) and 1%
L-glutamine (Gibco). THP-1 cells from ATCC were maintained in RPMI-1640
medium (Gibco) with 10% fetal bovine serum and 1% L-glutamine (Gibco).
THP-1 cells were differentiated into macrophages by treatment with
100 ng/ml phorbol-12-myristate-13-acetate (PMA; Millipore Sigma) for 12 h.

Plasmids and siRNA transfection
HA-, Flag-, or Myc-tagged NOD2l/NOD2s, ZDHHC5, or SQSTM1/p62
constructs were cloned into the pcDNA3.1 vector. Site-directed mutagen-
esis was performed with the QuickChange Lightning Kit (210519-5; Agilent
Technologies) according to the manufacturer’s instructions. Chemically
synthesized 21-nt siRNA duplexes were obtained from TranSheepBio and
transfected using Lipofectamine RNAiMAX (13778150; Invitrogen) accord-
ing to the manufacturer’s instructions.
The following RNA oligonucleotides were used in this study:
Control siRNA (siRNA-NC) forward: 5′-UUCUCCGAACGUGUCACGUTT-3′;
Reverse: 5′-ACGUGACACGUUCGGAGAATT-3′;
ZDHHC5 siRNA #1 forward: 5′-UCAGAUGAUUCAAAGAGAUTT-3′;
Reverse: 5′-AUCUCUUUGAAUCAUCUGAGG-3′;
ZDHHC5 siRNA #2 forward: 5′-AUGUCUUACAGCAGCCAAATT-3′;
Reverse: 5′-UUUGGCUGCUGUAAGACAUCG-3′;
SQSTM1 siRNA #1 forward: 5′-CGGAUAACUGUUCAGGAGGTT-3′;
Reverse: 5′-CCUCCUGAACAGUUAUCCGTT-3′;
SQSTM1 siRNA #2 forward: 5′- UCUUCCGAAUCUACAUUAATT -3′;
Reverse: 5′- UUAAUGUAGAUUCGGAAGATT-3′.

Reagents and antibodies
Doxycycline (Dox; D9891), the palmitoyl acyltransferase inhibitor,
2-bromohexadecanoic acid (2BP, 238422), MG132 (C2211), rapamycin

Fig. 7 A proposed working model to illustrate how the NOD2s-R444C variant contributes to excessive inflammation. Upon MDP
stimulation, NOD2 undergoes self-oligomerization and recruitment of the downstream adaptor molecule RIPK2 via homophilic CARD-CARD
interaction, leading to NF-κB translocation to the nucleus and the transcription of proinflammatory genes. Normally, palmitoylation of NOD2
by ZDHHC5 tightly regulates NOD2 signaling in two ways by promoting the membrane recruitment of NOD2 and restricting the SQSTM1/p62-
mediated autophagic degradation of NOD2. In the patients with NOD2s-R444C variant, palmitoylation of NOD2s by ZDHHC5 is largely
increased through their enhanced protein interactions. Enhanced NOD2 palmitoylation might reduce the threshold of NOD2 activation,
giving rise to excessive NOD2-mediated inflammation and the risk of developing inflammatory diseases.
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(Rapa, 37094), chloroquine phosphate (PHR1258), NH4Cl (A9434), horse-
radish peroxidase (HRP)-anti-FLAG (M2) (A8592), and anti-β-actin (A1978)
were purchased from Merck. Bafilomycin A1 (S1413) and carfilzomib
(S2853) were purchased from Selleck. Goat anti-rabbit (sc-2004), goat anti-
mouse (sc-2005), and anti-NOD2 (sc-56168) were purchased from Santa
Cruz Biotechnology. Anti-c-Myc-HRP (11814150001) and anti-HA-
peroxidase (high-affinity from rat immunoglobulin G1) (12013819001)
were purchased from Roche Applied Science. Anti-ZDHHC5 polyclonal
antibody (21324-1-AP) was purchased from Proteintech.

Immunoblot and immunoprecipitation analysis
For immunoprecipitation, whole-cell extracts were prepared after transfec-
tion or treatment, followed by incubation overnight with anti-Flag, anti-HA
beads (Millipore Sigma) or Protein A/G beads (Pierce). Beads were washed
five times with lysis buffer, and immunoprecipitates were eluted for SDS-
PAGE. Proteins were transferred to polyvinylidene fluoride membranes
(Bio-Rad), and ECL Western Blotting Substrate (Pierce) was used for protein
detection.

Immunofluorescence staining analysis
For immunofluorescence staining analysis, cells were cultured on Glass
Bottom culture dishes (Nest Scientific, 801002). After transfection or
treatment for the indicated time, cells were fixed with 4% paraformalde-
hyde for 10min, and then permeabilized in methyl alcohol for 10min at
–20 °C. After washing with PBS for three times, cells were blocked in 10%
fetal goat serum (Boster Biological, AR1009) for 1 h. After washing with PBS,
cells were successively incubated with primary antibodies and fluores-
cently labeled secondary antibody. Confocal images were examined using
a microscope (LSM800; Carl Zeiss). The images were processed for gamma
adjustments using Zen 3.3 or ImageJ software (National Institutes of
Health).

Subcellular fractionations assays
Cells cultured on 10 cm culture dish were washed twice with cold PBS and
harvested using a cell scraper. Collected cells by centrifugation (500–600 ×
g, 5 min). Cytosolic and membrane fractions of the collected cells were
further isolated using Invent MinuteTM Plasma Membrane Protein Isolation
and Cell Fractionation Kit (Invent, SM-005), according to the manufacturer’s
protocols.

Luciferase reporter assays
Cells were plated in 24-well plates and transfected with plasmids encoding
the NF-κB luciferase reporter (firefly luciferase; 80 ng) and pRL-TK (Renilla
luciferase plasmid; 8 ng), together with different plasmids (100 ng). Cells
were harvested in a passive lysis buffer (Promega, E1941). Enzyme activity
was normalized by the efficiency of transfection on the basis of Renilla
luciferase activity levels. Fold induction relative to the basal level was
measured in cells. The values were means ± SEM of three independent
transfections performed in parallel.

Generation knockout (KO) cell lines by the CRISPR cas9 system
For the BECN1, ATG5, and SQSTM1 KO HEK293T cells, single guide RNAs
(sgRNAs) for each gene were annealed and cloned into pLentiCRISPRv2
(Addgene #52961) by cutting with BsmB I, and then cotransfected with
Δ8.9 and VSVG into HEK293T cells. Then the transfected cells were cultured
with puromycin for selection. The sequences of target-related gene are as
follows:

BECN1-sgRNA: 5′-ATTTATTGAAACTCCTCGCC-3′;
ATG5-sgRNA: 5′-GTGCTTCGAGATGTGTGGTT-3′;
SQSTM1-sgRNA: 5′- TCAGGAGGCGCCCCGCAACA -3′.

Generation of doxycycline-inducible NOD2l-WT, NOD2l-
R471C, NOD2s-WT, and NOD2s-R444C THP-1 cell lines
For NOD2-inducible expression, lentiviral particles were produced by
transfecting HEK293T cells with pL-Teton3G-iZ-NOD2l-WT/NOD2l-R471C/
NOD2s-WT/NOD2s-R444C and the Δ8.9 and VSVG lentivirus expression
system. THP-1 cells were infected by incubation with lentivirus-containing
supernatant for 48 h. Cells were treated with doxycycline (100–200 ng/ml)
to induce expression of Flag-tagged NOD2l-WT, NOD2l-R471C, NOD2s-WT
or NOD2s-R444C.

Quantitative RT-PCR assay
Total RNAs were extracted using the Trizol reagent (Invitrogen) and cDNA
was generated with HiScript® II Q RT SuperMix for qPCR (+gDNA wiper)
(Vazyme, R223-01), according to the manufacturer’s instructions. RT-PCR
analysis assay was performed using the 2×Taq PCR StarMix (GenStar). The
following primers were used:

IL-1β-F: 5′-AGCTACGAATCTCCGACCAC-3′;
IL-1β-R: 5′-CGTTATCCCATGTGTCGAAGAA-3′;
IL-6-F: 5′-ACTCACCTCTTCAGAACGAATTG-3′;
IL-6-R: 5′-CCATCTTTGGAAGGTTCAGGTTG-3′;
TNFα-F: 5′-CCTCTCTCTAATCAGCCCTCTG-3′;
TNFα-R: 5′-GAGGACCTGGGAGTAGATGAG-3′;
18S-F: 5′-CAGCCACCCGAGATTGAGCA-3′;
18S-R: 5′-TAGTAGCGACGGGCGGTGTG-3′;
β-actin-F: 5′-ACCATGTACCCTGGCATTGC-3′;
β-actin-R: 5′-CGGACTCGTCATACTCCTGC-3′.

Cytokine quantification from culture supernatants
Human IL-1β, IL-6, and TNF-α concentrations were determined by ELISA
using BD OptEIA™ Human IL-1β ELISA Kit II, BD OptEIA™ Human IL-6 ELISA
Kit II and BD OptEIA™ Human TNF ELISA Kit II (BD Biosciences), respectively,
according to the manufacturer’s protocols.

Acyl-biotin exchange (ABE) assay
The ABE assay was performed as previously described with minor
modifications [40]. In brief, HEK293T cells transiently expressing Flag-
tagged NOD2 or doxycycline-inducible NOD2 THP-1 cell lines were
harvested and washed with cold PBS. Prepare fresh N-ethylmaleimide
(Millipore Sigma, 04260, 50 mM), protease inhibitor (Bimake, B14012,
50mM), and phosphatase inhibitor (Roche, 04906837001, 50 mM) contain-
ing lysis buffer (LB, 50 mM Tris-HCl, 150mM NaCl, 1 mM MgCl2, 1% NP-40,
10% glycerol) of pH 7.5. Cells were then suspended in the above buffer for
1 h at 4 °C and the cell lysates (supernatants) were incubated with anti-flag
beads at 4 °C overnight. Then the beads were washed five times with LB of
pH 7.5 and then three times with LB of pH 7.2. Then, the beads were
incubated with hydroxylamine (HAM, Millipore Sigma, 467804, 1 M), a
protease inhibitor (50 mM), and phosphatase inhibitor (50mM) containing
LB of pH 7.2 at room temperature for 1 h. Each sample was divided into
two parts, one omitting the HAM cleavage step (–HAM), and one including
the HAM step (+HAM). After being washed four times with LB of pH 7.2
and once with LB of pH 6.2, beads were treated with a thiol-reactive biotin
molecule, Biotin-BMCC (Sangon Biotech, C100222-0050) in Lysis Buffer of
pH 6.2 at 4 °C for 1 h. Gently wash all samples once in LB of pH 6.2, and
three times in LB of pH 7.5. The immunoprecipitate samples were analyzed
by immunoblot using anti-Flag antibody.

Statistical analysis
Data are represented as mean ± SEM unless otherwise indicated, and
Student’s t-test was used for all statistical analyses with the GraphPad
Prism 8 software. P values were determined by unpaired two-tailed
Student’s t-test of n= 3 independent biological experiments. Differences
between the two groups were considered significant when P value was
less than 0.05.

DATA AVAILABILITY
Data supporting the present study are available from the corresponding author upon
reasonable request.
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