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NLRP12 downregulates the Wnt/p-catenin pathway
via interaction with STK38 to suppress colorectal cancer
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'Department of Pathology, Bicinformatics Core Facility, Lyda Hill Department of Bioinformatics, and *Simmons Comprehensive Cancer Center, UT Southwestern Medical Center, Dallas, Texas, USA.
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Colorectal cancer (CRC) at advanced stages is rarely curable, underscoring the importance of exploring the mechanism of CRC
progression and invasion. NOD-like receptor family member NLRP12 was shown to suppress colorectal tumorigenesis, but the
precise mechanism was unknown. Here, we demonstrate that invasive adenocarcinoma development in Nirp12-deficient mice
is associated with elevated expression of genes involved in proliferation, matrix degradation, and epithelial-mesenchymal
transition. Signaling pathway analysis revealed higher activation of the Wnt/p-catenin pathway, but not NF-kB and MAPK
pathways, in the Nirp12-deficient tumors. Using Nirp12-conditional knockout mice, we revealed that NLRP12 downregulates
p-catenin activation in intestinal epithelial cells, thereby suppressing colorectal tumorigenesis. Consistent with this, Nirp12-
deficient intestinal organoids and CRC cells showed increased proliferation, accompanied by higher activation of -catenin

in vitro. With proteomic studies, we identified STK38 as an interacting partner of NLRP12 involved in the inhibition of
phosphorylation of GSK3p, leading to the degradation of B-catenin. Consistently, the expression of NLRP12 was significantly
reduced, while p-GSK3p and f-catenin were upregulated in mouse and human colorectal tumor tissues. In summary, NLRP12

promising therapeutic target for CRC.

Introduction
With more than 1.2 million newly diagnosed cases per year, colorec-
tal cancer (CRC) is the third most common cancer and the fourth
leading cause of cancer-related death worldwide (1). Major chal-
lenges for CRC treatment are cancer metastasis and resistance to
conventional chemo- and radiotherapies. Approximately 40% of
human CRC progresses to metastasis, and the survival rate for met-
astatic CRC is below 10% (2). Thus, it is important to understand
the molecular mechanism of CRC pathogenesis and identify molec-
ular checkpoints for CRC initiation, progression, and metastasis.
The Wnt/p-catenin signaling pathway, which regulates devel-
opment, proliferation, stemness, cell-cell adhesion, epitheli-
al-mesenchymal transition (EMT), and other essential physiolog-
ical functions, is the most significantly altered pathway in clinical
CRC specimens (3-5). B-Catenin is activated when Wnt ligands
bind to the receptor complex consisting of Frizzled and LRP5/6
proteins, leading to the repression of the p-catenin destruction
complex composed of adenomatous polyposis coli (APC), AXIN,
and glycogen synthase kinase 38 (GSK3B) (6-8). APC, which
sequesters B-catenin in the cytoplasm, is a cancer suppressor, and
its mutations have been detected in 80% of sporadic CRC (3, 9).
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is a potent negative regulator of the Wnt/p-catenin pathway, and the NLRP12/STK38/GSK3p signaling axis could be a

Dysfunction of APC or other signaling adapters leads to the trans-
location of B-catenin into the nucleus, where it binds to transcrip-
tion factors T-cell factor (TCF) and lymphoid enhancer factor
(LEF), allowing expression of Wnt target genes (10, 11).

In addition to Wnt/B-catenin and other oncogenic pathways,
tumor induction, progression, and metastasis can be modulated by
multiple extrinsic and intrinsic factors, including diet, gut microbi-
ome, immune response, metabolism, epigenetics, and others (12).
NLRP12, a cytosolic pattern recognition receptor in the family of
NOD-like receptors (NLRs), has recently emerged as a negative reg-
ulator of inflammation and tumorigenesis (13-17). Mice deficient in
Nirp12 showed increased susceptibility to azoxymethane (AOM)
plus dextran sodium sulfate (DSS)-induced colitis and colitis-asso-
ciated colorectal tumorigenesis (13, 17). We observed that approxi-
mately 30% of Nlrp127/- mice developed invasive adenocarcinoma,
while none of the wild-type (WT) mice showed tumor invasiveness
at the same time, suggesting a critical role for NLRP12 in CRC pro-
gression and invasion (17). NLRP12 has been characterized as a
negative regulator of inflammatory signaling pathways, including
NF-kB and MAPK (13,16, 17). NLRP12 also modulates gut microbi-
ota composition, influencing colitis susceptibility (18). In contrast,
a recent study suggests that NLRP12 promotes inflammation and
inflammatory cell death, PANoptosis, during hemolytic disease (19).
However, the precise mechanism through which NLRP12 suppress-
es CRC promotion, invasion, and migration remains unknown.

Here, we mechanistically defined the role of NLRP12 in CRC
progression and invasion. Our data suggest that increased colorec-
tal tumorigenesis and invasiveness of Nlrpl127~ mice are indepen-
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Figure 1. NLRP12 suppresses invasive adenocarcinoma and downregu-
lates genes involved in proliferation, epithelial-mesenchymal transition
(EMT), and invasion. Colorectal tumorigenesis was induced in WT and
Nirp127/- mice (n = 16/group) using the AOM plus DSS regimen. (A and B)
Mice were sacrificed 12 weeks after AOM, and tumor burden was counted.
(C and D) Tumor-bearing colon sections (n = 7) were stained with H&E and
examined histopathologically. (C) Representative images of H&GE-stained
colons. The arrow indicates the invasion of the tumor into the stroma.
Scale bars: 100 um. (D) Semiquantitative scoring for low-grade dysplasia
(LGD), high-grade dysplasia (HGD), and invasive adenocarcinoma. Data rep-
resent mean + SEM. Experiments were repeated at least 3 times, and data
from a representative experiment are presented. (E) RNA isolated from
tumors was used for RNA-seq analysis. The heatmap shows the expres-
sion of selected genes. (F-H) The expression of MMPs (F), EMT markers
(G), and Wnt target genes (H) in the tumor was measured by real-time
RT-PCR. Data represent mean + SEM. Experiments were repeated 2 times,
and data from a representative experiment are presented. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 by unpaired, 2-tailed Student’s t test.

dent of altered gut microbiota composition, but associated with
higher expression of protooncogenes, matrix metalloproteinases
(MMPs), and EMT markers. We showed that NLRP12 intrinsical-
ly regulates these genes by suppressing the Wnt/f-catenin path-
way in intestinal epithelial cells. With biochemical and proteomic
studies, we explored the molecular mechanism of NLRP12-medi-
ated regulation of the Wnt/p-catenin pathway and demonstrated
that NLRP12 phosphorylates GSK3p via interaction with STK38,
leading to the degradation of B-catenin. Overall, this study estab-
lishes an intestinal epithelial cell-specific function of NLRP12 that
potentially inhibits colorectal tumor progression and invasion.

Results

NLRPI2 suppresses genes involved in proliferation, matrix degra-
dation, and EMT during colorectal tumorigenesis. We previously
demonstrated that Nirpl2-deficient mice are susceptible to chem-
ical carcinogen-induced colorectal tumorigenesis, with a higher
incidence of high-grade dysplasia and invasive adenocarcinoma
(17). Invasion from its primary site into the stroma is the first step
of cancer metastasis, a condition that accounts for the mortality of
cancer patients (20). We, therefore, wondered whether and how
NLRP12 suppresses cancer invasiveness. To address this concern,
we wanted to identify transcriptomic signatures of invasiveness
regulated by NLRP12. Hence, we induced colorectal tumorigenesis
in WT and Nlrp127/- mice with the administration of AOM plus DSS
(17, 21). Consistent with the previous observation, there was a high-
er tumor burden and higher incidence of high-grade dysplasia and
invasive adenocarcinoma (Figure 1, A-D); approximately 50% of
Nirp127- mice exhibited invasive adenocarcinoma, while no tumor
invasiveness was observed in WT mice (Figure 1, C and D). The
gene expression profile in WT and NlrpI27- tumors was measured
by RNA-seq. Interestingly, the MMPs, including Mmp7, -8, -10, and
-12, were highly represented in the top 100 upregulated genes in
Nirp127/- tumors compared with WT tumors (Figure 1E and Supple-
mental Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/JCI166295DS1). MMPs degrade
the extracellular matrix of the basement membrane, which pro-
vides physical support to the tumor, facilitating EMT, invasion,
and metastasis of the tumor (22). In addition to MMPs, there was
higher expression of Foxc2, a transcription factor associated with
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EMT and cancer metastasis (23), and stemness marker Lgr5 (Sup-
plemental Figure 1A and Supplemental Table 2). To obtain further
insights, we analyzed the expression of some known genes involved
in EMT, proliferation, oncogenesis, cell death, and inflammation
(9, 24, 25). Nirp127- tumors exhibited significantly higher levels of
Mmp2, -3, -7, -8, -9, -10, -12 and -13, and EMT-associated genes,
including Fnl, Vim, Foxc2, Zebl, and Zeb2 (Figure 1E and Supple-
mental Figure 1B). In comparison with WT tumors, the expression
of many proproliferative genes and oncogenes, including Myrc,
Ccndl, Lgr5, Ctnnbl, and Jun, was higher in Nlrp127- tumors (Fig-
ure 1E and Supplemental Figure 1B). A major pathway that regu-
lates these oncogenes is Wnt/p-catenin. Consistently, there was
significantly higher expression of other Wnt target genes, includ-
ing Axin2, Ascl2, Tcf3, Tcf4, and Yapl in Nlrp127/- tumors (Figure 1E
and Supplemental Figure 1B). Notably, no significant difference
was observed in the expression of proinflammatory cytokines and
chemokines between WT and Nlrp127- tumors (Figure 1E).

To validate the RNA-seq data, we measured the expression of
MMPs, EMT markers, and Wnt target genes by real-time RT-PCR.
Consistent with the RNA-seq data, there was higher expression of
Mmp3, -7, -8, -10, -12, and -13 (Figure 1F), EMT markers Vim, Fnl,
Foxc2, Ezh2, and Zeb2 (Figure 1G), and Wnt target genes Ctnnbl,
Lgr5, cMyc, Axin2, Ccndl, and Yapl in Nlrpl27- tumors (Figure 1H).
We also measured the expression of I1b, 116, Cxcll, Cxcl2, and Ifng
but could not see any difference between WT and Nirp127- tumors
(Supplemental Figure 1C), supporting the RNA-seq data (Figure
1E). Overall, these results suggest that higher tumorigenesis and
invasiveness in NlrpI27- mice are associated with higher expres-
sion of genes related to oncogenesis, EMT, and metastasis.

CRC susceptibility of Nlrpl2-deficient mice is independent of
gut microbiota composition. Gut microbiota plays an important
role in CRC pathogenesis (26). Previous studies reported that
Nlrp127- mice harbored altered gut microbiota composition (18).
Our analysis of gut microbial 16S rRNA also showed higher spe-
cies richness (u-diversity) in Nirpl27- mice compared with WT
mice (Figure 2, A and B). To understand whether higher colorectal
tumorigenesis and invasiveness were due to the altered microbi-
ota composition of Nlrpl27- mice, we cohoused WT and Nlrp12/-
mice for 4 weeks. Cohousing helped equalize the gut microbiota
of WT and Nlrpl27- mice, as evidenced by the species richness
and relative abundance of different bacterial families (Figure 2,
A-C). We then induced colorectal tumorigenesis with the AOM/
DSS regimen in cohoused WT and Nirpl27- mice. Consistent
with the data obtained from separately housed mice (Figure 1, A
and B), cohoused Nlrpl27- mice developed a significantly higher
number of tumors compared with WT (Figure 2, D and E). His-
topathological analysis showed that tumors of Nirpl127- mice were
mostly high-grade dysplasia, with several showing invasion into
the stroma (Figure 2, F-H). Furthermore, the expression of EMT
genes and oncogenes, including Mmp3, Mmp7, Mmp8, Fnl, Vim,
Foxc2, Ctnnbl, Lgr5, Axin2, cMyc, Ccndl, and Yapl, was significant-
ly high in the tumor of cohoused Nlrp127- compared with WT mice
(Figure 2I). Littermate Nirp127- mice also developed higher tumor
burden and invasive adenocarcinoma compared with littermate
WT mice (Supplemental Figure 2, A-C). Oncogenes, EMT mark-
ers, and metastatic genes were highly expressed in tumors of lit-
termate Nirpl127- mice (Supplemental Figure 2D).
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Figure 2. CRC susceptibility of NIrp12~/- mice is independent of gut
microbiota composition. WT and N/rp12~- mice (n = 8-9/group) were
cohoused for 4 weeks. (A-C) Fecal DNA was isolated from separately
housed (SH) or cohoused (CH) WT and Nl/rp12~- mice and sequenced for
the 16S rRNA gene. (A and B) a-Diversity showing species richness was
analyzed by nonparametric Shannon (npShannon) index (A) and Inverse
Simpson index (B). Data represent mean + SEM. (C) Stack bar plot
showing the relative distribution of the microbial community at family
levels. (D-H) Colorectal tumorigenesis was induced in cohoused WT

and NIrp12-/- mice with AOM plus DSS. (D and E) Mice were sacrificed

12 weeks after AOM, and tumor burden was counted. (F) Representa-
tive images of H&E-stained colons. The arrow indicates the invasion

of colorectal tumor into the stroma. Scale bars: 100 um. (G and H)
Semiquantitative histopathological scorings for low-grade dysplasia
(LGD), high-grade dysplasia (HGD), and invasiveness. (I) RNA isolated
from tumors was used to measure the expression of the indicated genes
by real-time RT-PCR. Data represent mean + SEM. *P < 0.05, **P < 0.01,
***p < 0.001 by Mann-Whitney test (A and B) or unpaired, 2-tailed Stu-
dent’s t test (E and G-1). Experiments were repeated 2 times, and data
from a representative experiment are presented.

To further examine whether the gut microbiota of Nlrp127/-
mice is tumor promoting, we performed a fecal transplantation
study in which fecal microbiota from WT or NirpI27- mice were
transplanted into germ-free mice. Two weeks following fecal
transplantation, mice were treated with AOM plus 3 cycles of DSS.
Colitis and tumorigenesis in both fecal transplanted groups were
comparable (Supplemental Figure 2, E-I). Together, these data
implied that altered gut microbiota composition is not responsible
for higher CRC susceptibility of Nlrpl2-deficient mice.

Increased invasive adenocarcinoma development of Nlrpl27/-
mice is associated with higher activation of the Wnt/[-catenin path-
way. The above observations led us to investigate the underlying
mechanism of upregulated expression of oncogenes and EMT
markers in Nlrp127- tumors. We previously showed that increased
colitis susceptibility of Nlrpl27- mice is associated with higher
activation of NF-kB and ERK pathways (17). Here, we confirmed
our earlier findings that Nlrp127- mice develop more severe colitis
with AOM/DSS treatment (Supplemental Figure 3, A-D), which
is accompanied by increased activation of NF-xB and ERK, and
higher expression of inflammatory cytokines, including 1/6, Ii1b,
Cxcll, and Cxcl2, at the early time points of colorectal tumorigen-
esis (Supplemental Figure 3, E-G). To understand whether these
and other inflammatory pathways are dysregulated in Nirp127-col-
orectal tumors, we measured the activation of NF-kB, ERK, JNK,
STATS3, and AKT in tumors collected on day 80 after AOM/DSS
treatment. Surprisingly, there was no major difference in the acti-
vation of NF-kB and MAPK pathways between WT and Nirp127-
mice housed separately or together (Figure 3, A-D).

Since our RNA-seq data show higher induction of Wnt target
genes in Nlrpl27/- tumors, we wondered whether the Wnt/p-cat-
enin pathway is dysregulated. Interestingly, the protein levels of
B-catenin and its downstream targets cMyc and cyclin D1 were
markedly higher in Nirpl27tumors compared with those of
WT tumors (Figure 3, E and F). f-Catenin, cMyc, and cyclin D1
remained high in tumors of Nirpl27~ mice even after cohousing
with WT (Figure 3, G and H). Corroborating the role of cMyc and
cyclin D1 in proliferation, there was increased proliferation as
measured by Ki67 staining in Nlrp127~ tumors (Figure 3, I and J).
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Increased activation of the Wnt/f-catenin pathway was further
confirmed by immunostaining of B-catenin, showing that B-cat-
enin levels were markedly higher in Nlrp127- tumors (Figure 3K).
These data suggest a role for NLRP12 in the suppression of the
Wnt/B-catenin pathway during colorectal tumorigenesis.

Nirp12 deficiency leads to higher tumor development in Apc™*
mice. The homeostatic level of Wnt/p-catenin activation is main-
tained by the B-catenin destruction complex. APC is a core compo-
nent of the destruction complex that holds p-catenin in the cyto-
plasm, allowing its phosphorylation and proteasomal degradation
(27). Heterozygous mice carrying a mutation in Apc (Apc™™*) in
intestinal epithelial cells spontaneously develop multiple intesti-
nal neoplasia (min) (28). To verify the role of NLRP12 in a genetic
model of CRC, we crossed Nirpl27- mice with Apc™** mice. There
was an increased burden of polyps in small intestines and colons
of Apc™* Nlrp127- mice (Figure 4, A-C). As we analyzed signal-
ing pathways in small and large intestinal tissues from Apc™/*
and Apc™™* Nlrp127- mice, we observed strikingly higher levels of
B-catenin in small intestines and colons of Apc™™* Nirp12~7- mice,
while no remarkable difference was observed in NF-kB, ERK,
JNK, and AKT pathways between Apc™** and Apc™™* Nlrp127/-
mice (Figure 4, D-G). Signaling pathway analysis in tumors from
small intestines also revealed higher activation of B-catenin but
not NF-kB and MAPK pathways in APC""* Nirp12”~ mice (Supple-
mental Figure 4, A and B). Immunostaining of p-catenin further
showed increased levels of B-catenin in intestinal polyps of Apc™/*
Nirp127/- compared with Apc™** mice (Supplemental Figure 4C).
Consistent with the p-catenin level, there was higher expression
of Wnt target genes such as Ctnnbl, Lgr5, and Axin2 in small intes-
tines and colons of Apc™"* Nlrpl2”- relative to Apc™** mice (Fig-
ure 4, H and I). Altogether, these data demonstrate that NLRP12
deficiency promotes the activation of the Wnt/p-catenin pathway
in the tumor epithelium.

Intestinal epithelial cell-specific NLRPI12 protects mice against
colorectal tumorigenesis. Next, we wanted to identify cell types
showing increased P-catenin activation in Nirpl2/~ tumors.
Hence, we isolated CD45" immune cells and Ep-CAM" epithelial
cells from tumors of WT and NlrpI27- mice (Supplemental Figure
5, A and B). As we measured B-catenin levels in isolated cells, we
found higher activation of B-catenin and induction of Wnt target
genes, including Ctnnbl, cMyc, and Ccndl, in Nlrp127- tumor epi-
thelial cells (Supplemental Figure 5, C-E). No f-catenin-immu-
noreactive band was detected in CD45" immune cells, and the
expression of Ctnnbl, cMyc, and Ccndl was comparable between
WT and Nirpl27/- CD45* cells (Supplemental Figure 5, C and E).
No difference in B-catenin activation was also observed in WT
and Nirp127/- bone marrow-derived macrophages (BMDMs) when
they were stimulated with Wnt3a (Supplemental Figure 5, F and
G), while Nirp127- BMDMs were hyperresponsive to LPS-induced
activation of NF-kB and MAPK pathways (Supplemental Figure
5H). These data suggest that NLRP12 regulates the Wnt/B-catenin
pathway in epithelial, but not myeloid, cells.

To verify the epithelial cell-specific role of NLRP12 in the regu-
lation of CRC, we generated epithelial cell-specific Nlrp12-knock-
out (Nirpl2-KO) mice by crossing Nirp12"# mice (Supplemental
Figure 6, A and B) with Vil-Cre mice (Supplemental Figure 6C).
Colorectal tumors were induced with AOM/DSS in Vil-Cre, Nirp-
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Figure 3. Increased tumorigenesis of Nlrp12-/- mice is associated with high-
er B-catenin activation in the tumor. WT and Nirp12-/- mice were separately
housed (SH) (n = 6/group) or cohoused (CH) (n = 7/group). Colorectal tumor-
igenesis was induced by AOM plus DSS treatment. Mice were sacrificed 12
weeks after AOM injection. (A-D) Tumors were analyzed for the activation of
indicated signaling pathways by Western blotting. Band intensities of p-P65,
p-IkBa, and p-ERK were measured densitometrically. Data represent mean

+ SEM. (E-H) The expression of B-catenin, cMyc, and cyclin D1in tumors was
analyzed by Western blotting. Band intensities of B-catenin, ctMyc, and cyclin
D1were measured densitometrically. Data represent mean + SEM. (1and J)
Colon sections were stained for Ki67 and positive cells (red) were counted
under 20x objective (n = 3 mice/group). Scale bars: 200 um. Data represent
mean + SEM. (K) Tumor-bearing colon sections were immunostained for
B-catenin (red). The nuclei were stained with DAPI (blue). Scale bars: 200
um. All experiments were repeated at least 2 times, and data from a rep-
resentative experiment are presented. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 by unpaired, 2-tailed Student’s t test.

127 and Nlrp12#/#;Vil-Cre mice. Appreciably, tumor burden in
Nirp127#;Vil-Cre mice was significantly higher compared with
Vil-Cre and Nirpl"/ mice (Figure 5, A and B). Approximately 70%
of the Nirp12%#;Vil-Cre mice exhibited invasive adenocarcinoma
development, while no tumor invasion was evident in Vil-Cre and
Nirp12%# mice (Figure 5, C and D). Consistent with whole-body
Nirp12-KO mice, intestinal epithelial cell-specific NlrpI2-KO mice
showed higher activation of B-catenin and expression of its down-
stream target cMyc and cyclin D1 in colorectal tumors (Figure 5,
E and F). With real-time RT-PCR analysis, we confirmed that the
expression of cMyc and Ccndl and other Wnt target genes, MMPs,
and EMT markers was significantly upregulated in Nirp12/#;Vil-
Cre mouse tumors (Figure 5G). Notably, the activation of NF-«kB
and ERK pathways as well as induction of proinflammatory cyto-
kines, including I/1b, 16, and Tnfa were comparable in tumors of
Nirp12-conditional KO mice and their WT counterparts (Figure 5,
E and F, and Supplemental Figure 6D), further emphasizing epi-
thelial cell-specific regulation of the Wnt/B-catenin pathway in
NLRP12-mediated protection against CRC.

NLRPI2 is an intrinsic regulator of the Wnt/p-catenin path-
way. To understand whether NLRP12 intrinsically regulates the
Wnt/B-catenin pathway, we overexpressed NLRP12 in HEK293T
cells and stimulated them with Wnt3a. There was reduced f-cat-
enin activation as well as lowered expression of cyclin D1 and cMyc
in HEK293T cells overexpressing NLRP12 (Figure 5H). Such a sup-
pression of B-catenin activation was not observed when NLRP3
or NLRP6 was overexpressed (Supplemental Figure 7A). Wnt3a
stimulation leads to the translocation of B-catenin to the nucleus,
leading to the induction of Wnt target genes. As such, there were
reduced levels of B-catenin in the nucleus of NLRP12-overexpress-
ing HEK293T cells (Figure 5, I and J). Consistent with reduced
B-catenin activation, the expression of Wnt target genes, including
CTNNBI, AXIN2, MYC, CCNDI, Mki67, and LGR5, was marked-
ly lower in NLRP12-overexpressing HEK293T cells (Figure 5K).
Since NLRP12is a known negative regulator of the NF-«B pathway
(13-17), we wanted to clarify whether NLRP12-mediated regula-
tion of B-catenin depends on its regulation of the NF-kB pathway.
Hence, we stimulated NLRP12-overexpressing HEK293T cells
with Wnt3a in the presence or absence of NF-xB inhibitor Sc514.
However, inhibition of NF-kB did not affect Wnt3a-mediated
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activation of B-catenin (Supplemental Figure 7B), implying that
NLRP12-mediated regulation of B-catenin is independent of its
regulation of the NF-«B pathway.

To examine the function of NLRPI12 in regulating the
Whnt/B-catenin pathway in primary cells, we cultured mouse
embryonic fibroblasts (MEFs) from WT and Nirpl27- mice and
stimulated them with Wnt3a. As expected, there was higher B-cat-
enin activation in Nlrpl127- MEFs as compared with WT (Figure
5L). Consistently, the Wnt pathway downstream genes, including
Ctnnbl, Ccndl, cMyc, Axin2, and Mki67, were highly expressed
in Nirp127/- MEFs (Figure 5M). These data provide solid evidence
that NLRP12 is a potent and intrinsic regulator of the Wnt/p-cat-
enin pathway.

NLRPI2 deficiency promotes the proliferation and migration of
cancer cells. The Wnt/p-catenin pathway plays essential roles in
many biological processes and the regulation of cancer (5, 9). To
understand the physiological impact of NLRP12-mediated regu-
lation of the Wnt/p-catenin pathway in intestinal stem cell func-
tion, we cultured intestinal crypts of WT and Nlrpl2”7- mice in a
3D organoid culture system. Nirp127/- organoids were significantly
larger than WT organoids (Figure 6, A and B), indicating a high-
er proliferation of intestinal stem cells. The rapid proliferation of
Nirp127-organoids was accompanied by higher activation of B-cat-
enin and the expression of Wnt target genes, including Ctnnbl,
Ccndl, cMyc, Axin2, Yapl, and Mki67 (Figure 6, C and D).

We next wanted to examine the effect of NLRP12 on cancer
cell proliferation and migration. Toward this goal, we knocked out
Nirp12in MC38 mouse CRC cells with CRISPR/Cas9 (Supplemen-
tal Figure 8). Scrambled or Nirp12-KO MC38 cells were cultured,
and their real-time growth was monitored by IncuCyte. Knocking
out NlrpI2 led to increased proliferation of MC38 cells (Figure 6,
E and F). Similarly, the clonogenic assay showed increased colony
formation by Nlrp12-KO MC38 cells (Figure 6, G and H). Since the
Wnt/B-catenin pathway regulates genes involved in the invasion
and migration of cancer cells, we quantitatively measured the role
of NLRP12 in the migration capacity of MC38 cells. Nlrp12-KO
MC38 cells exhibited higher migration efficiency, as evidenced by
the confluence and density of cells in the wound area relative to
MC38 cells expressing Nirpl2 (Figure 6, I and J). These observa-
tions support the critical role NLRP12 plays in regulating the pro-
liferation and migration of cancer cells.

NLRPI2 facilitates proteasomal degradation of p-catenin.
Next, we sought to explore the molecular processes involved in
NLRP12-mediated suppression of B-catenin activation. In rest-
ing conditions, B-catenin is captured by the destruction complex
and phosphorylated by GSK3f at the N-terminal Thr41, Ser37,
and Ser33 residues (8). Phosphorylated B-catenin is ubiquitinat-
ed by B-TrCP ubiquitin E3 ligase, leading to its proteasomal deg-
radation in the cytosol and inhibition of nuclear translocation of
B-catenin (27, 29). Our data suggest that NLRP12 may facilitate
ubiquitination-mediated degradation of p-catenin. Indeed, inhi-
bition of ubiquitination of B-catenin by proteasome inhibitor
MG132 increased the levels of total B-catenin and NLRP12-medi-
ated degradation of B-catenin was rescued (Supplemental Figure
9A). Since ubiquitination of B-catenin is preceded by its phos-
phorylation by GSK3p, and GSK3p is inactivated by its phosphor-
ylation during Wnt3a stimulation (6, 27), we measured the phos-
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Figure 4. Nirp12 deficiency promotes colorectal tumorigenesis in Apc™n/+
mice. Apc™™* and Apc™™* Nlrp12-/- mice (n = 15/group) were sacrificed 5
months after birth, and the number of tumors was counted in the small
(A) and large intestine (colon) (B). (C) Representative images of HGE-
stained small intestine and colons at low (2x) magnifications. Scale bars:
100 um. (D-G) Homogenates from tumor-bearing small intestines and
colons were analyzed for the activation of B-catenin, p-P65, p-1xBa, IxBa,
p-ERK, ERK, p-JNK, p-AKT, and B-actin by Western blotting. Band inten-
sities of p-P65, p-ERK, and B-catenin relative to B-actin were measured.
Data represent mean = SEM. (H and I) RNA isolated from small intestine
and tumor-bearing colons was measured for the expression of indicated
genes by real-time RT-PCR. Data represent mean + SEM. Experiments
were repeated at least 3 times, and data from a representative experiment
are presented. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired, 2-tailed
Student’s t test.

pho-B-catenin (p-p-catenin) and p-GSK3p levels in HEK293T cells
overexpressing NLRP12. Consistent with reduced levels of p-cat-
enin, there was increased p-B-catenin at Ser33, Ser37, Thr41, and
reduced p-GSK3p in NLRP12-overexpressing HEK293T cells (Fig-
ure 7A). Similarly, we observed reduced B-catenin and p-GSK3pB
in HCT116 and HT29 human CRC cells overexpressing NLRP12
(Figure 7A). Reduced phosphorylation of GSK3p was accompanied
by its higher kinase activity in NLRP12-overexpressing HEK293T
and HCT116 cells (Supplemental Figure 9B). These data suggest
that NLRP12 inhibits phosphorylation of GSK3p and promotes
phosphorylation and degradation of B-catenin.

To confirm the role of NLRP12 in suppressing the phosphor-
ylation of GSK3p, we generated NLRP12-KO HEK293T, HCT116,
and HT29 cells with CRISPR/Cas9 (Figure 7B). NLRPI2-KO
HEK293T cells showed higher levels of B-catenin as well as high-
er p-GSK3p following stimulation with Wnt3a (Figure 7B). Sim-
ilarly, there was an increased level of B-catenin accompanied
by increased p-GSK3p in Wnt3a-stimulated NLRP12-deficient
HCT116, HT29, and MC38 cells (Figure 7B and Supplemental
Figure 9C). To determine whether NLRP12 regulates GSK3p phos-
phorylation in primary cells, we grew organoids from WT and
Nlrp127- small intestinal crypts and stimulated them with Wnt3a.
Nirp127- organoids exhibited higher phosphorylation of GSK3f
(Supplemental Figure 9D). There was increased phosphorylation
of GSK3B in Nirp127/- MEFs as well when stimulated with Wnt3a
(Supplemental Figure 9E), further confirming the critical function
of NLRP12 in regulating kinase activity of GSK3p.

The expression of NLRPI12 is inversely related to f-catenin acti-
vation and GSK3p phosphorylation in mouse and human CRC. To
examine in vivo evidence of NLRP12-mediated regulation of
GSK3p phosphorylation, we measured p-GSK3p in tumors collect-
ed from AOM/DSS-treated WT and Nlrpl27- mice (Figure 7C). As
expected, there was increased p-GSK3 in Nirpl27- tumors, while
no difference was seen in healthy WT and Nirp127- colons (Fig-
ure 7C). Tumors from Nlrp12"#;Vil-Cre mice also exhibited higher
GSK3p phosphorylation as compared with those of control mice
(Figure 7D), confirming the epithelial cell-specific role of NLRP12
in regulating the Wnt/p-catenin pathway. These data implied that
dysfunction of NLRP12 in colorectal tumors facilitates p-catenin
activation, promoting CRC. The link between NLRP12 and col-
orectal tumorigenesis was further evidenced by its expression pro-
file in tumor and no-tumor tissue. Interestingly, the expression of
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NLRP12was markedly reduced in colorectal tumors compared with
adjacent nontumor tissues of WT mice (Figure 7, E and F, and Sup-
plemental Figure 10, A and B). Consistent with reduced expression
of NLRP12in WT tumor, there was increased activation of -caten-
in accompanied by higher phosphorylation of GSK3p in tumor tis-
sue compared with adjacent nontumor tissue of WT mice (Figure 7,
E and F). To confirm that NLRP12 expression is reduced explicitly
in tumor epithelium, we isolated Ep-CAM* cells from tumor and
nontumor colon tissues of WT mice and measured NLRP12 at pro-
tein and RNA levels. Our data show reduced NLRP12 expression in
Ep-CAM" epithelial cells of tumor tissue compared with those of
nontumor tissue (Supplemental Figure 10, C-E).

To understand the relevance of the observed connection
between NLRP12 and B-catenin in human CRC, we measured the
expression of NLRP12, -catenin, and p-GSK3 in human colorec-
tal adenocarcinoma and adjacent nontumor tissue. As we compared
the expression of NLRP12 in adenocarcinoma relative to adjacent
nontumor tissue, NLRP12 expression was significantly reduced in
most cancer samples (9/10) compared with that of adjacent nontu-
mor colon tissue (Figure 7, G and H, and Supplemental Figure 10F).
Adenocarcinoma tissue with a reduced level of NLRP12 compared
with adjacent tissue exhibited significantly higher p-catenin and
p-GSK3p (Figure 7, G and H). Consistent with reduced NLRP12 and
higher B-catenin, the expression of Wnt target genes was upregulat-
ed in tumor tissue compared with nontumor tissue (Supplemental
Figure 10F). These data suggest that human colorectal adenoma is
associated with reduced expression of NLRP12, which is inversely
related to GSK3p phosphorylation and B-catenin activation.

NLRPI2 activates GSK3p and promotes f-catenin degradation via
interaction with STK38. Given that GSK3f is an important kinase and
plays a central role in the regulation of B-catenin, we were intrigued
by how NLRP12inhibits phosphorylation of GSK3p. To verify the pos-
sible interaction of NLRP12 with GSK3p, we overexpressed FLAG-
tagged NLRP12 in HEK293T cells. After pulling down NLRP12, the
immunoprecipitation product was analyzed by mass spectrometry
(MS). Interestingly, we did not find GSK3p, p-catenin, or other sig-
naling adapters of the Wnt/p-catenin pathway among the interact-
ing partners of NLRP12 (data not shown). However, we identified
STK38 and STK38-like protein (STK38L) among the proteins iden-
tified by MS. We confirmed the interaction of NLRP12 with STK38
by proteomic approaches following overexpression of NLRP12 and
STK38 in HEK293T cells. NLRP12 was coimmunoprecipitated with
STK38 as detected by Western blotting (Supplemental Figure 114).
STK38, also known as NDR1, a member of PKA/PKG/PKC-like
(AGC) family, possesses both kinase and phosphatase activity (30-
32). We, therefore, postulated that the interaction of NLRP12 with
STK38 leads to dephosphorylation of GSK3, and subsequent phos-
phorylation of B-catenin. To test this hypothesis, we overexpressed
NLRP12 in HEK293T and HCT116 cells and stimulated them with
Wnt3a. NLRP12 was immunoprecipitated and the product was
immunoblotted for NLRP12, STK38, GSK3f, and B-catenin. Only
STK38, but not GSK3p and B-catenin, interacted with NLRP12 (Fig-
ure 8, A and B). We repeated interaction studies following the over-
expression of STK38 in HEK293T cells. Impressively, both NLRP12
and GSK3pB but not B-catenin were coimmunoprecipitated with
STK38 (Figure 8C). Notably, the interaction of STK38 with GSK3f
was increased after Wnt3a stimulation (Figure 8C).
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Figure 5. Intestinal epithelial cell-specific NLRP12 suppresses fj-catenin
activation and colorectal tumorigenesis. (A-G) Vil-Cre (n =10), Nlrp127/7 (n
=12), and Nirp127/,Vil-Cre (n = 13) mice were treated with AOM plus DSS to
induce colorectal tumorigenesis. (A and B) Tumor burden at 12 weeks after
AOM/DSS treatment was counted. (C) Representative HGE-stained images
of colorectal tumors. Scale bars: 100 um. The arrow indicates tumor inva-
sion into the stroma. (D) Percentage of mice showing invasive colorectal
adenocarcinoma. (E) Tumor homogenates were analyzed for p-P65, p-ERK,
ERK, B-catenin, cyclin D1, cMyc, and B-actin by Western blotting. (F) Den-
sitometric analysis of band intensity of f-catenin, cyclin D1, cMyc, p-P65,
and p-ERK. (G) The expression of indicated genes was measured by real-
time RT-PCR. Data represent mean + SEM. Experiments were repeated at
least 2 times, and data from a representative experiment are presented.
(H-K) HEK293T cells overexpressing GFP or NLRP12 were stimulated with
Whnt3a. (H) Cell lysates were analyzed for NLRP12, B-catenin, cMyc, cyclin
D1, and B-actin. (I) The localization of B-catenin was analyzed by Western
blotting of B-catenin in cytoplasmic and nuclear fractions. (J) Nuclear
localization of B-catenin (red) was visualized microscopically. Scale bars:
100 um. (K) The expression of indicated Wnt target genes was measured
by real-time RT-PCR. Data represent mean + SD of triplicate wells. (L and
M) Mouse embryonic fibroblasts (MEFs) from WT and Nirp127- mice were
cultured and stimulated with Wnt3a. (L) The activation of B-catenin was
measured by Western blotting. (M) The expression of Wnt target genes,
including Ctnnb1, Ccnd1, cMyc, Axin2, and MKi67, was measured by real-
time RT-PCR. Data represent mean + SD of triplicate wells. Experiments
were repeated 2 times, and data from a representative experiment are
presented. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 1-way
ANOQVA (B, D, F, and G) or unpaired, 2-tailed Student’s t test (K and M).

Next, we wanted to address whether STK38 is a regulator
of the Wnt/p-catenin pathway. To this end, we overexpressed
STK38in HEK239T cells and measured phosphorylation of $-cat-
enin and GS3Kp phosphorylation following stimulation with
Wnt3a. Consistent with the result observed in NLRP12-over-
expressing cells (Figure 7A), STK38 overexpression resulted in
increased phosphorylation and degradation of B-catenin (Figure
8D). These events were associated with decreased phosphoryla-
tion of GSK3p (Figure 8D), leading to increased kinase activity
of GSK3p (Supplemental Figure 11B) in STK38-expressing cells.
Reduced expression of Wnt targets genes, including CTNNBI,
CCNDI, MYC, AXIN2, LEF1, and MKi67, in HEK293T-STK38
cells further confirmed that STK38, like NLRP12, suppresses the
Whnt/B-catenin pathway (Figure 8E).

Finally, we examined whether NLRP12-mediated regulation
of Wnt/p-catenin is STK38 dependent or not. Hence, we knocked
down STK38 in NLRP12-overexpressing HEK293T cells. Con-
trol or STK38-knockdown cells were then stimulated with Wnt3a
and analyzed for the activation of B-catenin. As expected, B-cat-
enin activation and GSK3f phosphorylation were reduced in
NLRP12-overexpressing cells (Figure 8F). However, such down-
regulation of B-catenin activation and GSK3B phosphorylation
were rescued when STK38 expression was lowered with shRNA
(Figure 8F), supporting the notion that NLRP12-mediated inhi-
bition of GSK3B phosphorylation and subsequent degradation
of B-catenin are mediated through STK38. Notably, the expres-
sion of STK38 was not affected by the absence of NLRP12 in the
tumor epithelium (Supplemental Figure 11, C-E), suggesting that
NLRP12 regulates the Wnt/B-catenin pathway through its inter-
action with STK38 but not the regulation of STK38 expression.
Taken together, these data revealed a regulatory mechanism of
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the Wnt/p-catenin pathway in which NLRP12 inhibits phosphory-
lation of GSK3p via interacting with STK38, leading to phosphory-
lation and proteasomal degradation of B-catenin (Figure 8G).

Discussion

The Wnt/p-catenin pathway plays many essential functions in the
intestine, including proliferation and differentiation of intestinal
epithelial cells, maintenance of tight junctions, and cell-to-cell
communication (4, 5, 33). However, excessive activation of this
pathway causes neoplastic transformation of epithelial cells, as
well as promotion of tumor growth, angiogenesis, tumor invasion,
and metastasis (9). While mutations in APC or other components
of the B-catenin destruction complex are primarily responsible for
hyperactivated p-catenin, several other molecules, such as DKK1,
WIF1, Sox17, etc., regulate B-catenin activation and are linked to
CRC pathogenesis (34-37). Here, we describe a regulatory mech-
anism of the Wnt/B-catenin pathway in which NLRP12 promotes
the degradation of B-catenin.

The involvement of NLRP12 in various disease pathogenesis
is increasingly evident. Nlrpl27- mice are susceptible to colitis,
colorectal tumorigenesis, autoimmune encephalomyelitis, and
hepatocellular carcinoma, and exhibit protection against bacterial
infection and hemolytic disease (13-17, 19, 38). NLRP12-mediat-
ed protection against inflammatory disorders was attributed to its
role in attenuating inflammatory responses downstream of NF-«xB
and MAPK pathways (13, 14, 16, 17). However, recent studies sug-
gest that NLRP12’s role in diverse pathophysiology is beyond its
regulation of NF-kB and MAPK pathways. For example, NLRP12
is involved in the inflammasome and PANoptosome formation,
activation of RIGI, and ubiquitination of NOD2 (19, 39-41). The
findings of this study support this notion by adding a previously
unknown function of NLRP12.

Given the known function of NLRP12 in suppressing NF-«xB
and MAPK pathways (13, 16, 17), it is surprising that these inflam-
matory pathways were not hyperactivated in Nlrp127- tumors. Pre-
vious studies showed higher activation of NF-«kB, ERK, and STAT3
in the colon of Nirp127/- mice during acute DSS-induced colitis (13,
17). Inflammation is a well-known trigger for tumor growth; thus,
higher inflammation and activation of inflammatory signaling
pathways were considered the underlying cause of increased tum-
origenesis in Nlrp127-mice (13, 17). However, the data of this study
imply that NLRP12 downregulates NF-kB and MAPK pathways
in the colon during acute colitis, but not chronic colitis or tumor-
igenesis. Notably, although NF-kB and MAPK pathways were not
dysregulated, there was increased STAT3 activation in colorectal
tumors of Nlrp127~ mice, which could be secondary to increased
B-catenin (42). However, it remains unclear why NF-kB and MAPK
signaling pathways are not hyperactivated in Nlrpl27- tumors. It
is possible that other negative regulators of NF-kB and MAPK are
induced in the inflamed colon in the absence of NLRP12 to miti-
gate the hyperinflammatory responses therein.

Our study with Nirpl2-conditional KO mice suggests that
NLRP12-mediated regulation of the Wnt/B-catenin pathway in
intestinal epithelial cells is critical in suppressing colorectal tumor-
igenesis. However, this observation does not rule out the immune
cell-specific function of NLRP12in the protection against colorectal
tumorigenesis. Hyperinflammatory responses at the early stages of
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Figure 6. NLRP12 regulates the Wnt/B-catenin pathway and controls proliferation and migration of cancer cells. (A-D) Crypts from the small
intestine of WT and NIrp12~- mice were cultured in a 3D organoid culture system. (A and B) Organoid growth was monitored, and organoid sizes were
measured. (C) Organoids were stimulated with Wnt3a, and the activation of B-catenin was measured by Western blotting. (D) RNA isolated from
Whnt3a-stimulated organoids was measured for the expression of Ctnnb1, Ccnd1, cMyc, Axin2, Yap1, and MKi67. Data represent mean + SD. Experi-
ments were repeated 3 times, and data of a representative experiment are presented. (E-J) N/rp12-knockout (N/rp12-K0) MC38 cells were generated
with CRISPR/Cas9. (E and F) Control and N/rp12-KO MC38 cells were cultured, and cell proliferation was monitored by IncuCyte. (G and H) MC38 and
its NIrp12-KO clones were cultured, and colony formation was measured by clonogenic assay. (I and J) Wound healing of MC38 and NIrp12-KO MC38
cells was monitored by IncuCyte. (1) Representative images showing wound on cultured cells (left panel), and migration and cell confluence in wound
area (right panel). Data represent mean + SD of 8 wells (F) and 24 wells (J). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by unpaired, 2-tailed
Student’s t test (B, D, and H) or multiple t test (F and J). Experiments were repeated 3 times, and data of a representative experiment are presented.
Scale bars: 100 um (A), 400 pm (E), and 600 pm (1).
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Figure 7. NLRP12 suppresses B-catenin activation via inhibition of GSK3p phosphorylation. (A) GFP- or NLRP12-expressing HEK293T, HCT116, and HT29
cells were stimulated with Wnt3a. Cell lysates were analyzed for NLRP12, B-catenin, p-B-catenin, GSK3pB, p-GSK3p, and B-actin by Western blotting. (B)
Scramble or NLRP12-KO HEK293T, HCT116, and HT29 cells were stimulated with Wnt3a. At indicated time points, cells lysates were used to measure
NLRP12, B-catenin, GSK3p, p-GSK3p, and B-actin by Western blotting. (C) Colon tissues were collected from healthy and tumor-bearing WT and Nirp12-/-
mice and analyzed for GSK3pB and p-GSK3p by Western blotting. (D) Colorectal tumors were induced in Vil-Cre, Nirp12?/f, and Nlrp12#/;Vil-Cre mice with AOM
plus DSS. Tumors collected 12 weeks after AOM/DSS treatment were analyzed for GSK3B, p-GSK3p, and B-actin. (E and F) Colorectal tumors and adjacent
nontumor tissues from WT mice following AOM/DSS-mediated tumor induction were used to measure NLRP12, B-catenin, GSK3p, p-GSK3p, and B-actin by
Western blotting. (F) Band intensities of NLRP12, B-catenin, GSK3f, and p-GSK3p as shown in E were measured by densitometry. Data represent mean +
SEM. (G and H) Human colorectal tumors and adjacent nontumor tissues were analyzed for NLRP12, B-catenin, GSK3p, p-GSK3p and a-tubulin by Western
blotting. Band intensities of NLRP12, B-catenin, GSK3p, and p-GSK3[ were measured by densitometry. Data represent mean + SEM. *P < 0.05, **P < 0.01 by
unpaired, 2-tailed Student’s t test. Experiments represented in A and B were repeated 3 times, and those in C-H were repeated 2 times.
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Figure 8. NLRP12 inhibits the phosphorylation of GSK3p via interaction
with STK38. (A and B) HEK293T and HCT116 cells overexpressing FLAG-
tagged NLRP12 or GFP were stimulated with Wnt3a. NLRP12 was pulled
down with an anti-FLAG antibody, and the immunoprecipitation (IP)
product and the input were immunoblotted for NLRP12, STK38, GSK3p,
and B-catenin. (C-E) GFP-FLAG or STK38-FLAG was overexpressed in
HEK293T cells and stimulated with Wnt3a. (C) Following IP of STK38,
the IP product and the input were immunoblotted for STK38, GSK3p,
p-GSK3B, NLRP12, and B-catenin. (D) Cell lysates were analyzed for
STK38, B-catenin, p-B-catenin, GSK3p, and p-GSK3p. (E) The expression
of indicated genes in HEK293T cells following stimulation with Wnt3a
was measured by real-time RT-PCR. Data represent mean + SD of trip-
licate wells. **P < 0.001, ***P < 0.0001 by unpaired, 2-tailed Student’s

t test. (F) HEK293T cells expressing GFP or NLRP12 were transfected
with shRNA for STK38 or control shRNA. Cells were then stimulated
with Wnt3a and measured for STK38, B-catenin, p-GSK3p, and GSK3p
by Western blotting. All experiments were repeated 3 times, and data of
a representative experiment are presented. (G) Proposed mechanism of
NLRP12-mediated inhibition of the Wnt/f-catenin pathway.

tumorigenesis may also lead to a higher tumor burden in Nlrp127-
mice. Indeed, in our earlier study, we observed an increased tumor
burden in bone marrow chimera mice having NLRP12 deficiency
in the hematopoietic compartment (17). Since NLRP12 downreg-
ulates inflammatory responses in myeloid cells and lymphocytes
(13, 14, 16, 17, 43), it would be interesting to determine the role of
NLRP12 in different immune cells in the regulation of colorectal
tumorigenesis using respective conditional KO mice.

While our findings demonstrate the intestinal epithelial cell-
specific antitumor function of NLRP12, it is intriguing why such
arole was not observed in a previous bone marrow chimera study
(17). This apparent discrepancy underscores the limitations of
using bone marrow chimeras to study the cell-specific function
of a gene. Bone marrow chimera generation involves whole-body
irradiation with ionizing radiation, which causes damage to the
gastrointestinal tract, death of intestinal stem cells, malabsorp-
tion, and changes in the gut microbiota composition in mice (44,
45). Radiation-exposed epithelial cells also express genes dif-
ferentially, affecting cellular proliferation and stress responses
(44). Therefore, the intestinal epithelium of irradiated mice may
develop resistance to tumorigenesis. Indeed, bone marrow chime-
ric mice developed a very low number of colorectal tumors with
AOM/DSS treatment (17). Due to the molecular and biochemi-
cal changes in the intestinal epithelial cells of irradiated mice, it
is likely that the epithelial cell-intrinsic antitumor function of
NLRP12 was not evident in the chimeric mice.

NLRP12 in different diseases is mostly implicated in immune
cell-specific antiinflammatory responses (13, 14, 17, 18, 39, 46).
Here, we demonstrate a nonimmune function of NLRP12 involved
in the regulation of GSK3p, which is a major kinase regulating hun-
dreds of signaling adapters (47). Our data suggest that NLRP12
does not directly activate GSK3p, but does so through its interac-
tion with STK38. However, the precise mechanism through which
STK38 regulates phosphorylation of GSK3 is yet to be explored.
Previous studies showed that STK38 interacts with MEKK1/2,
upstream activators of MAPK pathways, leading to the inhibition
of its catalytic function (48, 49). STK38-mediated inhibition of
MEKK1/2 involves inhibition of autophosphorylation and promo-
tion of dephosphorylation of MEKK1/2 (48). Furthermore, STK38
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promotes the degradation of MEKK1/2 via interaction with E3
ubiquitin ligase Smurfl (49). STK38 may inactivate GSK3f through
a similar mechanism. The interaction of STK38 with GSK3p was
shown by an earlier study suggesting that the kinase activity of
STK38 is inhibited by GSK3p during oxidative stress-induced
apoptosis (50). It is possible that the interaction of STK38 with
GSK3p leads to the inhibition of kinase activity of either GSK3p
or STK38, depending on the physiological contexts or interaction
site. While GSK3p is phosphorylated by several other kinases, it
can be autophosphorylated as well (51-54). Reduced p-GSK3p in
STK38-overexpressing cells, therefore, suggests that STK38 inhib-
its either autophosphorylation of GSK3p or its phosphorylation by
other kinases. The precise mechanism through which STK38 reg-
ulates phosphorylation of GSK3p and B-catenin stability should be
investigated in the future.

STK38/NDRI has recently emerged as a critical regulator of
the cell cycle, development, apoptosis, and cancer (48, 55-58).
The diverse biological functions of STK38 are dependent on its
activation, which is mediated by autophosphorylation at Ser281
and phosphorylation at Thr444 by other kinases (31, 59). At
homeostasis, STK38 activity remains low due to its dephosphor-
ylation by protein phosphatase 2A (59). It has been shown that
STK38 interacts with several proteins, including S100B, hMOBI,
SOCS2, MEKK1/2, and GSK3p, while exerting its biological func-
tions (31, 60-63). Our findings suggest that NLRP12 is another
potential signaling partner of STK38. It is possible that NLRP12
inhibits dephosphorylation of STK38 or facilitates its phosphoryla-
tion. Future studies should dissect the mechanism of how NLRP12
regulates the kinase activity of STK38.

In summary, this study mechanistically demonstrates that
NLRP12 in the tumor epithelium plays a pivotal role in regulating
their proliferation, invasion, and migration. Although NLRP12 is
not a classical cancer suppressor, our data suggest that genetic
alteration or reduced expression of NLRP12 may facilitate tumor-
igenesis and cancer invasiveness. This study also elucidates what
we believe is a new regulatory mechanism of the Wnt/f-catenin
pathway involving NLRP12 and STK38. The observed connection
between NLRP12 expression and inhibition of B-catenin activa-
tion opens opportunities for developing new therapeutic interven-
tions for CRC targeting the NLRP12/STK38/GSK3p signaling axis.

Methods
Additional detail can be found in Supplemental Methods.

Mice. C57BL/6] (WT) and APC™"* mice were purchased from
The Jackson Laboratory. Nirpl27- mice were generated by Millenni-
um Pharmaceuticals. Nirp12"# mice were generated by our laboratory
with the help of the UT Southwestern Mouse Transgenic Core facility.
The background of all mice used in this study is C57BL/6]. Unless oth-
erwise stated, mice of different genetic backgrounds were housed in
separate cages, maintained in the same animal room, and used for in
vivo and in vitro experiments. All mice were bred and maintained in
a specific pathogen-free (SPF) facility at the UT Southwestern Med-
ical Center. For cohousing experiments, 4-week-old WT mice were
cohoused with Nlrp127- mice for 30 days. All animal studies were con-
ducted with age- and sex-matched mice.

Induction of colorectal tumorigenesis. Colorectal tumorigenesis was
induced in mice using the AOM plus DSS model, as described previ-
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ously (17). Briefly, mice were injected AOM (Sigma-Aldrich) intraperi-
toneally (10 mg/kg body weight) and maintained on regular drinking
water. Five days after AOM injection, mice were administered ad libi-
tum with 2.5% DSS (molecular mass, 36-40 kDa; TdB Consultancy)
for 5 days, followed by regular drinking water for 10 days. The DSS
cycle was repeated 2 more times. Mice were sacrificed 10 to 12 weeks
after AOM injection.

Real-time RT-PCR. Tumors, colons, and small intestines from
mice were preserved in RNAlater (Invitrogen). Cultured cells and tis-
sues were lysed in TRIzol reagent (Invitrogen). Total RNA was extract-
ed using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Isolated RNA was reverse transcribed into cDNA using
iScript (Bio-Rad). Real-time RT-PCR was performed using iTaq Uni-
versal SYBR Green Supermix (Bio-Rad). Expression data were normal-
ized to Gapdh as described previously (64). Primers used for real-time
RT-PCR are listed in Supplemental Table 1.

Western blot analyses. Mouse and human tissues or cultured cells
were homogenized in RIPA lysis buffer containing complete prote-
ase inhibitor and phosphatase inhibitor cocktail (Roche), resolved by
SDS-PAGE, and transferred onto a PVDF membrane. The membranes
were immunoblotted with antibodies against p-IxBa (9246, Cell Sig-
naling Technology [CST]), IkBa (4812, CST), NLRP12 (OAAB04256,
Aviva Systems Biology), p-ERK (4370, CST), ERK (4695, CST), p-JNK
(4668, CST), p-AKT (4060, CST), B-catenin (8480, CST), p-p-cat-
enin (9561, CST), GSK-3p (9315, CST), p-GSK-3B Ser9 (9323, CST),
STK38 (H00011329-MO01, Abnova), p-STAT3 (9145, CST), p-NF-«kB
p65 (3033, CST), cMyc (5605, CST), lamin B1 (13435, CST), cyclin
D1 (2978, CST), FLAG M2 (F1804, Sigma-Aldrich), a-tubulin (3873,
CST), Myc (2376, CST), and B-actin (A2228, Sigma-Aldrich). Immu-
noreactive proteins were detected using ECL Super Signal West Femto
substrate reagent (Thermo Fisher Scientific).

Statistics. Data are presented as mean * SD or + SEM (as stated in
the figure legends). All animal studies were repeated at least 2 times
and in vitro studies were repeated 3 times. Statistical significance
when comparing 2 groups was determined by 2-tailed, unpaired Stu-
dent’s ¢ test. One-way ANOVA was used to analyze statistical signifi-
cances between multiple groups. A P value of less than 0.05 was con-
sidered statistically significant. GraphPad Prism 9 software was used
for statistical analyses.

Study approval. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of UT South-
western Medical Center and were conducted in according with the
guidelines of IACUC and the NIH Guide for the Care and Use of Lab-
oratory Animals (National Academies Press, 2011). All human tissue
used in this study was provided by the Tissue Management and Shared
Resource, an IRB-approved core facility of Simmons Comprehensive
Cancer Center, UT Southwestern Medical Center.
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Data availability. The 16S rRNA gene sequence data have
been deposited to NCBI BioProject database under Bioproject PRJ-
NA628078. The RNA-seq data have been deposited to NCBI Gene
Expression Omnibus (GEO) and is publicly available with the acces-
sion number GSE149769. Values for all data points used in graphs can
be found in the supplemental Supporting Data Values file.

Author contributions

HZ conceived and designed the study, performed experiments,
analyzed data, and wrote the manuscript. SK performed experi-
ments, analyzed data, and wrote the initial draft of the manuscript.
YTK and SH performed experiments. LP performed histopatho-
logical examination. BLC performed analysis of 16S rRNA gene
sequencing data. YG and RSM helped in RNA-seq data analysis.
CML provided human colorectal cancer samples. TDK provided
Nlrp127/-mice and reviewed the manuscript.

Acknowledgments

We thank the UT Southwestern Animal Resource Center (ARC) for
maintenance and care of our mouse colony, and Transgenic Core
facility for generating Nirp12%# mice. We are thankful to Millennium
Pharmaceuticals for sharing Nlrp127- mice. We would like to thank
Victoria Godfrey, Research Assistant in the Zaki lab at UT South-
western, for the assistance in the generation of Nirpl12-conditional
knockout mice and maintaining mouse colonies. We are thankful
to Yang-Xin Fu, UT Southwestern Medical Center, for sharing the
MC38 cell line. This work was supported by Cancer Prevention and
Research Institute of Texas (CPRIT) Individual Investigator Awards
(RP200284 and RP160169) and American Cancer Society Research
Scholar Award (RSG-21-021-01-TBE) to HZ. HZ also acknowl-
edges support from the NIH NIDDK (grants RO1 DK125352-01A1
and RO1 DK128031-01A1). The bioinformatics for 16S data analy-
sis was supported by Cancer Prevention and Research Institute of
Texas (RP150596). RSM acknowledges funding support from the
NCI/NIH (grant RO1CA245294), CPRIT Individual Investigator
Research Award (grant RP230382), and US Department of Defense
Breakthrough Award (grant W81XWH-21-1-0114). We acknowl-
edge the assistance of the UT Southwestern Tissue Management
and Shared Resource, a shared resource at the Simmons Compre-
hensive Cancer Center, which is supported in part by the National
Cancer Institute under award number 5P30CA142543 for cutting,
processing, and H&E staining.

Address correspondence to: Hasan Zaki, Associate Professor,
Department of Pathology, UT Southwestern Medical Center,
6000 Harry Hines Blvd, Dallas, Texas 75390, USA. Phone:
214.648.5196; Email: Hasan.Zaki@utsouthwestern.edu.

1. Cancer Genome Atlas N. Comprehensive molec-
ular characterization of human colon and rectal
cancer. Nature. 2012;487(7407):330-337.

2. Tsikitis VL, et al. Predictors of recurrence free
survival for patients with stage IT and III colon
cancer. BMC Cancer.2014;14:336.

3. Bogaert J, Prenen H. Molecular genetics of colorec-
tal cancer. Ann Gastroenterol. 2014;27(1):9-14.

4. MacDonald BT, et al. Wnt/beta-catenin signal-
ing: components, mechanisms, and diseases. Dev

Cell.2009;17(1):9-26.

5. Clevers H, Nusse R. Wnt/f-catenin signaling and
disease. Cell. 2012;149(6):1192-1205.

6. Behrens J, et al. Functional interaction of an axin
homolog, conductin, with beta-catenin, APC, and
GSK3beta. Science. 1998;280(5363):596-599.

7.1keda S, et al. Axin, a negative regulator of the
Wht signaling pathway, forms a complex with
GSK-3beta and beta-catenin and promotes
GSK-3beta-dependent phosphorylation of

beta-catenin. EMBO J.1998;17(5):1371-1384.

8. Liu C, et al. Control of beta-catenin phosphory-
lation/degradation by a dual-kinase mechanism.
Cell.2002;108(6):837-847.

9. Bienz M, Clevers H. Linking colorectal cancer to
Wht signaling. Cell. 2000;103(2):311-320.

10. Korinek V, et al. Constitutive transcriptional activa-
tion by a beta-catenin-Tcf complex in APC” colon
carcinoma. Science. 1997;275(5307):1784-1787.

11. Behrens J, et al. Functional interaction of

J Clin Invest. 2023;133(19):e166295 https://doi.org/10.1172/JCI166295


https://doi.org/10.1172/JCI166295
https://doi.org/10.1038/nature11252
https://doi.org/10.1038/nature11252
https://doi.org/10.1038/nature11252
https://doi.org/10.1186/1471-2407-14-336
https://doi.org/10.1186/1471-2407-14-336
https://doi.org/10.1186/1471-2407-14-336
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1126/science.280.5363.596
https://doi.org/10.1126/science.280.5363.596
https://doi.org/10.1126/science.280.5363.596
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1016/S0092-8674(02)00685-2
https://doi.org/10.1016/S0092-8674(02)00685-2
https://doi.org/10.1016/S0092-8674(02)00685-2
https://doi.org/10.1016/S0092-8674(00)00122-7
https://doi.org/10.1016/S0092-8674(00)00122-7
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1038/382638a0
https://www.jci.org/articles/view/166295#sd
mailto://Hasan.Zaki@utsouthwestern.edu
https://www.jci.org/articles/view/166295#sd

The Journal of Clinical Investigation

beta-catenin with the transcription factor LEF-1.
Nature.1996;382(6592):638-642.

12. Hanahan D, Weinberg RA. Hallmarks of cancer:
the next generation. Cell. 2011;144(5):646-674.

13. Allen IC, et al. NLRP12 suppresses colon inflam-
mation and tumorigenesis through the negative
regulation of noncanonical NF-«kB signaling.
Immunity. 2012;36(5):742-754.

14. Lukens JR, et al. The NLRP12 sensor negatively
regulates autoinflammatory disease by modulat-
ing interleukin-4 production in T Cells. Immunity.
2015;42(4):654-664.

15. Udden SN, et al. NLRP12 suppresses hepatocellu-
lar carcinoma via downregulation of cJun N-ter-
minal kinase activation in the hepatocyte. Elife.
2019;8e40396.

16. Zaki MH, et al. Salmonella exploits NLRP12-de-
pendent innate immune signaling to suppress
host defenses during infection. Proc Natl Acad Sci
USA.2014;111(1):385-390.

17. Zaki MH, et al. The NOD-like receptor NLRP12
attenuates colon inflammation and tumorigene-
sis. Cancer Cell. 2011;20(5):649-660.

18. Chen L, et al. NLRP12 attenuates colon inflam-
mation by maintaining colonic microbial diversi-
ty and promoting protective commensal bacterial
growth. Nat Immunol. 2017;18(5):541-551.

19. Sundaram B, et al. NLRP12-PANoptosome acti-
vates PANoptosis and pathology in response to
heme and PAMPs. Cell. 2023;186(13):2783-2801.

20. Joyce JA, Pollard JW. Microenvironmental regu-
lation of tumor progression and metastasis. Nat
Med.2009;9(4):239-1437.

21. Udden SMN, et al. NOD2 suppresses colorectal
tumorigenesis via downregulation of the TLR
pathways. Cell Rep. 2017;19(13):2756-2770.

22. Gialeli C, et al. Roles of matrix metalloproteinas-
es in cancer progression and their pharmacologi-
cal targeting. FEBS J. 2011;278(1):16-27.

23.Li Q, et al. Overexpression of forkhead Box C2
promotes tumor metastasis and indicates poor
prognosis in colon cancer via regulating epithe-
lial-mesenchymal transition. Am J Cancer Res.
2015;5(6):2022-2034.

24. Lamouille S, et al. Molecular mechanisms of epi-
thelial-mesenchymal transition. Nat Rev Mol Cell
Biol. 2014;15(3):178-196.

25. Coussens LM, Werb Z. Inflammation and cancer.
Nature. 2002;420(6917):860-867.

26. Arthur JC, et al. Intestinal inflammation targets
cancer-inducing activity of the microbiota. Sci-
ence.2012;338(6103):120-123.

27. Rubinfeld B, et al. Binding of GSK3be-
ta to the APC-beta-catenin complex and
regulation of complex assembly. Science.
1996;272(5264):1023-1026.

28. Moser AR, et al. A dominant mutation that pre-
disposes to multiple intestinal neoplasia in the
mouse. Science. 1990;247(4940):322-324.

29. Aberle H, et al. beta-catenin is a target for
the ubiquitin-proteasome pathway. EMBO J.
1997;16(13):3797-3804.

J Clin Invest. 2023;133(19):e166295 https://doi.org/10.1172/)Cl166295

30. Manning G, et al. Evolution of protein kinase
signaling from yeast to man. Trends Biochem Sci.
2002;27(10):514-520.

31. Tamaskovic R, et al. NDR family of AGC kinas-
es--essential regulators of the cell cycle and mor-
phogenesis. FEBS Lett. 2003;546(1):73-80.

32. Hergovich A, et al. NDR kinases regulate essen-
tial cell processes from yeast to humans. Nat Rev
Mol Cell Biol. 2006;7(4):253-264.

33. Clevers H. Wnt/beta-catenin signaling in devel-
opment and disease. Cell. 2006;127(3):469-480.

34. Gonzalez-Sancho JM, et al. The Wnt antag-
onist DICKKOPF-1 gene is a downstream
target of beta-catenin/TCF and is down-
regulated in human colon cancer. Oncogene.
2005;24(6):1098-1103.

35. Taniguchi H, et al. Frequent epigenetic inactivation
of Wnt inhibitory factor-1in human gastrointestinal
cancers. Oncogene. 2005;24(53):7946-7952.

36. Zhang W, et al. Epigenetic inactivation of the
canonical Wnt antagonist SRY-box contain-
ing gene 17 in colorectal cancer. Cancer Res.
2008;68(8):2764-2772.

37. Hsieh JC, et al. A new secreted protein that binds
to Wnt proteins and inhibits their activities.
Nature.1999;398(6726):431-436.

38. Allen IC, et al. Characterization of NLRP12
during the in vivo host immune response to Kleb-
siella pneumoniae and Mycobacterium tubercu-
losis. PLoS One. 2013;8(4):60842.

39. Chen ST, et al. NLRP12 regulates anti-viral RIG-I
activation via interaction with TRIM25. Cell Host
Microbe. 2019;25(4):602-616.

40. Normand S, et al. Proteasomal degradation of
NOD2 by NLRP12 in monocytes promotes bac-
terial tolerance and colonization by enteropatho-
gens. Nat Commun. 2018;9(1):5338.

41. Vladimer GI, et al. The NLRP12 inflam-
masome recognizes Yersinia pestis. Immunity.
2012;37(1):96-107.

42. Fragoso MA, et al. The Wnt/p-catenin pathway
cross-talks with STAT3 signaling to regulate
survival of retinal pigment epithelium cells. PLoS
One.2012;7(10):e46892.

43. Arthur JC, et al. Heat shock protein 90 associ-
ates with monarch-1 and regulates its ability to
promote degradation of NF-kappaB-inducing
kinase. ] Immunol. 2007;179(9):6291-6296.

44.Zhao'Y, et al. Total body irradiation induced
mouse small intestine senescence as a late effect.
J Radiat Res. 2019;60(4):442-450.

45. Hu B, et al. The DNA-sensing AIM2 inflammasome
controls radiation-induced cell death and tissue
injury. Science. 2016;354(6313):765-768.

46. Jerul, et al. Role of interleukin-1f in NLRP12-as-
sociated autoinflammatory disorders and
resistance to anti-interleukin-1 therapy. Arthritis
Rheum. 2011;63(7):2142-2148.

47. Beurel E, et al. Glycogen synthase kinase-3

N

(GSK3): regulation, actions, and diseases. Phar-
macol Ther. 2015;148:114-131.
48. Enomoto A, et al. Negative regulation of

RESEARCH ARTICLE

MEKK1/2 signaling by serine-threonine kinase
38 (STK38). Oncogene. 2008;27(13):1930-1938.

49. Wen M, et al. Stk38 protein kinase preferentially
inhibits TLR9-activated inflammatory responses
by promoting MEKK2 ubiquitination in macro-
phages. Nat Commun. 2015;6:7167.

50. Enomoto A, et al. Serine-threonine kinase 38 is
regulated by glycogen synthase kinase-3 and
modulates oxidative stress-induced cell death.
Free Radic Biol Med. 2012;52(2):507-515.

. Sutherland C, et al. Inactivation of glycogen
synthase kinase-3 beta by phosphorylation: new
kinase connections in insulin and growth-factor
signalling. Biochem J.1993;296(pt 1):15-19.

52. Cross DA, et al. The inhibition of glycogen syn-
thase kinase-3 by insulin or insulin-like growth
factor 1in the rat skeletal muscle cell line L6 is
blocked by wortmannin, but not by rapamycin:
evidence that wortmannin blocks activation of

5

iy

the mitogen-activated protein kinase pathway
in L6 cells between Ras and Raf. Biochem J.
1994;303(pt 1):21-26.

53. Stambolic V, Woodgett JR. Mitogen inactivation
of glycogen synthase kinase-3 beta in intact
cells via serine 9 phosphorylation. Biochem J.
1994;303(pt 3):701-704.

54. Cross DA, et al. Inhibition of glycogen synthase
kinase-3 by insulin mediated by protein kinase B.
Nature.1995;378(6559):785-789.

55. Bisikirska BC, et al. STK38 is a critical upstream reg-
ulator of MYC’s oncogenic activity in human B-cell
lymphoma. Oncogene. 2013;32(45):5283-5291.

56. Chakraborty A, Prasanth SG. Phosphoryla-
tion-dephosphorylation cycle of HP1a gov-
erns accurate mitotic progression. Cell Cycle.
2014;13(11):1663-1670.

57.DuZ, et al. Cyclin D1 promotes cell cycle progres-
sion through enhancing NDR1/2 kinase activity
independent of cyclin-dependent kinase 4. ] Biol
Chem. 2013;288(37):26678-26687.

58. Pot I, et al. Identification of a novel link between
the protein kinase NDR1 and TGFp signaling in
epithelial cells. PLoS One. 2013;8(6):e67178.

59. Millward TA, et al. Ndr protein kinase is regulated
by phosphorylation on two conserved sequence
motifs. ] Biol Chem. 1999;274(48):33847-33850.

60. Devroe E, et al. Human Mob proteins regulate the
NDRI1 and NDR2 serine-threonine kinases. ] Biol
Chem.2004;279(23):24444-24451.

61. Joffre C, et al. The Pro-apoptotic STK38 kinase is
anew Beclinl partner positively regulating auto-
phagy. Curr Biol. 2015;25(19):2479-2492.

62. Paul I, et al. The ubiquitin ligase Cullin5°°“* reg-
ulates NDR1/STK38 stability and NF-«B transac-
tivation. Sci Rep. 2017;7:42800.

63. Yan M, et al. Regulation of NDR1 activity by PLK1
ensures proper spindle orientation in mitosis. Sci
Rep. 2015;5:10449.

64. Hu S, et al. The DNA sensor AIM2 maintains
intestinal homeostasis via regulation of epi-
thelial antimicrobial host defense. Cell Rep.
2015;13(9):1922-1936.

- [


https://doi.org/10.1172/JCI166295
https://doi.org/10.1038/382638a0
https://doi.org/10.1038/382638a0
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.immuni.2012.03.012
https://doi.org/10.1016/j.immuni.2012.03.012
https://doi.org/10.1016/j.immuni.2012.03.012
https://doi.org/10.1016/j.immuni.2012.03.012
https://doi.org/10.1016/j.immuni.2015.03.006
https://doi.org/10.1016/j.immuni.2015.03.006
https://doi.org/10.1016/j.immuni.2015.03.006
https://doi.org/10.1016/j.immuni.2015.03.006
https://doi.org/10.1073/pnas.1317643111
https://doi.org/10.1073/pnas.1317643111
https://doi.org/10.1073/pnas.1317643111
https://doi.org/10.1073/pnas.1317643111
https://doi.org/10.1016/j.ccr.2011.10.022
https://doi.org/10.1016/j.ccr.2011.10.022
https://doi.org/10.1016/j.ccr.2011.10.022
https://doi.org/10.1038/ni.3690
https://doi.org/10.1038/ni.3690
https://doi.org/10.1038/ni.3690
https://doi.org/10.1038/ni.3690
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.1016/j.celrep.2017.05.084
https://doi.org/10.1016/j.celrep.2017.05.084
https://doi.org/10.1016/j.celrep.2017.05.084
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nature01322
https://doi.org/10.1038/nature01322
https://doi.org/10.1126/science.1224820
https://doi.org/10.1126/science.1224820
https://doi.org/10.1126/science.1224820
https://doi.org/10.1126/science.272.5264.1023
https://doi.org/10.1126/science.272.5264.1023
https://doi.org/10.1126/science.272.5264.1023
https://doi.org/10.1126/science.272.5264.1023
https://doi.org/10.1126/science.2296722
https://doi.org/10.1126/science.2296722
https://doi.org/10.1126/science.2296722
https://doi.org/10.1093/emboj/16.13.3797
https://doi.org/10.1093/emboj/16.13.3797
https://doi.org/10.1093/emboj/16.13.3797
https://doi.org/10.1016/S0968-0004(02)02179-5
https://doi.org/10.1016/S0968-0004(02)02179-5
https://doi.org/10.1016/S0968-0004(02)02179-5
https://doi.org/10.1016/S0014-5793(03)00474-5
https://doi.org/10.1016/S0014-5793(03)00474-5
https://doi.org/10.1016/S0014-5793(03)00474-5
https://doi.org/10.1038/nrm1891
https://doi.org/10.1038/nrm1891
https://doi.org/10.1038/nrm1891
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1038/sj.onc.1208303
https://doi.org/10.1038/sj.onc.1208303
https://doi.org/10.1038/sj.onc.1208303
https://doi.org/10.1038/sj.onc.1208303
https://doi.org/10.1038/sj.onc.1208303
https://doi.org/10.1038/sj.onc.1208910
https://doi.org/10.1038/sj.onc.1208910
https://doi.org/10.1038/sj.onc.1208910
https://doi.org/10.1158/0008-5472.CAN-07-6349
https://doi.org/10.1158/0008-5472.CAN-07-6349
https://doi.org/10.1158/0008-5472.CAN-07-6349
https://doi.org/10.1158/0008-5472.CAN-07-6349
https://doi.org/10.1038/18899
https://doi.org/10.1038/18899
https://doi.org/10.1038/18899
https://doi.org/10.1371/journal.pone.0060842
https://doi.org/10.1371/journal.pone.0060842
https://doi.org/10.1371/journal.pone.0060842
https://doi.org/10.1371/journal.pone.0060842
https://doi.org/10.1016/j.chom.2019.02.013
https://doi.org/10.1016/j.chom.2019.02.013
https://doi.org/10.1016/j.chom.2019.02.013
https://doi.org/10.1038/s41467-018-07750-5
https://doi.org/10.1038/s41467-018-07750-5
https://doi.org/10.1038/s41467-018-07750-5
https://doi.org/10.1038/s41467-018-07750-5
https://doi.org/10.1016/j.immuni.2012.07.006
https://doi.org/10.1016/j.immuni.2012.07.006
https://doi.org/10.1016/j.immuni.2012.07.006
https://doi.org/10.1371/journal.pone.0046892
https://doi.org/10.1371/journal.pone.0046892
https://doi.org/10.1371/journal.pone.0046892
https://doi.org/10.1371/journal.pone.0046892
https://doi.org/10.4049/jimmunol.179.9.6291
https://doi.org/10.4049/jimmunol.179.9.6291
https://doi.org/10.4049/jimmunol.179.9.6291
https://doi.org/10.4049/jimmunol.179.9.6291
https://doi.org/10.1093/jrr/rrz026
https://doi.org/10.1093/jrr/rrz026
https://doi.org/10.1093/jrr/rrz026
https://doi.org/10.1126/science.aaf7532
https://doi.org/10.1126/science.aaf7532
https://doi.org/10.1126/science.aaf7532
https://doi.org/10.1002/art.30378
https://doi.org/10.1002/art.30378
https://doi.org/10.1002/art.30378
https://doi.org/10.1002/art.30378
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1038/sj.onc.1210828
https://doi.org/10.1038/sj.onc.1210828
https://doi.org/10.1038/sj.onc.1210828
https://doi.org/10.1038/ncomms8167
https://doi.org/10.1038/ncomms8167
https://doi.org/10.1038/ncomms8167
https://doi.org/10.1038/ncomms8167
https://doi.org/10.1016/j.freeradbiomed.2011.11.006
https://doi.org/10.1016/j.freeradbiomed.2011.11.006
https://doi.org/10.1016/j.freeradbiomed.2011.11.006
https://doi.org/10.1016/j.freeradbiomed.2011.11.006
https://doi.org/10.1042/bj2960015
https://doi.org/10.1042/bj2960015
https://doi.org/10.1042/bj2960015
https://doi.org/10.1042/bj2960015
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030021
https://doi.org/10.1042/bj3030701
https://doi.org/10.1042/bj3030701
https://doi.org/10.1042/bj3030701
https://doi.org/10.1042/bj3030701
https://doi.org/10.1038/378785a0
https://doi.org/10.1038/378785a0
https://doi.org/10.1038/378785a0
https://doi.org/10.1038/onc.2012.543
https://doi.org/10.1038/onc.2012.543
https://doi.org/10.1038/onc.2012.543
https://doi.org/10.4161/cc.29065
https://doi.org/10.4161/cc.29065
https://doi.org/10.4161/cc.29065
https://doi.org/10.4161/cc.29065
https://doi.org/10.1074/jbc.M113.466433
https://doi.org/10.1074/jbc.M113.466433
https://doi.org/10.1074/jbc.M113.466433
https://doi.org/10.1074/jbc.M113.466433
https://doi.org/10.1371/journal.pone.0067178
https://doi.org/10.1371/journal.pone.0067178
https://doi.org/10.1371/journal.pone.0067178
https://doi.org/10.1074/jbc.274.48.33847
https://doi.org/10.1074/jbc.274.48.33847
https://doi.org/10.1074/jbc.274.48.33847
https://doi.org/10.1074/jbc.M401999200
https://doi.org/10.1074/jbc.M401999200
https://doi.org/10.1074/jbc.M401999200
https://doi.org/10.1016/j.cub.2015.08.031
https://doi.org/10.1016/j.cub.2015.08.031
https://doi.org/10.1016/j.cub.2015.08.031
https://doi.org/10.1038/srep42800
https://doi.org/10.1038/srep42800
https://doi.org/10.1038/srep42800
https://doi.org/10.1038/srep10449
https://doi.org/10.1038/srep10449
https://doi.org/10.1038/srep10449
https://doi.org/10.1016/j.celrep.2015.10.040
https://doi.org/10.1016/j.celrep.2015.10.040
https://doi.org/10.1016/j.celrep.2015.10.040
https://doi.org/10.1016/j.celrep.2015.10.040

	Graphical abstract

