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Abstract

Interleukin 17 (IL-17) is an important inducer of tissue inflamma-
tion and is involved in numerous autoimmune diseases. However,
how its signal transduction is regulated is not well understood.
Here, we report that nuclear Dbf2-related kinase 1 (NDR1) func-
tions as a positive regulator of IL-17 signal transduction and IL-17-
induced inflammation. NDR1 deficiency or knockdown inhibits the
IL-17-induced phosphorylation of p38, ERK1/2, and p65 and the
expression of chemokines and cytokines, whereas the overexpres-
sion of NDR1 promotes IL-17-induced signaling independent of its
kinase activity. Mechanistically, NDR1 interacts with TRAF3 and
prevents its binding to IL-17R, which promotes the formation of an
IL-17R-Act1-TRAF6 complex and downstream signaling. Consistent
with this, IL-17-induced inflammation is significantly reduced in
NDR1-deficient mice, and NDR1 deficiency significantly protects
mice from MOG-induced experimental autoimmune
encephalomyelitis (EAE) and 2,4,6-trinitrobenzenesulfonic acid
(TNBS)-induced colitis likely by its inhibition of IL-17-mediated
signaling pathway. NDR1 expression is increased in the colons of
ulcerative colitis (UC) patients. Taken together, these findings
suggest that NDR1 is involved in the development of autoimmune
diseases.
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Introduction

Interleukin 17 (IL-17A or IL-17) has been recognized as a pro-
inflammatory cytokine that is mainly produced by Th17 cells, a

recently identified subset of CD4™ T helper cells [1]. In addition to
being produced by Th17 cells, IL-17 is also produced by a variety of
innate immune cells, including iNKT cells [2], &y T cells [3], LTi-like
cells [4], and NK cells [5]. IL-17A belongs to the IL-17 family, which
consists of six molecules (IL-17A to IL-17F). Of all members of the
IL-17 family, IL-17A and IL-17F are the best studied. They share the
highest amino acid sequence similarity and the same receptors and
activate many common downstream signaling events [1]. IL-17
exerts its effects by promoting tissue-resident cells to produce vari-
ous matrix metalloproteinases and pro-inflammatory molecules,
including IL-6, CXCL2, CXCL1, and CCL20, which act synergistically
to induce the inflammatory response and recruit neutrophils to the
inflamed tissues [1].

It has been shown that IL-17 is responsible for the development
of many autoimmune diseases, such as experimental autoimmune
encephalomyelitis (EAE) [6], rheumatoid arthritis [7], and
inflammatory bowel disease (IBD) [8]. In addition, IL-17 levels are
increased in patients with multiple sclerosis (MS) and ulcerative
colitis (UC) [9,10]. Furthermore, mice deficient in IL-17R or IL-17
show a reduced severity of EAE compared to that of wild-type mice
[11,12], and IL-17R-deficient mice display more resistance to TNBS-
induced colitis than their wild-type counterparts [8]. These reports
suggest that IL-17 functions as a critical pro-inflammatory factor in
the pathogenesis of EAE and IBD, which indicates that IL-17 may be
a potential therapeutic target for treating autoimmune diseases.

The IL-17 receptor family consists of five members (IL-17RA to
IL-17RE). IL-17RA and IL-17RC are the receptors for IL-17A and IL-
17F [1]. IL-17RA is ubiquitously expressed on various cell types,
including epithelial cells, fibroblasts, and various myeloid cells, but
the expression of IL-17RC seems to be limited mostly to non-hema-
topoietic cells [13]. This may explain why IL-17A and IL-17F exert
effects mainly on non-hematopoietic cells and tissues. Upon binding
with IL-17A or IL-17F, the IL-17RA-IL-17RC heterodimeric receptor
complex recruits tumor necrosis factor receptor-associated factor 6
(TRAF6) via the adaptor protein nuclear factor-«B activator 1 (Actl)
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to activate the MAPKs and NF-«B pathways and induce the produc-
tion of pro-inflammatory cytokines and chemokines [1]. This recep-
tor complex also recruits tumor necrosis factor receptor-associated
factors 2 and 5 (TRAF2, TRAFS) to prolong the t;,, of chemokines
[14]. Intriguingly, recent progress in studies of IL-17 signaling has
shown that TRAF3 interacts with IL-17R to interfere with the recruit-
ment of Actl by IL-17R and negatively regulates the IL-17 signaling
cascade [15]. However, the details of how IL-17 signaling is regu-
lated remain elusive.

Nuclear Dbf2-related kinase 1 (NDR1), also known as serine/
threonine kinase 38 (STK38), belongs to the NDR/LATS kinase
family, a subfamily of the AGC group of serine/threonine kinases
[16]. NDR1 positively regulates centrosome duplication in a kinase
activity-dependent manner [17]. A recent study has identified NDR1
as a tumor suppressor in human colorectal cancer, where it acts by
phosphorylating yes-associated protein (YAP1) at the S127 site [18].
NDRI1 inhibits Toll-like receptor 9 (TLR9)-activated inflammatory
responses by promoting MEKK2 ubiquitination in macrophages
[19]. However, the functions and pathway-related activities of
NDRI1 in the inflammatory response are still poorly defined.

In this study, we identified NDR1 as an adaptor protein that posi-
tively modulates IL-17-mediated signaling and inflammation. NDR1
promotes the IL-17-triggered phosphorylation of p38, ERK1/2, and
p65 in HeLa cervical carcinoma cells, mouse embryonic fibroblasts
(MEFs), and astrocytes. NDR1 also enhances the IL-17-induced
expression of inflammatory genes in vitro and in vivo. In addition,
mice deficient in NDR1 are largely protected from MOG-induced
EAE and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced IBD.
Moreover, the expression of NDR1 in the colon mucosal epithelial
cells of UC patients is increased. Further study showed that NDR1
directly interacts with TRAF3 and promotes the formation of the
activation complex IL-17R-Act1-TRAF6, which results in the positive
regulation of IL-17-induced signal transduction and inflammatory
factor production.

Results
NDR1 promotes IL-17-induced inflammation in vitro and in vivo

We transfected control small interfering RNA against luciferase
genes (siLUC), Actl-specific siRNA, or NDRI1-specific siRNA into
HeLa cells to test whether NDRI1 regulates IL-17-induced inflamma-
tory cytokines and chemokines. Compared to the control siRNA,
both NDRI1-specific siRNA and Actl-specific siRNA significantly
suppressed the IL-17-induced mRNA expression of IL-6, CXCL2, and
CCL20 in HeLa cells (Fig EV1A). The production of IL-6 and CXCL2
was also decreased in NDR1-silenced cells (Fig EV1B). Actl plays
an essential role in the positive regulation of IL-17 signaling [20].
Therefore, Actl-specific siRNA, which efficiently inhibited Actl
expression (Fig EV1C), was used as the positive control. To further
verify the role of NDR1 in IL-17-induced inflammation, plasmids
expressing either the NDR1 protein or its kinase-dead mutant
K118A, which contains a single-residue mutation at Lys118 (K118A)
in the catalytic site of NDR1 [16], were transfected into HeLa cells.
The results in Fig EVID and E show that both the overexpression of
NDRI1 and its kinase-dead mutant K118A dramatically enhanced the
IL-17-induced expression and production of IL-6, CXCL2, and
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CCL20, which indicates that NDR1 kinase activation is not required
for its function in IL-17-mediated signaling. We then examined the
effect of NDR1 deficiency on the expression of IL-17-induced pro-
inflammatory molecules in mouse embryo fibroblasts (MEFs).
Compared with wild-type MEFs, NDRI-deficient (Ndri-KO) MEFs
showed much lower mRNA levels of IL-6, CXCL2, CCL20, and
CXCL1 (Fig 1A), and protein levels of IL-6 and CCL20 (Fig 1B).
Ndr1-KO MEFs were transfected with plasmids expressing NDR1 or
its kinase-dead mutant K118A using a virus retroviral system. As
shown in Figs 1C and EV2A, the overexpression of NDR1 or K118A
in Ndr1-KO MEFs restored IL-17-induced gene expression and
production to a comparable level to that of the wild-type MEFs. In
addition, a deficiency of NDR1 in primary astrocytes resulted in
much lower mRNA and protein level of pro-inflammatory molecules
induced by IL-17 (Fig 1D and E). Furthermore, IL-17F-induced IL-6,
CXCL2, and CCL20 mRNA expression was inhibited in NdrI1-KO
MEFs (Fig EV2B), Ndr1-KO primary astrocytes (Fig EV2C), and
NDR1-silenced HeLa cells (Fig EV2D). In addition, NDR1 deficiency
inhibited the TNF-o- and IL-1p-induced expression of pro-inflamma-
tory cytokines and chemokines, such as IL-6, CXCL2, and CCL20
(Fig EV2E and F). Taken together, these results suggest that NDR1
functions as a positive regulator of IL-17A- and IL-17F-induced
inflammation in vitro. The efficiency of NDR1 knockdown, knock-
out, or overexpression was confirmed by immunoblot assay (see
section “NDR1 promotes IL-17-mediated signaling independent of
its kinase activity” below).

To investigate the role of NDR1 in the IL-17-induced inflamma-
tory response in vivo, NDR1 knockout (Ndr1-KO) mice and control
littermates (WT) were intraperitoneally injected with IL-17.
Compared with the expression in peritoneal mesothelial cells
collected from WT mice, the expression of IL-6, CXCL1, and CXCL2
mRNA was significantly decreased in those from NdrI-KO mice
(Fig 1F). These results suggest that NDR1 promotes the IL-17-
induced expression of pro-inflammatory factors in vivo.

NDR1 promotes TNBS-induced colitis

IL-17R has been demonstrated to contribute to the development of
2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis, which is a
model for autoimmune diseases that resembles human inflamma-
tory bowel disease [8]. To further investigate the role of NDR1 in IL-
17-related autoimmune diseases, NdrI-KO mice and control litter-
mates (WT) were challenged with TNBS as previously described
[8]. Notably, NdrI-KO mice exhibited a markedly prolonged
survival (Fig 2A). Furthermore, Ndr1-KO mice showed more resis-
tance to TNBS-induced colitis than WT mice, which was demon-
strated by lower clinical scores (Fig 2B), less weight loss (Fig 2C),
and reduced colon shortening (Fig 2D) in Ndr1-KO mice. Consistent
with these results, the amount of IL-6, TNF-o, and CXCL2 produced
in the cultured whole colons of TNBS-treated Ndr1-KO mice was less
than that of WT mice (Fig 2E). Histological analysis revealed a
decreased infiltration of mononuclear cells, and less severe destruc-
tion of goblet cells and mucosal erosion in the colons of TNBS-
treated Ndr1-KO mice compared to TNBS-treated WT mice (Fig 2F
and G). Notably, NDR1 expression was higher in the colons of
TNBS-treated WT mice than control mice (Fig 2H). These results
indicate that NDR1 contributes to TNBS-induced colitis and colonic
damage.
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Figure 1. NDR1 promotes IL-17-induced inflammation in vivo and in vitro.
A, B Real-time PCR (A) and ELISA (B) analysis of IL-6, CXCL2, CCL20, and CXCL1 mRNA expression and production in wild-type (WT) and NDR1-deficient homozygous

(Ndr1-KO) MEFs following stimulation with IL-17 (100 ng/ml) for the indicated times.
@ WT and Ndr1-KO MEFs transfected with a retrovirus encoding mock, Flag-NDR1, or Flag-NDR1/K118A were treated with IL-17 (100 ng/ml) for O, 6, or 12 h. The

protein levels of /L-6, CCL20, and CXCL2 were analyzed by ELISA.
D, E Real-time PCR (D) and ELISA (E) analysis IL-6, CXCL2, CCL20, and CXCL1 mRNA expression and production in WT and Ndr1-KO primary astrocytes following

stimulation with IL-17 (100 ng/ml) for the indicated times.
F Ndri-KO mice (n = 5) and WT mice (n = 5) were treated by intraperitoneal injection of PBS or IL-17 (0.5 pg in 200 pl PBS) for 24 h, and then, the peritoneal
mesothelial cells were isolated to detect /L-6, CXCL2, and CXCL1 mRNA expression.
Data information: Data were normalized to a reference gene, Actin. *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed Student’s t-test). Data are
representative of three (A-D) or two (E, F) independent experiments with similar results. Error bars are mean + SEM values.
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Figure 2.

We next examined NDR1 protein expression in colon samples of compared to that of normal control subjects (Fig 2I). Biopsies from all
34 UC patients and 29 control non-IBD subjects by immunohisto- UC patients (34 of 34) exhibited strong NDR1 staining, whereas only
chemistry. The epithelial NDR1 level was enhanced in UC patients 66% (19 of 29) of the normal control subjects showed strong NDR1
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Figure 2. NDR1 deficiency restricts TNBS-induced colitis.
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A WT (n = 18) and Ndr1-KO (n = 18) mice were challenged intrarectally with 2,4,6-trinitrobenzenesulfonic acid (TNBS) (200 mg/kg) to induce acute colitis. Mouse

death was monitored until day 5. *P < 0.05 versus WT TNBS (Mantel-Cox test).

B-D In a separate experiment, WT (n = 9) and NdrI-KO (n = 13) mice were treated with TNBS (150 mg/kg). Clinical scores (B), changes in body weight (C), and colon
length (D) were measured in WT and NdrI-KO mice treated with TNBS for a total of 4 days. Mice were euthanized on day 4.

E ELISA analysis of IL-6, TNF-a, and CXCL2 production by cultured whole-colon tissue from the mice shown in (D), which were euthanized on day 4.

F Histology of colonic cross sections from mice treated as in (D). Scale bar of the upper panel, 200 um; scale bar of the lower panel, 50 um.

G Semiquantitative histological score was assessed as described in the Materials and Methods section. *P < 0.05 versus WT TNBS. WT (n = 5) and Ndr1-KO (n = 5).

H Western blotting analysis of NDR1 expression in TNBS-induced colonic proteins.

|

Representative NDR1-antibody staining of human colon sections from non-IBD normal controls and from UC patients. Scale bar, 50 pm.

Data information: (B—E, G) ns, not significant, *P < 0.05, **P < 0.01 (unpaired, two-tailed Students’ t-test). Similar results were obtained in two (A-F) independent

experiments. Error bars are mean + SEM values.
Source data are available online for this figure.

staining (Table 1, P = 0.004). Taken together, these results indicate
that NDR1 might be involved in the development of human colitis.

IL-17A is a pivotal pro-inflammatory cytokine secreted by Th17,
a particular subset of T lymphocytes [1], and IL-17A has been
reported to be involved in the development of IBD [10]. NDR1 was
shown clearly to promote TNBS-induced colitis and IL-17-mediated
inflammation. We next explored whether NDR1 has effect on the
production of Th17 cells in TNBS-induced IBD. The mice were
presensitized, and colitis was induced by rectal injection with TNBS.
Consistent with our aforementioned results, NdrI-KO mice showed
much lower disease severity, which was characterized by less
weight loss (Fig EV3A), and less shrinkage in the colon length
(Fig EV3B). To determine whether NDR1 deficiency affects the
induction of Th17 cells in TNBS-induced colitis, fluorescence-acti-
vated cell sorter (FACS) analysis of intestinal lamina propria cells
and mesenteric lymph node cells in WT and Ndri-KO mice was
conducted on day 4 after induction of colitis. The frequency and the
absolute number of Th17 cells (Fig EV3C-H) and regulatory T cells
(Treg) (Appendix Fig SIA-D) in colons and mesenteric lymph nodes
were comparable between TNBS-treated WT and TNBS-treated
Ndr1-KO mice. These results suggest that NDR1 has no effect on the
production of Th17 or Treg cells in TNBS-induced colitis. To further
explore the role of NDR1 in the differentiation of Th17 and Treg
cells, we performed an in vitro naive CD4"* T-cell activation assay.
Ablation of NDR1 had no effect on the production of Th17 effector
cells (Fig EV3I and J) or Treg cells (Appendix Fig S1E and F). Taken
together, these results suggest NDR1 contributes to TNBS-induced
colitis likely by its promotion of IL-17-mediated signaling rather
than the source of IL-17.

NDR1 contributes to EAE by its promotion of
IL-17-mediated signaling

IL-17 binds to IL-17R expressed on epithelial cells, endothelial cells,
and fibroblasts [1] and plays a critical role in the development of

Table 1. NDR1 expression in UC patients from Xinhua Hospital.

EAE [12]. To further determine whether NDR1 promotes IL-17-
induced inflammation in vivo, Ndr1-KO and WT mice were irradi-
ated to destroy bone marrow cells and then given a transplant of
bone marrow cells from WT or Ndri-KO mice. Eight weeks after
bone marrow transplantation, EAE was induced in the mice by
immunizing them with myelin oligodendrocyte glycoprotein (MOG;
MOG [35-55]) [15]. Whereas EAE was strongly induced in WT mice
chimera (WT—WT) with a peak clinical score of 4.1 and WT mice
transplanted with Ndr1-KO bone marrow cells (KO->WT) with a
peak clinical score of 3.9, the disease severity was significantly
inhibited in Ndr1-KO mice transplanted with WT bone marrow cells
(WT—KO) with a peak clinical score of 2.5 (Fig 3A). Consistently,
levels of myelin oligodendrocyte glycoprotein (MOG)-induced pro-
inflammatory factors such as IL-6, CXCL1, CXCL2, and TNF-a in the
spinal cords (Fig 3B) and brains (Fig 3C) of WT—-KO chimeras were
significantly lower than those in WT—WT chimeras and KO->WT
chimeras, and the levels of these pro-inflammatory factors were
similar between WT—WT chimeras and KO—WT chimeras. Histo-
logical analysis by hematoxylin and eosin staining revealed a
substantially lower level of perivascular infiltration of inflammatory
cells in the spinal cords of WT—KO chimeras, and less demyelina-
tion was also observed by Luxol fast blue staining in WT—KO
chimeras. However, perivascular infiltration of inflammatory cells
and demyelination were comparable between the spinal cords of
WT—-WT chimeras and those of KO—-»WT (Fig 3D). These results
collectively suggest that NDR1 deficiency in a non-hematopoietic
system restricts EAE development.

NDR1 was clearly shown to promote IL-17-mediated signaling
and downstream gene induction of inflammatory molecules both
in vitro and in vivo (Figs 1, EV2 and EV3). We next investigated
whether NDR1-mediated promotion of IL-17-mediated signaling was
really responsible for the observed inhibitory effect on EAE in the
WT—KO chimera mice. The blocking antibody of IL-17A was used
during the induction of EAE. Consistent with a previous report [6],
treatment of the IL-17-blocking antibody greatly ameliorated EAE

NDR1 expression

Group types Total no. studied — (%) + (%) ++ (%) +++ (%)
Normal 29 0 (0.0%) 0 (0.0%) 10 (34%) 19 (66%)
Ulcerative colitis** 34 0 (0.0%) 0 (0.0%) 0 (0.0%) 34 (100.0%)

Correlations were analyzed using Pearson’s chi-squared test. **P = 0.004 compared with normal colon tissues.

EMBO reports Vol 18 | No 4 | 2017 © 2017 The Authors
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Figure 3. NDR1 deficiency in a non-hematopoietic system restricts MOG-induced EAE.
A Mice with reconstituted bone marrow were immunized with MOG (35-55) to induce EAE. Mean clinical scores were calculated every other day according to the
standards described in the Materials and Methods section (*WT-WT versus WT-KO; °KO-WT versus WT-KO).

IL-6, TNF-a, CXCL1, and CXCL2 mRNA in the spinal cords (B) or in the brains (C) were measured by real-time PCR on day 14 after the second MOG immunization.
D Histology of the spinal cord was analyzed by hematoxylin and eosin (HE) or Luxol fast blue (LFB) staining on day 14 after the second MOG immunization. Scale
bars for the left panel, 200 um; scale bars for the right panel, 50 pm.

Data information: ns, not significant, *P < 0.05 and **P < 0.01; °P < 0.05 and °°°P < 0.001 (unpaired, two-tailed Student’s t-test). Similar results were obtained in two
independent experiments. Error bars are mean + SEM values.
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Figure 4. NDR1 deficiency restricts MOG-induced EAE by its promotion of IL-17 signaling.

A Mice with reconstituted bone marrow were immunized with MOG (35-55) to induce EAE. The mice (n = 5/group) were treated with intraperitoneal injection of an
anti-1L.-17A antibody (100 pg/mouse each time) or appropriate isotype controls on days 7, 9, 11, and 13 after the second MOG immunization. Mean clinical scores
were calculated every other day according to the standards described in the Materials and Methods section (*WT-WT isotype versus WT-KO isotype; °WT-WT
isotype versus WT-WT o-IL-17).

B, C IL-6, TNF-a, CXCL1, and CXCL2 mRNA in the spinal cords (B) or in the brains (C) were measured by real-time PCR on day 14 after the second MOG immunization.

D Histology of the spinal cord was analyzed by hematoxylin and eosin (HE) or Luxol fast blue (LFB) staining on day 14 after the second MOG immunization. Scale
bars for the left panel, 200 um; scale bars for the right panel, 50 um.

Data information: ns, not significant, *P < 0.05 and **P < 0.01; °P < 0.05 and °°P < 0.01 (unpaired, two-tailed Student’s t-test). Similar results were obtained in two
independent experiments. Error bars are mean £+ SEM values.
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severity and delayed onset of disease in WT chimeras (Fig 4A). The
WT—-KO chimera mice exhibited much reduced EAE severity
compared to WT chimeras, which was obliterated after the injection
of IL-17-blocking antibody (Fig 4A). Parallel gene expression analy-
ses revealed the induction of several known IL-17 target genes, IL-6,
CXCL1, and CXCL2 in spinal cord (Fig 4B) and IL-6, CXCL1, and
TNF-o in brain (Fig 4C) was substantially attenuated in the WT—
KO chimeras compared to WT chimeras, but the expression of these
genes in WT chimeras decreased to similar levels in WT—KO
chimeras after treatment with IL-17-blocking antibody (Fig 4B and
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C). Consistently, histological analysis by hematoxylin and eosin
staining revealed a markedly reduced perivascular infiltration of
inflammatory cells in the spinal cords of WT—KO chimeras, and
attenuated demyelination was also observed by Luxol fast blue
staining in WT—KO chimeras. The IL-17-blocking antibody
suppressed inflammatory infiltration and demyelination in WT
chimeras to comparable levels of those in WT—KO chimeras
(Fig 4D). These results collectively suggest that NDR1 deficiency in
a non-hematopoietic system restricts EAE development likely by its
promotion of IL-17-mediated signaling.
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Figure 5. NDR1 promotes IL-17 signaling.

A
immunoblotted with the indicated antibodies.

B,C WT and Ndr1-KO MEFs (B) or primary astrocytes (C) were treated with 100 ng/ml
indicated antibodies.

D

lysates were immunoblotted with the indicated antibodies.

Hela cells were transfected with NDR1 siRNA or control siRNA and then stimulated with 50 ng/ml IL-17 for O, 15, 30, or 60 min. Whole cell lysates were

IL-17 for 0, 15, 30, or 60 min. Whole cell lysates were immunoblotted with the

WT and Ndr1-KO MEFs transfected with a retrovirus encoding mock, Flag-NDR1, or Flag-NDR1/K118A were treated with I1L.-17 (100 ng/ml), and the whole cell

Data information: Numbers between two blots indicate densitometry of phosphorylated proteins relative to that of total proteins, respectively. Similar results were

obtained in at least three (A-C) or two (D) independent experiments.
Source data are available online for this figure.
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To further prove that NDR1 contributes to EAE development by
its promotion of IL-17-mediated signaling, Th17 cell transfer was
conducted to induce EAE, which is normally used for assessing the
IL-17-mediated effect on EAE induction. EAE induced by Th17 cell
transfer was dramatically suppressed in the Ndri-KO mice versus
WT mice (Appendix Fig S2A). Consistent with the clinical scores,
histological analysis by hematoxylin and eosin staining showed
markedly reduced inflammatory infiltration and demyelination in
the spinal cords of Ndri-KO mice (Appendix Fig S2B). Furthermore,
the induction of IL-6, CXCL1, CXCL2, and CCL20 in spinal cord
(Appendix Fig S2C) and brain (Appendix Fig S2D) was substantially
attenuated in the Ndri-KO mice compared to the WT mice, indicat-
ing that NDR1 deficiency controls EAE development through its
effects on the CNS-resident cells.

NDR1 promotes IL-17-mediated signaling independent of its
kinase activity

The underlying signaling mechanism by which NDR1 promotes IL-
17-triggered inflammation was explored next. The IL-17-induced
MAPKs and NF-kB pathway are essential for expression of pro-
inflammatory factors [13]. As shown in Fig SA, the silencing of
NDR1 in HeLa cells downregulated the IL-17-induced phosphoryla-
tion of p38, ERK1/2, and NF-xB p65. Consistent with this, NDR1
deficiency in MEFs (Fig 5B) or astrocytes (Fig 5C) inhibited MAPKs
and NF-kB p65 activation induced by IL-17. Furthermore, overex-
pression of NDR1 and its kinase mutant in Ndr1-KO MEFs restored
the IL-17-induced phosphorylation of the p38, ERK1/2, and NF-xB
p65 subunits (Fig 5D). Similarly, the reduction in IL-17-induced
p38, ERK1/2, and NF-«xB p65 activation in NDR1-silenced HeLa cells
was prevented by the overexpression of NDRI and its K118A
mutants (Fig EV4A). Conversely, overexpression of NDR1 or NDR1
K118A in HeLa cells increased the IL-17-induced activation of p38,
ERK1/2, and NF-xB p65 (Fig EV4B). The IL-17F-induced activation
of p38 and NF-«xB p65 was also noticeably decreased in NDRI-
silenced HeLa cells, Ndrl-KO MEFs, and primary astrocytes
(Fig EV4C-E). NDR1 deficiency also inhibited the TNF-o- and IL-1p-
induced activation of p38 and ERK1/2 (Fig EV4AF and G). Taken
together, these results suggest that NDR1 promotes the IL-17-
mediated signaling pathway in a kinase activity-independent
manner.

Figure 6. NDR1 interacts with TRAF3.
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NDR1 interacts with TRAF3

To investigate the underlying mechanisms involved in the positive
regulation of IL-17-mediated signaling by NDR1, we examined the
effects of NDR1 on the expression of IL-17R, Actl [20,21], TRAF6
[21], TRAF3 [15], TRAF2, and TRAFS5 [14], which have been
demonstrated to modulate IL-17 signaling in HeLa cells and MEFs.
NDR1 had no effect on the expression of these proteins (data not
shown). Therefore, we immunoprecipitated NDR1 from lysates of
HeLa cell stably overexpressing Flag-NDR1 to determine which
proteins might interact with NDR1 in IL-17-mediated signaling. The
results showed that NDR1 physically associates with TRAF3
(Fig 6A) but not with TRAF2, TRAF6, TRAF4, TAKI1, or Actl
(Appendix Fig S3A). When a TRAF3-specific antibody was used in
the immunoprecipitation assay, the association between TRAF3 and
NDR1 was also detectable in HeLa cells (Fig 6B) and MEFs
(Appendix Fig S3B). IL-17 treatment promoted this association in a
time-dependent manner, and the interaction between these proteins
peaked at 5 min after IL-17 treatment (Fig 6B). When transiently
overexpressed, NDR1 also interacted with TRAF3 (Fig 6C) but not
with TRAF2, TRAF6, TAKI, or Actl in HEK293T cells (data not
shown). NDR1 directly interacted with TRAF3, as shown by the fact
that Flag-TRAF3 was able to pull down Myc-NDR1 and vice versa
(Fig 6D and E). NDR1 consists of a central kinase catalytic domain
and a hydrophobic motif-containing C-terminal and N-terminal [19].
The different deletion constructs of NDR1 (Appendix Fig S3C) were
constructed to detect their interactions with TRAF3. Domain-
mapping experiments showed that TRAF3 interacts with the central
domain of NDR1 (NDR1 dS-TKc) (Fig 6F). In addition, we
constructed different deletion mutants of TRAF3 (Appendix Fig
S3D) and examined which domain is required for TRAF3 to interact
with NDR1. The results (Fig 6G) showed that only the full-length
and the TRAF deletion mutant interacted with NDR1, indicating that
the RING-finger, zinc-finger, and coiled-coil domains might be
required for the association of TRAF3 with NDRI.

NDR1 enhances IL-17-mediated signaling by targeting TRAF3
To further investigate whether NDR1 positively regulates IL-17-

mediated signaling by targeting TRAF3, we transfected control siRNA
or NDR1-specific siRNA into Traf3"*/* MEFs and Traf3~/~ MEFs and

A Whole cell lysates of Hela cells stably expressing Flag-NDR1 or Flag-mock were immunoprecipitated (IP) with anti-Flag beads, which was followed by

immunoblotting (IB) with anti-Flag or anti-TRAF3.

B Whole cell lysates of IL-17-treated HelLa cells were immunoprecipitated with anti-TRAF3 or control IgG, which was followed by immunoblotting (IB) with anti-TRAF3,

anti-NDR1, anti-p-p38, or anti-actin.

C HEK293T cells were transfected with the combined plasmids as indicated. Whole cell lysates were immunoprecipitated (IP) with anti-HA beads, which was followed

by immunoblotting (IB) with anti-Flag or anti-HA.

D Recombinant Myc-tagged NDR1 proteins were mixed with Flag-tagged TRAF3 or Flag-tagged EGFP-purified proteins, and then, the proteins were pulled down with

anti-Flag beads.

E Recombinant Flag-tagged TRAF3 proteins were mixed with Myc-tagged NDR1 or Myc-His-tagged EGFP-purified proteins, and then, the proteins were pulled down

with protein A/G beads plus anti-Myc.

F  HA-tagged full-length NDR1, dC (1-440), dNC (90-440), or dS-TKc truncation mutants were co-expressed with Flag-TRAF3 in HEK293T cells and then

immunoprecipitated using anti-HA beads.

G HA-tagged full-length TRAF3, dTRAF, dRing, AZinc, CT, or TRAF truncation mutants were co-expressed with Flag-NDR1 in HEK293T cells and then immunoprecipitated

by anti-HA beads.

Data information: The data are representative of three independent experiments. (B, D-G) * indicates the target band.

Source data are available online for this figure.
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then detected IL-17-mediated signaling events by Western blot analy-
sis. In line with previous findings [15], a TRAF3 deficiency greatly
enhanced the IL-17-induced activation of p38, ERK1/2, and NF-xB

NDR1 positively regulates IL-17-triggered signaling via TRAF3
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p65 and expression of cytokines (Fig 7A and B). The silencing of
NDR1 impaired the phosphorylation of p38, ERK1/2, and NF-kB p65
subunits that was induced by IL-17 in Traf3"/* MEFs but did not
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Figure 7. NDR1 promotes IL-17 signaling by targeting TRAF3.

A Wild-type (Traf3+/+) and TRAF3-deficient (Traf3’/’) MEFs were transfected with control siRNA or NDR1 siRNA and stimulated with 1L-17 (100 ng/ml) for the indicated
times. Whole lysates were subjected to Western blot. Numbers between two blots indicate densitometry of phospho-p65 relative to that of total p65.

B Real-time PCR analysis of IL-6, CXCL2, CXCLL, and CCL20 mRNA expression in MEFs treated as described in (A).

ELISA assay of IL-6 and CCL20 production in MEFs from (B).

D WT and Ndrl-KO MEFs were treated with TNF-o (20 ng/ml) for 1 h. Fresh medium containing ActD alone or with IL-17 was then added. Total RNA was collected at
the indicated times, the levels of CXCLI and actin mRNA were detected by real-time PCR, and the percentage of remaining CXCLI mRNA relative to actin is shown for
each experimental condition.

E The mRNA level for CXCL1 was normalized to the Actin mRNA level and plotted as log of the percentage of remaining mRNA versus time. The best fit to liner decay
was determined, and the t;,, was calculate from the intersection at the point corresponding to 50% residual RNA.

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed Student’s t-test). Similar results were obtained in three independent experiments. Error
bars are mean + SEM values.
Source data are available online for this figure.
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affect the phosphorylation of p38, ERK1/2, and NF-kB p65 subunits
induced by IL-17 in Traf3~/~ MEFs (Fig 7A). In addition, the silencing
of NDR1 diminished the IL-17-induced IL-6, CXCL2, CXCL1, and CCL20
expression in Traf3*/* MEFs but not in Traf3~/~ MEFs (Fig 7B). The
production of IL-6 and CCL20, as detected by ELISA, verified the
results from the mRNA assay experiments (Fig 7C).

TRAF3 has been shown to suppress the stabilization of the
chemokine CXCL1 mRNA induced by IL-17 [15]. We therefore
examined whether NDR1 modulates the IL-17-mediated stabilization
of CXCL1 mRNA. WT and Ndri-KO MEFs were pretreated with
TNF-o for 1 h and then treated with actinomycin D (to block tran-
scription) alone or with IL-17 for 1-3 h. IL-17 prolonged the mRNA
t1,2 of CXCL1 in both WT and Ndri-KO MEFs. The degradation of
KC mRNA was more rapid in Ndrl-KO MEFs than in WT MEFs
(Fig 7D); thus, the half-life of the CXCL1 chemokine induced by
TNF-o was extended in NdrI-KO MEFs (Fig 7E), which indicates
NDR1 promotes the IL-17-mediated stabilization of KC mRNA. All
together, these results suggest that NDR1 promotes IL-17-mediated
signaling by targeting TRAF3.

It has been reported that TRAF3 interacts with the TNF receptor
2 (TNFR2) or TRAF2 and inhibits TNFR2 signaling [22]. NDR1 defi-
ciency inhibited the TNF-a-induced expression of pro-inflammatory
cytokines and activation of p38 and ERK1/2 (Figs EV2E and EV4F).
Therefore, we next explored whether NDRI1 regulates TNF-o-
mediated signaling via TRAF3 using Traf3-knockout MEFs. Silenc-
ing of NDR1 inhibited the phosphorylation of p38 and ERK1/2 and
the induction of IL-6, CXCL1, and CCL20 triggered by TNF-o in WT
MEFs. These processes were also abolished in Traf3™/~ MEFs
(Fig EVSA and B). Taken together, these results demonstrate that
NDR1 promotes TNF-o-mediated signaling via targeting TRAF3.

NDR1 competes with IL-17R to interact with TRAF3

TRAF3 has been shown to negatively regulate IL-17-induced signal-
ing by competing with Actl to bind IL-17R and interfere with the
formation of the IL-17R-Actl-TRAF6 complex [15]. Because the
binding of NDR1 with TRAF3 was promoted by IL-17 treatment, we
next explored whether NDR1 interferes with the interaction between
IL-17R and TRAF3. Because the commercially available anti-IL-17R
antibody was not efficient in immunoprecipitating endogenous IL-
17R, HeLa cell lines stably expressing HA-tagged IL-17R were trans-
fected with NDR1-specific RNA or NDR1-expressing plasmids, and
co-immunoprecipitation assays were conducted. The overexpression
of NDR1 impaired the IL-17-induced interaction between IL-17R and
TRAF3 but promoted the interaction between IL-17R and Actl
(Fig 8A). In contrast, silencing of NDR1 promoted the interaction of
IL-17R with TRAF3 but inhibited the interaction of IL-17R with Actl
in IL-17-treated HeLa cells (Fig 8B). In addition, HeLa cells trans-
fected with empty or NDR1 plasmids were treated with IL-17 for dif-
ferent times and then immunoprecipitated with TRAF3- or Actl-
specific antibodies. As shown in Fig 8C and D, the overexpression
of NDRI1 impaired the IL-17-induced association of IL-17R with
TRAF3 (Fig 8C) but promoted the interaction of IL-17R with Actl
(Fig 8D). To confirm these results, Ndri-KO MEFs were used to
perform immunoprecipitation assay with TRAF3 or Actl antibodies.
As shown in Fig 8E and F, the IL-17-induced association of IL-17R
and TRAF3 was enhanced (Fig 8E), and the interaction of IL-17R
with Actl was inhibited (Fig 8F), in Ndri-KO MEFs compared to

© 2017 The Authors
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WT MEFs. Collectively, these results suggest that NDR1 interferes
with the association of IL-17R and TRAF3 and promotes the forma-
tion of the IL-17R-Actl complex, which is required for downstream
signaling and cytokine induction.

Discussion

IL-17 binds to the IL-17 receptor and triggers a signaling pathway
leading to the expression of cytokines and chemokines. The explo-
ration of the signaling pathway linking this receptor activation to a
specific physiological function and the details of the molecular
mechanism are important for the development of new therapeutic
strategies for IL-17-dependent inflammatory and autoimmune
diseases. Here, we showed that NDR1 protein kinase promoted the
formation of the IL-17R and Actl complex by targeting TRAF3 and
enhanced the IL-17-induced production of pro-inflammatory cyto-
kines and chemokines. NDR1 deficiency reduced IL-17-induced peri-
tonitis and EAE in mice.

NDR1 is involved in the regulation of BCR signaling via the
modulation of MYC and p21 protein stability during the progres-
sion of the cell cycle [23]. It is also involved in mediating both
egress of thymocytes from the thymus and lymphocyte motility
[24]. The role of NDRI1 in specific signaling pathways and
inflammation is still poorly characterized. To date, only one
published study has shown that NDRI1 functions as a negative
regulator in TLR9-mediated signaling and inflammation in macro-
phages [19]. In the current study, we identified NDR1 as positive
regulator of IL-17-induced inflammation in vitro and in vivo. The
IL-17-mediated expression of inflammatory genes was significantly
decreased by NDR1 deficiency or knockdown. Interestingly, both
the overexpression of NDR1 and its kinase-dead mutant K118A
robustly increased the IL-17-induced expression of pro-inflamma-
tory molecules. In addition to suppressing the response to IL-17
in vitro, NDR1 deficiency also resulted in impaired inflammatory
responses in vivo. The peritoneal mesothelial cells of Ndri-KO
mice expressed lower levels of IL-17-induced genes than wild-type
(WT) control mice.

It has been well studied that IL-17 cytokine plays critical roles
in pathogenesis of IBD [20,25]. Here, we demonstrated NdrI-KO
mice were also more resistant to TNBS-induced colitis. However,
NDRI1-KO mice did not show any defect in the production of
Th17 cells which are reported to secrete IL-17 cytokine during the
phase of TNBS-induced colitis [26]. Consistently, NDR1 deficiency
does not affect Th17 cell differentiation in vitro. Simultaneously,
NDR1 deficiency in the non-hematopoietic system of mice but
not in the hematopoietic system correlated with a dramatically
lower severity of EAE compared to WT mice. Furthermore, IL-17-
blocking antibody treatment during the induction of EAE
decreased EAE severity including clinical scores, pro-inflammatory
cytokine production, pro-inflammatory infiltration, and demyelina-
tion in WT chimeras to paralleled levels of WT—KO chimeras.
Taken together, NDR1 positively regulates the pathogenesis of
IBD and EAE in vivo by the promotion of IL-17-mediated signal-
ing rather than the induction of IL-17 cells. Further study would
be worthwhile to explore the importance of NDR1 in the control
of other autoimmune diseases, such as rheumatoid arthritis and
psoriasis.
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Figure 8. NDR1 competes with IL-17R to interact with TRAF3 and promote the formation of the IL-17R-ACT1 complex.

A, B Hela cells stably expressing HA-IL-17RA were transfected with NDR1 siRNA or control siRNA (A) or plasmids encoding NDR1 (B) and then were treated with IL-17
(50 ng/ml) for 0, 5,10, or 20 min. Whole cell lysates were immunoprecipitated (IP) with anti-HA or control IgG, which was followed by immunoblotting (IB) with
the indicated antibodies. Numbers between two blots indicate densitometry of TRAF3 or ACT1 relative to HA-IL-17R in immunoprecipitates.

CD

Hela cells were transfected with plasmids encoding NDR1 or with empty vectors and then stimulated with IL-17 (50 ng/ml) for 0, 5, 15, or 30 min. Whole cell

lysates were immunoprecipitated (IP) with anti-TRAF3 (C) or anti-Actl (D), which was followed by immunoblotting with the indicated antibodies. Numbers
between two blots indicate densitometry of IL-17R relative to that of TRAF3 (C) or Actl (D) in immunoprecipitates.

E,F WT and Ndr1-KO MEFs were treated with 100 ng/ml IL-17 for the indicated times. Whole cell lysates were immunoprecipitated (IP) with anti-TRAF3 (E) or anti-
Actl (F), which was followed by immunoblotting with the indicated antibodies. Numbers between two blots indicate densitometry of IL-17R relative to that of

TRAF3 (E) or Actl (F) in immunoprecipitates.

Data information: Similar results were obtained in two (A, B) or three (C—F) independent experiments.

Source data are available online for this figure.
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It has been well documented that Actl [20,21], TRAF6 [21],
TRAF4 [27], TRAF3 [15], TRAF2, and TRAF5 [14] are involved in
the activation of NF-kB and MAPKs and in the stabilization of
chemokine CXCL1 mRNA triggered by IL-17. Here, we found that
NDR1 greatly promoted the activation of NF-kB and MAPKs and the
stabilization of CXCL1 mRNA in response to stimulation with IL-17,
suggesting that NDR1 plays a general role in IL-17 signaling. Co-
immunoprecipitation experiments showed that NDR1 specifically
interacted with TRAF3, which has been reported to be a negative
regulator of IL-17R-mediated signaling [15]. We further demon-
strated that NDR1 positively regulates IL-17-mediated signaling by
targeting TRAF3. NDRI1 inhibited the binding of TRAF3 to IL-17R,
which released IL-17R and activated IL-17R-Act1-TRAF6 complex.
Consistent with these results, Ndr1-KO MEFs or NDR1-silenced HeLa
cells showed impaired NF-xB and MAPKs signaling and a decrease
in the cytokine and chemokine production induced by IL-17F, which
is also signaled via the IL-17R-Act1-TRAF6 complex [28].

TNF-a signals through two distinct receptors, TNFR1 and TNFR2
[29], and both of them are expressed on MEFs. We here showed
that NDR1 promoted TNF-o-mediated signaling by targeting TRAF3.
TRAF3 has been reported to form heterotrimers with TRAF2 to
inhibit TNF signaling [30]. It also has been reported to interact with
TNFR2 and negatively regulate TNFR2 signaling [22]. Therefore,
NDR1 may directly interact with TRAF3 and inhibit the binding of
TRAF3 to TRAF2 or TNFR2, leading to the enhanced TNF-o-
mediated signaling. Upon binding with IL-1B, the receptor IL-1R
recruits myeloid differentiation primary response gene 88 (MYD88)
and interleukin-1 receptor-activated protein kinase (IRAK) 4 to form
activated trimeric complex, followed by phosphorylation of IRAK1
and IRAK2, and then recruits TRAF6 to activate the IL-1p path-
way [31]. In this study, NDR1 deficiency also suppressed the
IL-1B-mediated signaling in MEFs. However, the role of TRAF3 in
IL-1P signaling remains unknown. NDR1 has been reported to phos-
phorylate YAP and negatively regulate YAP activity [18], and it also
has been shown to suppress TLRO signaling by the regulation of
MEKK?2 expression [19]. Whether NDR1 positively modulates IL-1f-
mediated signaling via targeting TRAF3 or via modulating expres-
sion or activity of some signaling events involved in IL-1p pathway
needs to be further explored.

In summary, our study identified a novel role of NDR1 in regulat-
ing IL-17-induced signaling and inflammation that is independent of
its kinase activity. NDR1 interacts with TRAF3 and interferes with the
association of TRAF3 and IL-17R, resulting in increased formation of
the activation complex IL-17R-Actl, which is required for the down-
stream signaling and production of pro-inflammatory factors
(Appendix Fig S4). NDR1-deficient mice are resistant to MOG-induced
EAE and TNBS-induced colitis, and NDR1 expression was increased
in the colon tissue of UC patients. These results demonstrate that
NDRI1 positively modulates IL-17-mediated inflammation and may be
a potential therapeutic target for the treatment of IBD and MS.

Materials and Methods
Reagents and antibodies

Recombinant IL-17A (mouse and human), human TGF-B, and
mouse IL-1B were purchased from Pepro Tech; human IL-17F
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(11855-HNAE) and TNF-o were purchased from Sino Biological
Inc; actinomycin D (ActD), antibody for NDR1 (12201-5s), and
anti-Flag (M2) beads were purchased from Sigma-Aldrich.
Primary antibodies against p-p65 (3033s), p-p38 (4511S), p-ERK1/
2 (4370S), p65 (8242), p38 (8690), and ERK1/2 (4695) were
purchased from Cell Signaling Technology. Primary antibodies for
NDR1/2 (sc-66998), TRAF3 (sc-6933, sc-1828), TRAF2 (sc-877),
TRAF6 (sc-8409), TRAF4 (sc-136107), IL-17R (sc-376600), Actl
(sc-11444), and mouse control IgG were purchased from Santa
Cruz Biotechnology. Antibodies for Flag, HA, and anti-HA beads
were purchased from Abmart. Antibody for GADPH (M130718)
was purchased from Abcam. JetPEI was purchased from Poly-
sciences; INTERFERin was purchased from Polyplus; and Lipofec-
tamine RNAIMAX was purchased from Invitrogen. Recombinant
mouse IL-6 (575702), anti-CD3 (B202621), anti-CD28 (B209363),
anti-IL-4 (B213843), anti-IFN-y (B193599), and anti-IL-12/IL-23P40
(B174522) were purchased from BioLegend. Phycoerythrin-conju-
gated antibody to mouse IL-17A, allophycocyanin-conjugated anti-
body to mouse Foxp3, and fluorescein isothiocyanate-conjugated
antibody to mouse CD4 were purchased from BioLegend. IL-17A
neutralization antibody (16-7173-95) and relative isotype IgG
were purchased from eBioscience. Mouse Naive CD4* T Cell
Isolation Kit (15L66873) was purchased from STEMCELL
Technologies.

Mice

NDRI1 knockout (Ndri-KO) mice were kindly provided by Professor
Hemmings Brain of Friedrich Miescher Institute for Biomedical
Research, and 6- to 8-week-old Ndrl-KO mice and their littermates
with a C57BL/6 background were used in this study. C57BL/6J mice
were purchased from Joint Ventures Sipper BK Experimental
Animals (Shanghai, China). The progeny of Ndrl*/~ intercrosses
were genotyped by PCR analysis of DNA isolated from the tail using
the following three primers: 5-GTACATTAGGTAAGACTTGAGG-3/,
5'-CTAGCTCATCCAGCCATGTG-3', and 5-GCAGCGCATCGCCTTCT
ATC-3'. All the mice were maintained under specific pathogen-free
conditions. All animal experiments were performed in accordance
with protocols approved by the Scientific Investigation Board of
Zhejiang University.

Human samples

Human paraffin-embedded colon sections from IBD patients
or normal control colon sections were obtained from Xinhua
Hospital. The basic information from all the patients, including
age, sex, and colitis location, is summarized in Appendix
Table S1.

Plasmids

TRAF3 and NDR1 were amplified from HeLa cells by PCR and
ligated into pcDNA3.1-Flag/HA to construct Flag- or HA-tagged
expression plasmids, and truncated TRAF3 was amplified from
vectors expressing full-length TRAF3 and cloned into pcDNA3.1-HA
expression vectors. NDR1 and NDR1/K118A were ligated to pMXs-
IRES-GFP vector for retrovirus-mediated restoration of gene expres-
sion in MEFs.
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Cell culture, plasmid transfection, and siRNA silencing

HeLa cells, human HEK293T cells, Plate E cells, HeLa cells stably
expressing HA-tagged IL-17R (gifts from Prof. Y. Qian, Chinese
Academy of Science), and Traf3*/* and Traf3~/~ MEFs (gifts from
Prof. G. Cheng, University of California) were cultured in DMEM
supplemented with 10% FBS. Primary MEFs were isolated from
embryos on embryonic days 12.5-14.5 and were maintained in
DMEM supplemented with 15% FBS, 100 pug/ml penicillin G,
100 pg/ml streptomycin. HEK293T cells and HeLa cells were trans-
fected with plasmids, as indicated below, using PEI according to the
manufacturer’s protocol. HeLa cells were transfected with
NDR1-targeted siRNA (GUAUUAGCCAUAGACUCUAUUATAT) using
INTERFERin, and MEFs were transfected with NDRI-targeted
siRNA (AGACCAGCUGCGAUAUCUAUUATAT) using Lipofectamine
RNAIMAX according to the manufacturer’s instructions.

Retrovirus-delivered plasmid gene overexpression

Plate E cells were transfected with pMXs-IRES-GFP-Flag-NDR1,
NDR1/K118A, or pMXs-IRES-GFP using the calcium phosphate
transfection method for viral packing, and the supernatant suspen-
sion was harvested to obtain the retrovirus. WT and Ndr1-KO MEFs
were infected with the retrovirus supernatant suspension. After
2 days, the cells were stimulated with IL-17A for the appropriate
time before real-time PCR and immunoblot analysis.

Quantitative real-time PCR and ELISA

Total RNA was extracted using TRIzol reagent (Invitrogen) follow-
ing the manufacturer’s protocols. The cDNAs were synthesized
using a cDNA synthesis kit (Takara) following the manufacturer’s
instructions. Real-time PCR was conducted using SYBR Green
(Takara). The primer sequences are shown in Appendix Table S2.
The production of pro-inflammatory molecules was detected using
an ELISA kit (eBioscience) following the manufacturer’s instruc-
tions.

Co-immunoprecipitation and immunoblotting

Co-immunoprecipitation and immunoblot analysis were performed
as previously reported [32]. Transfected HEK293T cells were lysed
in a lysis buffer (20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 10% glycerol, 1% NP-40, and a cocktail of proteinase inhi-
bitors). The supernatant of cell lysates was incubated with HA-
conjugated beads (Abmart) or anti-Flag beads (Sigma-Aldrich) for
3-4 h. Endogenous TRAF3 was immunoprecipitated using anti-
TRAF3 plus protein A/G beads. The beads were boiled to separate
the proteins, and then, the samples were analyzed by Western
blot.

Pull-down assay

The fusion proteins of Flag-TRAF3, Myc-His-EGFP, and Flag-EGFP
were expressed in HEK293T cells and purified according to standard
protocols. Myc-NDR1 (TP304133) was obtained from OriGene Techno-
logies. For the Flag pull-down assay, ~3 pg of the Myc-NDRI1
fusion protein bound to anti-Flag beads was mixed with Flag-EGFP
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or Flag-TRAF3 incubated at 4°C with gentle mixing. For the Myc
pull-down assay, ~3 pg of the Flag-TRAF3 fusion protein bound to
anti-Myc-coupled beads was mixed with Myc-His-EGFP or Myc-
NDR1 and incubated at 4°C with gentle mixing. After an overnight
incubation, the beads were washed three times with a cell lysis
buffer and separated with an SDS sample buffer and analyzed with
Western blot.

IL-17-induced peritoneal inflammatory responses

Male, age-matched WT and NdrI-KO littermates were injected
intraperitoneally with IL-17 (0.5 pg per mouse) or PBS. Twenty-four
hours later, peritoneal mesothelial cells were isolated as previously
described [33]. To remove intraperitoneal leukocytes, the peritoneal
cavity was washed with 5 ml PBS, and then, the peritoneal cavity
was injected with 5 ml 0.25% trypsin. After 10 min, the trypsin
solution was collected, and the peritoneal cavity was washed with
5 ml DMEM containing 10% FBS. The expression of pro-inflamma-
tory cytokines and chemokines in the cells was measured using
real-time PCR analysis.

Bone marrow chimeras

Recipient Ndr1-KO mice and control littermates were irradiated by
a sublethal dose of y-rays (9.0 Gy) to kill the bone marrow cells.
At 6 h post-irradiation, the recipients were injected with 1 x 107
bone marrow cells from donor wild-type or Ndri-KO mice in the
tail vein. Three experimental donation groups were established:
WT-WT, WT-KO, and KO-WT. Eight weeks after bone
marrow transplantation, blood was collected, and NDR1 geno-
typing analysis was performed to exclude mice in which the
transplantation had failed.

Induction of EAE

EAE was induced by a subcutaneous immunization with 200 pg of
MOG peptide (35-55) (Sangon Biotech Co.) and 1 mg of a heat-killed
H37Ra strain of Mycobacterium tuberculosis (Difo) emulsified in
complete Freund’s adjuvant injected into the back and head region.
This was followed by an injection of pertussis toxin (List Biological
Laboratories) at a dose of 200 pg/mouse in the tail vein. Forty-eight
hours later, pertussis toxin was administered again. Disease severity
was scored as previously described [15].

Adoptive transfer

WT mice were first immunized with MOG (35-55) plus complete
Freund’s adjuvant to induce EAE. LNs were collected 10 d later, and
cells were restimulated in vitro for 5 days with 20 pg/ml MOG (35-
55) in the presence of 20 ng/ml IL-23 for Th17 cell differentiation.
The MOG-specific Th17 cells (3 x 107 cells/mouse) were adoptively
transferred into sublethally irradiated (500 rads) WT and NdrI1-KO
mice, and disease severity was scored as described previously [34].

Isolation of astrocytes

Primary astrocytes were prepared as previously described [34], with
minor modifications. In brief, the cerebral cortices were collected
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with smooth, fine forceps from 2-day-old mice and were trypsinized
for 12 min at 37°C, plated in PDL-coated flasks, and cultured with
DMEM containing 10% FBS (Gibco). Astrocytes that had grown to
confluence 10-14 days after plating were divided and used for the
experiments.

CNS mRNA analysis

Fourteen days after the second immunization, brains and spinal
cords of mice with EAE were collected, and mRNA was obtained
from homogenized tissue.

TNBS-induced colitis

The mice were rectally injected with 2,4,6-trinitrobenzenesulfonic
acid (TNBS) (Sigma) at a dose of 150-200 mg/kg body weight in
50% ethanol or with 50% ethanol alone through a catheter inserted
into the colon 4 cm proximal to the anus, as previously described
[8]. Mice were sacrificed after treatment with TNBS for 4 days, and
colon tissue was washed with cold PBS containing gentamycin,
penicillin, and streptomycin. The colon tissue was cut into 1-cm®
pieces. RNA was extracted from one piece with TRIzol, and the
expression of pro-inflammatory molecules was quantified using
real-time PCR. The other piece of colon tissue was washed three
times with cold PBS containing 20 pg/ml gentamycin, 200 pg/ml
penicillin G, and 200 pg/ml streptomycin to remove residual intesti-
nal bacteria and then was incubated in supplemented culture
medium containing 200 pg/ml penicillin G and 200 pg/ml strepto-
mycin [35]. The medium was collected after incubation for 24 h at
37°C, and the production of pro-inflammatory molecules was deter-
mined with ELISA. For the detection of Th17 cells and Treg cells,
the mice were presensitized with the solution 1% (wt/vol) TNBS
diluted in acetone and olive oil which was applied to the backs of
mice. Seven days later, the mice were rectally injected with TNBS at
a dose of 150 mg/kg body weight as described above. Mice were
sacrificed after treatment with TNBS for 4 days, and cells isolated
from mesenteric lymph nodes and intestinal lamina propria were
analyzed by FACS.

Isolation of intestinal lamina propria cells

The murine intestinal lamina propria cells were isolated as previ-
ously described [36]. The isolated cells were incubated for 6 h in
the presence of PMA, ionomycin, and brefeldin A, followed by stain-
ing with anti-mouse markers: CD4, IL-17A, Foxp3.

In vitro CD4* T-cell differentiation

Splenocytes, cells from mesenteric lymph nodes of age- and sex-
matched WT and Ndr1-KO mice, were purified with Mouse Naive
CD4™ T Cell Isolation Kit. Purified naive CD4* T cells were acti-
vated with 1 pg/ml of plate-bound anti-CD3 and 3 pg/ml anti-CD28
under Th17 (10 pg/ml anti-IL-4, 10 pg/ml anti-IFN-y, 10 pg/ml
anti-IL-12/IL-23p40, 20 ng/ml IL-6, and 5 ng/ml TGF-B), or Treg
cells (10 pg/ml anti-IL-4, 10 pg/ml anti-IFN-y, 10 pg/ml anti-IL-12/
IL-23p40, and 5 ng/ml TGF-B) conditions. After 7 days of activation,
the differentiated T cells were stained with Foxp3 to quantify the
frequency of Treg cells or restimulated for 4 h with PMA and
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ionomycin in the presence of the protein transport inhibitor
brefeldin A, followed by intracellular staining with IL-17 to quantify
the frequency of Th17 cells.

Histological analysis

Colon tissue and spinal cords were fixed in 4% neutral formalin.
Paraffin-embedded tissues were cut into sections and stained with
hematoxylin and eosin. Histological scores were determined blindly
based on the previously described criteria [36]: 0 = normal;
1 = moderate mucosal inflammation without erosion or ulcer;
2 = severe mucosal inflammation with erosion; 3 = severe mucosal
(<1 mm); and 4 = severe mucosal
inflammation with ulcer (> 1 mm).

inflammation with ulcer

Statistical analysis

All data are expressed as the mean 4+ SEM. Results presented as
fold induction were relative to that of the unstimulated cells or
control group, and the baseline values were set as “1” in each panel.
Statistical significance between two experimental groups was
assessed using Student’s t-test. The clinical specimen analysis was
evaluated using Pearson’s chi-squared tests with a 95% confidence
interval (CI). A value of P < 0.05 was considered statistically signifi-
cant.

Expanded View for this article is available online.
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