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ARTICLE INFO ABSTRACT

Keywords: NDR/LATS kinase family are conserved from yeast to man and their roles in inflammation remains largely
NDR2 unknown. In the present study, we show that knockdown of NDR2 significantly increases IL-17-induced IL-6,
17 CXCL2 and CCL20 expression in Hela and HT-29 cells. Knockdown of NDR2 enhances IL-17-induced MAPK and
Inflammation NF-kB activation. NDR2 interacts with E3 ubiquitin protein ligase Smurfl, promotes Smurfl-mediated K48-
rﬁfﬁl linked ubiquitination of MEKK2 and inhibits expression of MEKK2. Consistently, knockdown of Smurf1 increases

IL-17-induced IL-6, CXCL2 and CCL20 expression. On the other hand, overexpression of MEKK2 increases IL-17-
induced IL-6 expression. These results suggest that NDR2 may play important roles in IL-17-associated in-
flammation by promoting Smurfl-mediated MEKK2 ubiquitination and degradation.

1. Introduction

Interleukin 17 (IL-17) is originally considered to be mainly pro-
duced by Th17 cell subset in adaptive immunity. Recent studies show
that some innate cell types, including 8y T cells, iNKT cells, LTi-like
cells, NK cells, myeloid cells and epithelia cells, also can produce IL-17,
as the early sources of IL-17 in response to stress, injury or pathogens
(Zhu et al.,, 2010). Among IL-17 family’s six members (IL-17 A to
IL—-17F), IL-17 A, commonly called as IL-17, is the first identified and
the most intensively studied member in this family (Iwakura et al.,
2011). IL-17 induce production of proinflammatory cytokines, chemo-
kines, antimicrobial peptides and metalloproteinases. IL-17 deficient
mice are highly susceptible to bacterial Infection (Ishigame et al.,
2009). IL-17 deficiency also leads to increased susceptibility to fungus
infection (Bar et al., 2014; Taylor et al., 2014). In another hand, IL-17
contributes to the development of many autoimmune diseases, such as
multiple sclerosis, rheumatoid arthritis, systemic lupus erythematosus,
psoriasis and inflammatory bowel disease (Bedoya et al., 2013). IL-17
promotes tumor angiogenesis by inducing vascular endothelial growth
factor (VEGF) expression and promotes tumor resistance to anti-an-
giogenic therapy (Chung et al., 2013; Numasaki et al., 2003). IL-17
deficiency significantly inhibits spontaneous intestinal tumorigenesis in
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ApcMi™/* mice, suggesting that endogenous IL-17 promotes intestinal

tumorigenesis (Chae and Bothwell, 2011; Wang et al., 2014).

IL-17 binds to a heterodimeric receptor complex of IL-17RA and IL-
17RC subunits, which recruits adaptor proteins Actl (also known as
TRAF3 interacting protein 2, TRAF3IP2) and TNF receptor associated
factor 6 (TRAF6), and ultimately activates MAPK and NF-kB to regulate
proinflammatory cytokines and chemokines expression, such as
Interleukin 6 (IL-6), C-X-C motif chemokine ligand 2 (CXCL2) and C-C
Motif Chemokine Ligand 2 (CCL2) (Gaffen, 2009). Actl also can recruit
TRAF2 and TRAF5 to stabilize mRNA transcripts of chemokines and
cytokines (Sun et al., 2011). Meanwhile, several negative regulators of
IL-17 signaling have been revealed. SCF®~™CPE3 ubiquitin ligase fa-
cilitates K48-linked ubiquitination and degradation of Actl to restrict
IL-17 signaling (Shi et al., 2011). A20 (also known as TNF Alpha In-
duced Protein 3) inhibits IL-17-induced NF-xB activation and proin-
flammatory cytokine production by deubiquitinating TRAF6 (Garg
et al., 2013). Ubiquitin Specific Peptidase 25 (USP25) inhibits IL-17
signaling by removing Lys63-linked ubiquitination in TRAF5 and
TRAF6 (Zhong et al., 2012). TRAF3 inhibits IL-17 signaling by blocking
the interaction between Actl and TRAF6 (Zhu et al., 2010). Although
the signal mechanism of IL-17 has been intensively investigated, there
are still unknown molecules that play important roles in modulating IL-
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17 signaling.

Serine/threonine kinases are a large group of kinase enzymes that
phosphorylates the hydroxyl (OH) group of serine or threonine, which
play a significant role in a wide range of cellular processes. Serine/
threonine kinase 38/38 L (Stk38/38L), also known as nuclear Dbf2p-
related kinase 1/2 (NDR1/2), belong to NDR/LATS kinase family of
serine-threonine kinases protein, are conserved from yeast to man.
NDR1/2 are important for the regulation of centrosome duplication,
cell cycle progression, autophagy and apoptosis. As NDR/LATS family
members, NDR1/2 inhibit Yes Associated Protein 1 (YAP1) expression
by phosphorylating YAP1 in intestinal epithelium and prevents devel-
opment of colon tumor (Zhang et al., 2015). Recently, evidence
emerges that NDR1/2 might play an important role in inflammation.
NDR1/2 are required to limit inflammation by dampening cytokine
secretion and to control T cell motility and homeostasis (Tang et al.,
2015). NDR1/2 inhibit CpG-induced proinflammatory cytokine pro-
duction (Wen et al., 2015). However, NDR1 potentiates IL-17-induced
inflammation (Ma et al., 2017). Meanwhile, the role of NDR2 in IL-17-
induced inflammation remains unknown.

In the present study, we demonstrate that NDR2 inhibits IL-17-in-
duced inflammation by promoting Smurfl-mediated K48-linked ubi-
quitination of Mitogen-Activated Protein Kinase Kinase Kinase 2
(MEKK2).

2. Materials and methods
2.1. Antibodies and reagents

Antibodies specific for NDR2 (sc-46185), NDR1/2 (H-100) (sc-
66998), MEKK2 (sc-1088), ERK1/2 (sc-93), p38 (sc-535), Smurfl (sc-
100616), Actin (sc-1616), mouse-normal-IgG (sc-202), rabbit-normal-
IgG (sc-2028) were obtained from Santa Cruz (Santa Cruz
Biotechnology, Santa Cruz, CA). Antibodies for p-ERK1/2 (#9101), p-
JNK (#9251), JNK (#9252), pp38 (#9216), pp65 (#3033),
p65(#8242), K48-Ubiquitin (#4289), Ubiquitin (#3936), Myc-Tag
(#2278) were purchased from CST (Cell Signaling Technology, Beverly,
MA). Antibodies for Flag-tag (F1804) and HA-tag (H3663) were ob-
tained from Sigma (Sigma-Aldrich, St. Louis, MO). Recombinant human
IL-17 (200-17) was obtained from PeproTech (PeproTech inc. Rocky
Hill, USA).

2.2. Cell culture

Hela, HT-29, HEK293 and HEK293 T cells were obtained from
American Type Culture Collection (Manassas, VA), and were cultured as
suggested by suppliers.

2.3. Plasmids, transfection and RNA interference

The vectors of pCMV6-XL4, pCMV6-XL4-NDR2 encoding human
NDR2, pCMV6-Kan/Neo-Smurfl encoding mouse Smurfl and pCMV6-
Kan/Neo were purchased from (OriGene Technologies Inc. Rockville,
MD). pCMV-Myc and pCMV-HA were purchased from Clontech
Laboratories, Inc. These various vectors (with Myc-tag or HA-tag) en-
coding human NDR2 and human MEKK2 were constructed in our la-
boratory. Flag-NDR2 and Flag-Smurfl were gifts from Professor
Xiaojian Wang (Institute of Immunology, Zhejiang University). For
transient transfection of various plasmids DNA in HEK293 and
HEK293 T cells, JetPEI regents were used (Polyplus 101-40 N). The
human NDR2 specific siRNA was 5-GGAUAAGAGGAAUCUUUAUTT-3’,
and human Smurfl specific siRNA sequence was 5’ —CCUUGCAAAGA
AAGACUUCTT-3’. The non-sense sequence 5-UUCUCCGAACGUGUCA
CGUTT-3" was used as negative control siRNA.
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2.4. Real-Time Quantitative-PCR

Total cellular RNA was extracted with RNA extraction kit and cDNA
was synthesized using the M-MLV Reverse Transcriptase kits (Takara
2641 A) according to the manufacturer’s instructions. Real-time PCR
was performed with SYBR Premix Ex-Taq (Bio-Red 1,725,125) on ABI-
7500. The primer sequences for Q-PCR were as followed:

hActin-F (5-CGTGGACATCCGTAAAGACC-3),

hActin-R (5"-ACATCTGCTGGAAGGTGGAC-3),

hNDR2-F (5-ATCGGGATATTAAGCCAGACAACC-3"),

hNDR2-R (5-CTTGGTGGGTTGTGTGTGAGA-3),

hIL-6-F (5-ATGAACTCCTTCTCCAACAAGCGC-3),

hIL-6-R (5-GGGAAGGCAGCAGGCAACAC-3"),

hCCL20-F (5-GCGCAAATCCAAAACAGACT-3),

hCCL20-R (5-CAAGTCCAGTGAGGCACAAA-3),

hCXCL2-F (5’-CTCAAGAATGGGCAGAAAGC-3"),

hCXCL2-R (5’-AAACACATTAGGCGCAATCC-3).

2.5. ELISA assay of cytokines and chemokines

The concentrations of IL-6 in culture supernatants were measured
with ELISA kits according to the manufacturer’s instructions.
(eBioscience, MN, USA).

2.6. Immunoprecipitation and immunoblot analysis

Antibodies for immunoprecipitation were anti-Smufl, anti-MEKK2
and anti-Myc. The anti-rabbit IgG HRP antibody (Rockland 18-8816-
33) as secondary antibody was used for the immunoblot analysis of
immunoprecipitation lysates. Immunoprecipitation and immunoblot
analysis were performed as previously described (Wen et al., 2015).
Briefly, cells were lysed with M-PER Protein Extraction Reagent (Pierce
78505) supplemented with protease inhibitor cocktail, and protein
concentrations of the extracts were measured with BCA assay according
to the manufacturer’s instructions (Pierce 23225). Equal amounts of
extracts were used for immunoprecipitation with antibodies and Pro-
tein A/G magnetic beads (Sigma-Aldrich, St. Louis, MO), or loaded for
SDS-PAGE, transferred onto nitrocellulose membranes and then blotted
with indicated antibodies. Finally, signal intensity was determined with
the Tanon 5200S Chemiluminescent Imaging System.

2.7. Ubiquitination assays

The ubiquitination assays were performed as previously described
(Wen et al., 2015). Briefly, HEK293T cells were transfected with
plasmids expressing MEKK2, NDR2, Smurfl and ubiquitin. 12h later,
cells were treated with proteasome inhibitors 20um MG132 and MG115
for another 12h. Samples were collected and boiled for 10 min after
adding 1% SDS. The cell lysate was diluted to 0.1% SDS with lysis
buffer. Protein concentrations of the extracts were measured, and equal
amounts of extracts were used for immunoprecipitation of target pro-
tein. Prepared samples were resolved on 6% SDS-PAGE. Detection of
polyubiquitination was performed with indicated antibodies.

2.8. Statistical analysis

Comparisons between two groups were determined with Student’s t-
test. All experiments were independently repeated at least three times.
P < 0.05 were considered statistically significant.

3. Results

3.1. NDR2 negatively regulates IL-17-induced inflammation in Hela and
HT-29 cells

To characterize the role of NDR2 in IL-17-induced inflammation, we
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Fig. 1. NDR2 suppresses the inflammation responses induced by IL-17 in Hela and HT-29 cell lines.

Hela cells (a-c) and HT-29 cells (d) were transfected with 10 nM control (Ctr]) RNA and NDR2 siRNA for 48 h. (a) The interfering efficiency of NDR2 siRNA was
evaluated by quantitative PCR (Q-PCR) and western blot in transfected Hela cells treated by IL-17 for 3 h. (b) Transfected Hela cells were treated by IL-17 for 3 h,
then the mRNA of IL-6, CXCL2 and CCL20 were evaluated by quantitative PCR. (c) IL-6 was examined by ELISA in transfected Hela cells treated by 50 ng/ml IL-17 for
6 h. (d) HT-29 cells were treated as described in (b), then the mRNA of IL-6, CXCL2 and CCL20 were evaluated by quantitative PCR. (e, f) Quantitative PCR assay of
NDR2, IL-6, CXCL2 and CCL20 mRNA expression in Hela cells transfected with flag-PCDNA3.1(-) (Mock) and flag-NDR2 for 24 h, then treated with 50 ng/ml IL-17 for
3h. Data are shown as mean * SD. (n = 3), *P < 0.05, **P < 0.01 and ***P < 0.001 (Student’s t-test). The results shown are representative of three in-

dependent experiments.

synthesized small interfering RNA specific to NDR2 and observed the
effect of NDR2 knockdown on IL-17-induced proinflammatory cytokine
and chemokine mRNA expression. The NDR2 siRNA can efficiently in-
hibit endogenous NDR2 mRNA and protein expression in Hela cells
(Fig. 1a). As shown in Fig. 1b, NDR2 knockdown significantly increases
IL-17-induced IL-6, CXCL2 and CCL20 mRNA expression in Hela cells.
Consistently, NDR2 knockdown increases IL-17-induced IL-6 produc-
tion in Hela cells (Fig. 1c). Similarly, NDR2 knockdown also increases
IL-17-induced IL-6, CXCL2 and CCL20 mRNA expression in HT-29 cells
(Fig. 1d). Furthermore, NDR2 overexpression decreased IL-17-induced
IL-6, CXCL2 and CCL20 mRNA expression in Hela cells (Fig. le-f).
These results suggest that NDR2 functions as a negative regulator in IL-
17-induced inflammation.
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3.2. NDR2 inhibits ERK, p38 and NF-xB activation in IL-17 signaling

IL-17 induces inflammatory cytokines and chemokines through ac-
tivating MAPK and NF-kB signal pathways. To reveal the signaling
events that are regulated by NDR2 to inhibit IL-17-induced inflamma-
tion, effects of NDR2 knockdown on IL-17-induced MAPK and NF-kB
activation in Hela cells were observed. NDR2 knockdown increases IL-
17-induced phosphorylation of ERK1/2, p38 and NF-kB p65 in Hela
cells (Fig. 2a). In HT-29 cells, NDR2 knockdown also increases IL-17-
induced phosphorylation of ERK1/2, p38 and NF-kB p65 (Fig. 2b).
These results demonstrate that NDR2 could inhibit IL-17-induced in-
flammatory cytokine and chemokine production possibly by negatively
regulating ERK1/2 and NF-kB p65 in IL-17 signaling pathway.
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3.3. NDR2 promotes Smurf1-mediated MEKK2 ubiquitination

NDR1 inhibits TLR9-activated inflammation by promoting Smurfl-
mediated MEKK2 ubiquitination (Wen et al., 2015). MEKK2 is also re-
quired for TNF-a-induced NF-kB activation (Schmidt et al., 2003).
These studies prompted us to investigate the interaction between
NDR2, MEKK2 and Smurfl. As shown in Fig. 3a and b, NDR2 is con-
stitutively associated with Smurfl, and IL-17 stimulation increases the
association between NDR2 and MEKK2. Overexpression of NDR2 and
Smurfl alone remarkably inhibits MEKK2 expression, and combination
of NDR2 and Smurfl overexpression synergistically inhibits MEKK2

p-JNici/2 [

INISIZR & 4 + & 4

0 min, 15 min and 30 min. The phosphorylation level and total
protein of NF-kB p65, ERK1/2, JNK1/2 and p38 were detected
by western blot. The results shown are representative of three
independent experiments.

expression (Fig. 3c). NDR2 overexpression dose-dependently increases
K48-linked ubiquitination of MEKK2 (Fig. 3d), suggesting that NDR2
inhibits MEKK2 expression by promoting MEKK2 ubiquitination sy-
nergistically with Smurfl.

3.4. Smurf1 and MEKK2 oppositely regulates IL-17-induced inflammation

To investigate whether NDR2 regulates IL-17-induced inflammation
by modulating Smurfl-mediated MEKK2 ubiquitination, we tested the
role of Smurfl in IL-17-induced IL-6 production in Hela cells. Smurfl-
specific small interfering RNA efficiently inhibits Smurfl expression
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Fig. 3. NDR2 interacts with Smurfl and MEKK2, and promotes the MEKK2 ubiquitination and degradation. (a) and (b) Hela cells were treated with 50 ng/ml IL-17
for various times (0 min, 5 min, 15 min, 30 min), and then whole-cell lysates (WCL) were collected. After pre-clearing of whole-cell lysates by incubation with normal
IgG and protein A/G beads, immunoprecipitation was performed sequentially with normal control antibody (IgG 15 min), anti-Smurfl (0 min, 5 min, 15 min, 30 min)
(a), anti-MEKK2 (0 min, 5 min, 15 min, 30 min) (b). Component of immunoprecipitation complex and WCL were examined by western blot. (¢) HEK293 T cells were
transfected with various plasmids (as above). 24 h later, the WCL were collected and examined by western blot for indicated proteins. (d) Immunoblot analysis of
MEKK2 ubiquitylation. HEK293 T cells were transfected with various plasmids (as above) for 12h, and then treated with 20 pM MG132 and 20 uM MG115 for
another 12 h. After heat denaturing in lysis buffer containing 1% SDS for 10 min, immunoprecipitation of the WCL from treated HEK293 T cells was performed with
anti-Myc antibody. MEKK2 ubiquitylation was analyzed by immunoblot with anti-HA antibody (left) and anti-k48-Ub antibody (right). Data are from one experiment

representative of three independent experiments.
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Fig. 4. Smurfl significantly inhibits IL-
17-induced IL-6 production and ERK1/
2, p38 and NF-kB p65 activation. (a)
Quantitative PCR and immunoblot
assay of Smurfl expression in Hela cells
transfected with 10nM control RNA
and Smurf1-specific siRNA for 48 h. (b)
ELISA assay of IL-6 production in the
supernatant of Hela cells transiently
. transfected with 10nM Control RNA
and Smurfl-specific siRNA for 48h,
stimulated with 50 ng/ml IL-17 for 6 h.
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(Fig. 4a). Smurfl knockdown significantly increases IL-17-induced IL-6
production (Fig. 4b) and CXCL2 (Fig. 4c) expression. Consistently,
Smurfl knockdown increases IL-17-induced ERK1/2, p38 and NF-kB
p65 activation (Fig. 4d). We also observed the effect of MEKK2 over-
expression on IL-17-induced cytokine production. As shown in Fig. 5a,
MEKK2 overexpression significantly increases IL-17-induced IL-6 ex-
pression (Fig. 5a). Consistently, MEKK2 overexpression enhances IL-17-
induced ERK1/2, p38 and NF-kB p65 activation (Fig. 5b). These results
suggest that Smurfl negatively regulates IL-17-induced inflammation

via inhibiting MEKK2.

4. Discussion

Upon IL-17 binding, IL-17R recruits adaptor proteins Actl and
TRAF6, and ultimately activates MAPK and NF-xB to regulate proin-
flammatory cytokines and chemokines expression (Amatya et al.,
2017). However, the exact mechanism by which IL-17 signaling is
transduced remains largely unclear. MEKK2 increases TLR9-mediated
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proinflammatory cytokine production by activating ERK1/2 pathway,
enhances TNF-a-induced NF-kB activation and inflammation (Wen
et al.,, 2015). Here our results demonstrate that MEKK2 positively
regulates IL-17-induced proinflammatory cytokines and chemokines
expression, suggesting that MEKK2 is involved in the signal transduc-
tion of IL-17, possibly by regulating MAPK and NF-kB activation.

IL-17 is required for host immune defense to pathogens. However,
abnormal activation of IL-17 signal pathway has high potential to in-
duce pathological inflammatory conditions. Thus, IL-17 signaling is
strictly regulated to avoid pathogenic conditions. Several negative
regulators have reported to inhibit IL-17-induced inflammation by
targeting known molecules functioning in IL-17 signaling (Sun et al.,
2011; Wen et al., 2015; Zhang et al., 2015). In the present study,
knockdown of NDR2 and Smurfl significantly increases IL-17-induced
proinflammatory cytokines and chemokines expression, NDR2 and
Smurfl synergistically promote MEKK2 ubiquitination, demonstrating
that both of NDR2 and Smurfl negatively regulate IL-17-induced in-
flammation by targeting MEKK2.

NDR1/2 are conserved from yeast to man and originally found to be
important for the regulation of centrosome duplication, cell cycle pro-
gression, autophagy and apoptosis. Recent studies show that NDR1/2
might play important role in inflammation. NDR1/2 inhibit CpG-in-
duced proinflammatory cytokine production (Wen et al., 2015). These
reports suggest that NDR1 and NDR2 have similar functions in most
biological processes they regulated. However, NDR1 potentiates IL-17-
induced inflammation (Ma et al., 2017), and meanwhile NDR2 inhibits
IL-17-induced inflammation. Our study show that NDR1 and NDR2
might have different function.

NDR1 and NDR2 are generally believed to compensate for each
other, which has been demonstrated during development. While,
NDR1/2, the two mammalian isoforms, differ mainly in their tissue and
cell type specific expression patterns. Different functions were also re-
ported between NDRs. Due to their distinct subcellular localization,
NDR2, but not NDR1, plays a critical role in the formation of primary
cilia (Abe et al., 2017).

In conclusion, the present study identifies NDR2 and Smurfl as
novel negative regulators and MEKK2 as a novel positive regulator of
IL-17-induced inflammatory cytokine and chemokine production. This
study brings new insight into the mechanism by which IL-17 signaling
is regulated, and also provides new targets for the therapy of in-
flammatory diseases.
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