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Abstract

Pattern-recognition receptors including Toll-like receptors (TLRs) recognize invading pathogens and trigger an immune
response in mammals. Here we show that mammalian ste20-like kinase 1/serine/threonine kinase 4 (MST1/STK4) functions
as a negative regulator of lipopolysaccharide (LPS)-induced activation of the TLR4-NF-kB signaling pathway associated
with inflammation. Myeloid-specific genetic ablation of MST1/STK4 increased the susceptibility of mice to LPS-induced
septic shock. Ablation of MST1/STK4 also enhanced NF-kB activation triggered by LPS in bone marrow-derived mac-
rophages (BMDMs), leading to increased production of proinflammatory cytokines by these cells. Furthermore, MST1/
STK4 inhibited TRAF6 autoubiquitination as well as TRAF6-mediated downstream signaling induced by LPS. In addition,
we found that TRAF6 mediates the LPS-induced activation of MST1/STK4 by catalyzing its ubiquitination, resulting in
negative feedback regulation by MST1/STK4 of the LPS-induced pathway leading to cytokine production in macrophages.
Together, our findings suggest that MST1/STK4 functions as a negative modulator of the LPS-induced NF-xB signaling
pathway during macrophage activation.
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Introduction

Macrophages play a critical role in the innate immune
response of mammals to bacterial infection [1-3]. Lipopoly-
saccharide (LPS) derived from the cell wall of Gram-nega-
tive bacteria induces macrophage activation after its recog-
nition by Toll-like receptor 4 (TLR4) expressed on the cell
surface [4—7]. The activated cells produce proinflammatory
cytokines that contribute to the immune response to infec-
tion [8]. An excessive immune response, however, can lead
to septic shock or even death of the host [9].

The binding of LPS to TLR4 induces the recruitment of
adaptor proteins including myeloid differentiation primary
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response gene-88 (MyD88), interleukin (IL)-1 receptor-
associated kinases (IRAKSs), and tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6) [10-12].
TRAF6, an E3 ubiquitin ligase that catalyzes the forma-
tion of Lys®-linked polyubiquitin chains on itself and
other substrates, mediates the activation of transforming
growth factor-f-activated kinase 1 (TAK1) and IkB kinase
(IKK) [13, 14]. IKK is an enzyme complex that consists
of two catalytic subunits, IKKa and IKKf, as well as the
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regulatory subunit IKKy (also known as NEMO). The
IKK complex phosphorylates inhibitor of nuclear factor
(NF)-xB (IxB), which results in IkB ubiquitination and
consequent proteasomal degradation. The degradation
of IkB releases NF-kB from an inactive complex with its
inhibitor in the cytosol and promotes nuclear transloca-
tion of NF-xB, which is essential for the expression of the
proinflammatory cytokines [15, 16].

Mammalian Ste20-like kinase 1/serine/threonine kinase
4 (MST1/STK4) belongs to the family of germinal center
kinases [17-19] and plays a role in a variety of biological
events including morphogenesis, cell proliferation, stress
response, and apoptosis [20, 21]. Emerging evidence also
suggests that MST1/STK4 modulates the immune response
and inflammation [22-27]. In particular, MST1/STK4 was
shown to regulate various inflammation-related events
by targeting several components of the NF-xB signaling
pathway including IRAK1 and IkB [24, 25]. To provide
insight into the mechanism by which MST1/STK4 modu-
lates inflammation, we have now examined its possible
role in the TLR4-dependent activation of NF-xB signal-
ing in macrophages. We found that genetic ablation of
MST1/STK4 enhanced LPS-induced lethal sepsis in mice
in association with increased production of proinflamma-
tory cytokines. Furthermore, exposure of macrophages to
LPS triggered the TRAF6-mediated polyubiquitination
and stimulation of MST1/STK4. MST1/STK4, in turn,
inhibited LPS-induced NF-kB signaling events through
suppression of TRAF6 activity. Our findings thus uncover
a previously unrecognized mechanism by which MST1/
STK4 negatively regulates LPS-induced cytokine produc-
tion in macrophages.

Materials and methods
Animals

MSTI1/STK4~/~ [28] and p62/sequestosome 1
(SQSTMI)_/_ C57BL/6 mice [29] were described previ-
ously. Myeloid cell-specific MST1/STK4-deficient mice
were generated by crossing mice harboring floxed alleles of
the MST1/STK4 gene (MST" mice) with LysM-Cre mice,
which harbor a Cre transgene under the control of the LysM
(Iysozyme M, also known as lysozyme 2) gene promoter
(The Jackson Laboratory, Bar Harbor, ME). MS T mice
were kindly provided by T. Kinashi (Kansai Medical Uni-
versity) [30] and were used as controls in experiments with
MSTIﬂ/ﬂ;LysM-Cre mice. All mice were maintained at the
Korea University Laboratory Animal Center, and all animal
procedures were approved by the Institutional Animal Care
and Use Committee of Korea University.
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LPS shock model

Eight- to twelve-week-old MSTI"! and MSTI'"; LysM-Cre
mice were injected intraperitoneally with LPS (50 mg/kg)
or saline vehicle, and then monitored for survival. Serum
and lung tissue were collected at 12 h after LPS injection for
measurement of cytokine levels and for histological analy-
sis, respectively. For histological analysis, the lung tissue
specimens were fixed in 3.7% neutral-buffered formalin,
dehydrated in increasing concentrations of isopropyl alco-
hol, embedded in paraffin, sectioned as a thickness of 3 um,
and stained with Hematoxylin—Eosin.

Flow cytometric analysis

Single-cell suspensions isolated from lymph nodes and the
spleen of mice were incubated for 15 min at room tempera-
ture with phycoerythrin-conjugated antibodies to CD11b,
fluorescein isothiocyanate-conjugated antibodies to CD11c,
or allophycocyanin-conjugated antibodies to F4/80 in phos-
phate-buffered saline containing 0.5% FBS and were then
analyzed with a BD Accuri C6 Plus flow cytometer (BD
Biosciences, San Jose, CA, USA).

Cell culture and transfection

Mouse embryonic fibroblasts (MEFs) were prepared
from WT and p62/SQSTM1~'~ mice as described previ-
ously [29]. MEFs and HEK293 cells were cultured under
a humidified atmosphere of 5% CO, at 37 °C in DMEM
supplemented with 10% FBS. Bone marrow-derived mac-
rophages (BMDMs) were isolated from the hind leg bones
of 8- to 12-week old C57BL/6 mice, plated in 100-mm
culture dishes (5x 10° cells per dish), and maintained for
6 days in DMEM supplemented with recombinant murine
M-CSF (Peprotech, Seoul, Korea) at 25 ng/ml and 10% FBS,
after which nonadherent cells were removed and adherent
cells were harvested for experiments. For DNA transfec-
tion, BMDM s were plated in 6-well plates (1 x 10° cells per
well) and then exposed to expression vectors in the presence
of jet-PEI reagent (Polyplus-transfection, Illkirch, France).
HEK?293 cells were transfected with indicated plasmid vec-
tors with the use of polyethylenimine (Sigma, St. Louis, MO,
USA).

Plasmids

A pMEISS vector for Flag-tagged mouse MST1/STK4
was kindly provided by S. Yonehara (Kyoto University,
Japan). A pET-23b/hexahistidine (Hisys)-MST1(K59R) vec-
tor was described previously [31], and a pcDNA3.1-HisA/
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Xpress-Ub vector and a pRK5-HA-ubiquitin(WT) vec-
tor were provided by S. Kang (Korea University, Korea).
For generation of a plasmid encoding Myc epitope-tagged
TRAF®6, the mouse TRAF6 cDNA was amplified by PCR
from a pRKS vector (kindly provided by D. Goeddel of
Tularik Inc.) and subcloned into the HinlII and EcoRI sites
of the pcDNA3.1/Myc-His A vector. To generation of a vec-
tor for MBP-tagged TRAF®6, the mouse TRAF6 cDNA was
amplified by PCR from a pCMVS5 vector (Addgene) and sub-
cloned into the Sspl and BamHI sites of the pET His6 MBP
TEV LIC cloning vector (pET/MBP, Addgene). For genera-
tion of expression vectors for HA-tagged p62/SQSTMI, the
human p62/SQSTM1 cDNA was amplified by PCR from a
pOTB7 vector and subcloned into the EcoRI and Xhol sites
of pcDNA3. The pME28S/Flag-MST1(K59R), pME28S/
Flag-MST1(K221R), pET-23b/His-MST1(K59R/K221R),
Myc-TRAF6(C70A), and pRK5-HA-Ub (K63R) vectors
for mutant constructs were prepared with a site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA).

Antibodies and reagents

Rabbit polyclonal antibodies to MST1/STK4 and to TAK1
as well as rabbit monoclonal antibodies to phospho-MST1/
STK4(Thr'®3), phospho-IKKa/p (Ser!’®13%), to phospho-
TAK1 (Thr'®*187) to phospho-p65 (Ser**®), to phospho-
IkBa Ser’?*, to phospho-IRAK4 (Thr*#%/Ser**%), to IRAK4,
to IRAK1, to IKKf, and to TRAF6 were obtained from Cell
Signaling Technology (Boston, MA). Rabbit monoclo-
nal antibodies to p62/SQSTM1 and to TRAF6 as well as
a mouse monoclonal antibody to p62/SQSTM1 were from
Abcam (Cambridge, UK). A mouse monoclonal antibody to
the Flag epitope and rabbit polyclonal antibody to phospho-
IRAKI (Thr**”®) were from Sigma. A mouse monoclonal
antibody to ubiquitin was from Millipore (Billerica, MA,
USA). Rabbit polyclonal antibody to IkBa and mouse mono-
clonal antibody to glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse monoclonal antibody to Xpress was
purchased from Invitrogen (Carlsbad, CA, USA). Human
antibody to K63-linked polyubiquitin chains was kindly
provided by V. M. Dixit (Genentech, South San Francisco,
CA, USA). A phycoerythrin-conjugated rat monoclonal
antibody to CD11b, allophycocyanin-conjugated rat mono-
clonal antibody to F4/80 were obtained from eBioscience
(San Diego, CA, USA), and fluorescein isothiocyanate-con-
jugated Armenian hamster monoclonal antibody to CD11c
was obtained from BD Biosciences. Rabbit polyclonal anti-
body to p62/SQSTM1 was generated with a synthetic pep-
tide (NH,-SSLDPSQEGPTGLK-OH) as immunogen. Rabbit
polyclonal antibody to MST1/STK4 was generated with a
recombinant glutathione S-transferase (GST) fusion protein
containing amino acids 276 to 487 of the human protein as

immunogen. LPS of Escherichia coli O55:B5 was obtained
from Sigma.

Cytokine measurement

Culture supernatants or mouse serum were assayed for IL-6
and TNF-a with the use of ELISA kits (BioLegend, San
Diego, CA, USA).

RT and real-time PCR analysis

Total RNA was extracted from BMDMs with the use of Tri-
zol reagent (Invitrogen). The RNA (1 pg) was subjected to
RT with an oligo(dT) primer, and the resulting cDNA was
subjected to real-time PCR analysis with primers (each at
250 nM) and SYBR Green Supermix (Thermo Fisher Sci-
entific, Waltham, MA, USA) in an iQ5 thermocycler (Bio-
Rad, Hercules, CA, USA). Each reaction was performed in
triplicate, and data were analyzed with iQ5 optical system
software (Bio-Rad). The amount of each target mRNA was
normalized by that of GAPDH mRNA as an internal control.
The sequences of the primers (forward and reverse, respec-
tively) are as follows: IL-6, 5'-TCTAATTCATATCTTCAA
CCAAGAGG-3' and 5'- TGGTCCTTAGCCACTCCTTC-3";
TNFa, 5-TCTTCTCATTCCTGCTTGTGG-3' and 5'-GGT
CTGGGCCATAGAACTGA-3"; GAPDH, 5'-CGTGCGCCT
GGAGAAACC-3" and 5-TGGAAGAGTGGGAGTTGC
TGTTG-3'.

Immunoprecipitation and immunoblot analysis

Immunoprecipitation and immunoblot analysis were per-
formed as previously described [32].

Immune complex kinase assay

Immune complex kinase assays were performed, as
described previously [33, 34], with the use of myelin basic
protein (Millipore) or other indicated proteins as substrate.

Ubiquitination assay

For cell-based assay of ubiquitination in BMDMs, the
cells were lysed with buffer A [20 mM Tris—CI (pH 7.4),
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycho-
late, 12 mM p-glycerophosphate, 5 mM EGTA, 10 mM NaF,
5 mM N-ethylmaleimide]. The lysates were incubated for
10 min at 50 °C and then subjected to immunoprecipitation
with antibodies to TRAF6 or to MST1/STK4. The resulting
precipitates were examined by immunoblot analysis with
indicated antibodies to ubiquitin.

For in vitro assay of TRAF6-mediated K63-linked poly-
ubiquitin chain formation, recombinant MBP-TRAF6 (3 pg)
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was incubated for 1 h at 37 °C in 20 pl of reaction solu-
tion A [5 mM MgCl,, 2 mM dithiothreitol, 2 mM ATP,
50 mM Tris—HCI (pH 7.6)] containing 4 pg of ubiquitin
(Sigma), 50 ng of E1 (Boston Biochem, Cambridge, MA,
USA), 200 ng of GST-Ubc13, and 200 ng of GST-Uevla.
The reaction mixtures were then subjected to SDS-PAGE
and immunoblot analysis with antibody to K63-linked poly-
ubiquitin chains.

For in vitro assay of TRAF6-mediated MST1/STK4 ubiq-
uitination, Myc-TRAF6 immunoprecipitates were prepared
with anti-Myc antibody from HEK293 cells overexpressing
Myc-TRAF6. Bacterially expressed and purified Hisq-tagged
MST1/STK4 proteins [MST1(K59R) and MST1(K59R/
K221R)] (5 pg) were incubated for 1 h at 37 °C with Myc-
TRAF6 immunoprecipitates in 30 pl of reaction solution
A containing 2 pg of ubiquitin (Sigma), 50 ng of E1 (Bos-
ton Biochem), 200 ng of GST-Ubc13, and 200 ng of GST-
Uevla. The reaction mixtures were centrifuged at 12,000 X g
for 1 min, the resulting supernatants were immunoprecipi-
tated with antibody to ubiquitin, and the resulting precipi-
tates were examined by immunoblot analysis with antibody
to MST1/STK4.

RNA interference

The siRNA oligonucleotides for green fluorescent protein
(control) as well as p62/SQSTM1 and TRAF6 were synthe-
sized by Invitrogen. The control siRNA was targeted to the
sequences 5'-ATG ACT GTC AGG ATG TTG C-3', whereas
the p62/SQSTM1, and TRAF6 siRNAs were targeted to the
sequences 5'-GCT GAA ACA TGG ACA CTT TGG-3' and
5'-CCC AGG CTG TTC ATA ATG TTA-3', respectively.
BMDMs were transfected with the siRNA duplexes with the
use of the Lipofectamine RNAiIMAX (Invitrogen).

Statistical analysis

Quantitative data are presented as means +SD and were
analyzed with Student’s 7 test as performed with Excel 2010
software (Microsoft, Redmond, WA, USA). Survival data
were analyzed by the log-rank test with the use of Graph-
Pad Prism 5 software (GraphPad Software, San Diego,
CA, USA). A p value of <0.05 was considered statistically
significant.
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Result

Myeloid-specific genetic ablation of MST1/STK4
enhances the susceptibility of mice to LPS-induced
sepsis

To investigate the role of MST1/STK4 in the macrophage-
mediated immune response to LPS, we established mye-
loid cell-specific MST1/STK4-knockout (MSTI"; LysM-
Cre, or MST1/STK4 cKO) mice by crossing MST I mice
with LysM-Cre transgenic mice. We confirmed MST1/
STK4 deficiency in BMDMs isolated from MST1/STK4
cKO mice (Fig. S1A). MST1/STK4 cKO mice were born in
aratio consistent with Mendelian inheritance and appeared
normal. They showed no significant differences in the num-
bers of F4/80*CD11b* macrophages and CD11b*CD11c”*
dendritic cells in the spleen or lymph nodes relative to
their MST 1" control littermates (Fig. S1B). MST1/STK4
cKO mice and control littermates were injected intraperi-
toneally (i.p.) with LPS (50 mg/kg) and was monitored for
mortality. The survival rate of the MST1/STK4 cKO mice
was significantly lower than that of the control littermates
(Fig. 1a). Furthermore, the MST1/STK4 cKO mice showed
higher concentrations of the proinflammatory cytokines
IL-6 and TNF-a in serum (Fig. 1b) as well as an increased
extent of inflammatory damage (Fig. 1¢) and increased
expression of intercellular adhesion molecule-1 (ICAM-1)
(Fig. 1d) in lung tissue compared with control littermates.
These results thus suggested that myeloid-specific abla-
tion of MST1/STK4 enhanced the susceptibility of mice
to LPS-induced septic shock.

MST1/STK4 negatively regulates LPS-induced NF-kB
signaling in BMDMs

Given that the TLR4-NF-«B signaling pathway plays a
pivotal role in the LPS-induced immune response [6, 9],
we next examined whether MST1/STK4 might modulate
the LPS-induced activation of this pathway in BMDMs.
The extent of the LPS-induced expression of NF-kB tar-
get genes including those for IL-6 and TNF-a was greater
in BMDM:s from MST1/STK4 knockout (MST1/STK4~")
mice than in those from wild-type (WT) mice (Fig. 2a).
Consistent with this finding, the extent of LPS-induced
secretion of IL-6 and TNF-« from MST1/STK4~~ BMDMs
was greater than that from WT cells (Fig. 2b). Further-
more, the effects of LPS on IxB degradation and on the
accumulation of the Ser>*¢-phosphorylated form of the
p65 subunit of NF-xB were more pronounced in MST1/
STK4~~ BMDMs than in WT cells (Fig. 2¢). The extents
of the LPS-induced autoubiquitination of TRAF6 as well
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Fig. 1 Myeloid-specific genetic ablation of MST1/STK4 in mice
increases susceptibility to LPS-induced sepsis. a MST1/STK4 cKO
mice and control (MST1/STK4™) littermates (n=9 per group) were
injected with LPS (50 mg/kg, i.p.) and then monitored every hour
for survival. ¥*p<0.05. b Serum concentrations of TNF-a and IL-6
in MST1/STK4 cKO mice and control littermates at 12 h after LPS
injection. Data are mean=+SD (n=3 per group). *p <0.05. ¢ Repre-

as phosphorylation (activation) of TAK1 and IKKo/p} were
also greater in MST1/STK4~~ BMDM:s than in WT cells
(Fig. 2d). Together, these results suggested that MST1/
STK4 negatively regulates the LPS-induced autoubiquit-
ination of TRAF6 and downstream signaling events in the
NF-«B pathway in BMDMs. In contrast, the LPS-induced
phosphorylation (activation) of either IRAK1 or IRAK4
was not affected by ablation of MST1/STK4 in BMDMs
(Fig. 2e).

Given that MST1/STK4 deficiency increased LPS-
induced TRAF6 ubiquitination in BMDMs (Fig. 2d), we
examined whether MST1/STK4 might directly inhibit the
E3 ligase activity of TRAF6. An in vitro ubiquitination
assay revealed that a constitutively active MST1/STK4
[MST1-CA, or MST1(1-326)] did not affect the ability
of TRAF6 to catalyze formation of a K63-linked ubiqui-
tin chain (Fig. S2A). In addition, in vitro phosphorylation
analysis showed that MST1/STK4 immunoprecipitates
prepared from LPS-treated BMDMs did not mediate the
phosphorylation of TRAF6, whereas they did catalyze that
of MOBI1, a known substrate of MST1/STK4 (Fig. S2B),
indicating that TRAF6 is not a substrate of MST1/STK4.
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sentative hematoxylin—eosin staining of lung sections from MST1/
STK4 cKO mice and control littermates (n =4 per group) at 12 h after
LPS injection. Scale bar, 50 pm. d Lung tissue isolated from MST1/
STK4 cKO mice and control littermates at 12 h after LPS injection
was subjected to immunoblot analysis with antibodies to ICAM-1 and
to GAPDH

p62/SQSTM1 promotes TRAF6-mediated NF-kB
signaling in BMDMs

Our finding that TRAF6 does not appear to be a direct target
of MST1/STK4 (Fig. S2) prompted us to investigate further
the mechanism by which MST1/STK4 attenuates the LPS-
induced up-regulation of the E3 ligase activity of TRAF6
in BMDMs. The E3 ligase activity of TRAF6, which is
critical for the LPS-induced activation of NF-xB signaling
[13, 14, 35], has been shown to be modulated positively or
negatively by various proteins [36]. In particular, the adap-
tor protein p62/SQSTM1 promotes the oligomerization and
increases the E3 activity of TRAF6 [37, 38]. Indeed, the
LPS-induced increase in K63-linked autoubiquitination of
TRAF6 as well as that in IKK phosphorylation (activation)
were both markedly attenuated in BMDMs derived from
p62/SQSTM1 knockout (p62/SOQSTM 1 ~/~) mice compared
with those derived from WT mice (Fig. 3a). Furthermore,
genetic ablation of p62/SQSTM1 abolished the LPS-induced
association of TRAF6 with TAK1 and IKKf in BMDMs
(Fig. 3b), while it downregulates the LPS-induced expres-
sion of IL-6 and TNFo mRNA (Fig. 3¢). Similar results were
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«Fig.2 MST1/STK4 negatively regulates LPS-induced NF-kB sign-
aling in BMDMs. a BMDMs isolated from WT and MST1/STK4~/~
mice were exposed to LPS (1 pg/ml) for the indicated times in culture
and then assayed for IL-6 and TNF-a mRNA by quantitative RT-PCR
analysis. Data are representative of three independent experiments
(means +SD of triplicate samples). *p <0.05. b BMDMs were incu-
bated in the absence or presence of LPS (1 pg/ml) for 12 h, after
which IL-6 and TNF-a released into culture media were quantified
by ELISA. Data are means + SD from three independent experiments.
*p<0.05. ¢ BMDMs exposed to LPS (1 pg/ml) for the indicated
times were subjected to immunoblot analysis with antibodies to phos-
pho-p65 (Ser’*®), to p65, to IkBa, to MST1/STK4, or to GAPDH.
The intensity of bands corresponding to phospho-p65 was quantified
by densitometry, and normalized by that of those for p65. The relative
values of the intensity from five independent experiments were shown
below. *p<0.05. NS not significant. d BMDMs exposed to LPS
(1 pg/ml) for the indicated times were immunoprecipitated with anti-
bodies to TRAF6 or to MST1/STK4. The TRAF6 precipitates were
examined by immunoblot analysis (IB) with anti-ubiquitin antibody,
whereas the MST1/STK4 precipitates were subjected to an immune
complex kinase assay with myelin basic protein (MyBP) as substrate.
The relative values for MST1/STK4 activity are shown. Cell lysates
were also immunoblotted directly with antibodies to phospho-IKKa/p
(Ser'7%180) " to IKKa/p, to phospho-TAKI (Thr'¥187) to TAKI, to
TRAF6, to MST1/STK4, or to GAPDH. The intensity of the bands
for ubiquitinated TRAF6 [TRAF6-Ub,,], phospho-IKKa/p, or phos-
pho-TAK1 normalized by that of those for the corresponding total
proteins was quantified by densitometry, and the relative values of
the intensity were shown. Quantitative data are mean + SD from three
independent experiments. *p <0.05. NS not significant. e BMDMs
exposed to LPS (1 pg/ml) for the indicated times were immunoblotted
with antibodies to phospho-IRAK1 (Thr?®), to IRAK1, to phospho-
IRAK4 (Thr*®¥/Ser’*®), to IRAK4, to MST1/STK4, or to GAPDH.
The intensity of the bands for phospho-IRAK1 or phospho-IRAK4
normalized by that of those for the corresponding total proteins was
quantified by densitometry, and the relative values of the intensity
were shown. Quantitative data are mean +SD from three independent
experiments. NS not significant

obtained with p62/SQSTM1~'~ MEFs, with p62/SQSTM1
deficiency suppressing TRAF6 auto-ubiquitination (Fig.
S3A), IKKo/p phosphorylation, and IxBa phosphorylation
induced by LPS (Fig. S3B). These results thus confirmed
that p62/SQSTM1 promotes the LPS-induced stimulation
of TRAF6 E3 ligase activity and thereby facilitates TRAF6-
mediated NF-xB signaling.

Given that MST1/STK4 negatively regulates the LPS-
induced activation of TRAF6 and that p62/SQSTMI1 pro-
motes LPS-TRAF6-NF-kB signaling, we examined whether
MST1/STK4 might affect the p62/SQSTM1-mediated stimu-
lation of TRAF6 activity in BMDMs exposed to LPS. The
enhancement of the LPS-induced ubiquitination of TRAF6
and phosphorylation (activation) of IKK apparent in MST1/
STK4~~ BMDMs was abolished by siRNA-mediated deple-
tion of p62/SQSTMI1 (Fig. 3d), suggesting that MST1/STK4
inhibits the p62/SQSTMI1-dependent promotion of the
TRAF6 activity induced by LPS. Transfection study using
HEK?293 cells also revealed that p62/SQSTM1 enhanced the
autoubiquitination of TRAF6 and that this enhancement was
reduced by wild-type MST1/STK4, but not by a kinase-dead

mutant of MST1/STK4, MST1(K59R) (Fig. 3e). Given that
the interaction of p62/SQSTM1 with TRAF®6 facilitates
the activation of TRAF6 [37, 39], we examined the pos-
sible effect of MST1/STK4 on the LPS-induced formation
of the TRAF6-p62/SQSTM1 complex in BMDMs. The
LPS-induced binding of p62/SQSTM1 to TRAF6 was more
pronounced in MST1/STK4~~ BMDMs than in WT cells
(Fig. 3f). Together, these results suggested that inhibition
of p62/SQSTM1-mediated TRAF6 activation contributes to
the attenuation of LPS-induced TRAF6 activation by MST1/
STK4 in BMDM:s.

TRAF6 mediates the LPS-induced
K63-polyubiquitination and activation of MST1/
STK4 in BMDMs

We next investigated the mechanism by which LPS induces
the activation of MST1/STK4 in BMDMs. Given that LPS
triggered the interaction of MST1/STK4 with TRAF6 in
BMDMs (Fig. 3e) and that forcefully expressed TRAF6
increased the kinase activity of recombinant MST1/STK4 in
co-transfected HEK293 cells (Fig. 4a), we examined the pos-
sible role of TRAF6 in the LPS-induced activation of MST1/
STK4. We found that LPS triggered not only the activation
but also the ubiquitination of MST1/STK4 in BMDMSs, and
that these effects of LPS were abrogated by siRNA-mediated
depletion of TRAF6 (Fig. 4b), suggesting that TRAF6 medi-
ates both the activation and ubiquitination of MST1/STK4 in
response to LPS stimulation. In addition, forced expression
of TRAF6 promoted the ubiquitination of MST1/STK4 in
HEK293 cells coexpressing WT ubiquitin, but not in those
coexpressing a K63R mutant of ubiquitin (Fig. 4c). In a sepa-
rate cotransfection experiment using HEK293 cells, the ubig-
uitination of MST1/STK4 was mediated by WT TRAF6, but
not by TRAF6(C70A), which lacks its E3 ubiquitin ligase
activity (Fig. 4d). Moreover, an in vitro ubiquitination assay
demonstrated that TRAF6 catalyzed the polyubiquitination
of a His,-tagged kinase-dead mutant (K59R) of MST1/STK4
(Fig. 5a), indicating that MST1/STK4 is a substrate for the E3
ligase activity of TRAF6. A kinase-dead mutant of MST1/
STK4 was tested as the substrate in this assay because a suf-
ficient amount of the WT protein could not be prepared by
bacterial expression. Amino acid residues 220-229 (GKP-
PYADIHP) of mouse MST1/STK4 were found to conform
to a consensus site for TRAF6-mediated polyubiquitina-
tion [-(hydrophobic)-K-(hydrophobic)-X-X-(hydrophobic)-
(polar)-(hydrophobic)-(polar)-(hydrophobic)-], where K
is the ubiquitinated lysine residue and X is any amino acid
[40]. Indeed, TRAF® failed to ubiquitinate a K221R mutant
of Hisg-MST1(KS59R) in vitro (Fig. 5a). Furthermore, force-
fully expressed TRAF6 did not mediate the ubiquitination
of MST1(K221R) in transfected HEK293 cells (Fig. 5b).
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«Fig. 3 Genetic ablation of MST1/STK4 enhances the p62/SQSTM1-
dependent activation of TRAF6 induced by LPS in BMDMs. a, b WT
or p62/SQSTM1~~ BMDMs were left untreated or treated with 1 pg/
ml LPS for 15 min, after which cell lysates were immunoprecipitated
with antibody to TRAF6 and the resulting precipitates were examined
by immunoblot analysis with antibody to K63-linked polyubiqui-
tin chains (a) or to TAKI, to IKKf, to p62/SQSTMI, or to TRAF6
(b). Cell lysates were also immunoblotted with indicated antibodies.
¢ Quantitative RT-PCR analysis of TNF-a and IL6 mRNAs in WT
and p62/SQSTMI1~~ BMDMs after LPS treatment (1 pg/ml, 1 h).
Data are representative of two independent experiments (means +SD
of triplicate samples). *p<0.05. d WT or MSTI/STK4~~ BMDMs
were transfected with p62/SQSTMI1 (si-p62/SQSTM1) or control
(si-Cont) siRNA for 24 h, incubated in the absence or presence of
LPS (1 pg/ml) for 15 min, and then immunoprecipitated with anti-
body to TRAF6. The resulting precipitates were immunoblotted with
antibody to ubiquitin. The cell lysates were also subjected directly
to immunoblot analysis with antibodies to indicated antibodies. e
HEK?293 cells were transfected for 48 h with plasmid vectors for the
indicated combinations of proteins, lysed, and subjected to immu-
noprecipitation with anti-Myc antibody. The resulting precipitates
were examined by immunoblot analysis with antibodies to Xpress
or to Myc. The lysates were also examined directly by immunoblot
analysis with antibodies to Myc, to HA, or to Flag. f WT or MST1/
STK4~~ BMDMs were left untreated or treated with 1 pg/ml LPS for
15 min, after which cell lysates were immunoprecipitated with anti-
TRAF6 antibody (or with rabbit preimmune IgG) and the resulting
precipitates were immunoblotted with antibodies to p62/SQSTMI,
to MST1/STK4, or to TRAF6. The intensity of the bands for p62/
SQSTMI1 present in the TRAF6 immunoprecipitates was quantified
by densitometry, and normalized by the intensity of the bands for the
corresponding immunoprecipitated TRAF6. Quantitative data are
mean = SD from three independent experiments. *p <0.05

Together, these results suggested that Lys??! of MST1/STK4
is a site of TRAF6-mediated ubiquitination.

We next examined whether LPS might induce the K63-
linked polyubiquitination of MST1/STK4 at Lys?*! in BMDMs
with using MST1/STK4~'~ cells reconstituted with Flag-tagged
WT or K221R mutant forms of MST1/STK4. LPS induced
the K63-linked polyubiquitination of Flag-MST1/STK4(WT),
but not that of Flag-MST1(K221R), in the reconstituted cells
(Fig. 5¢). LPS also increased the Thr'®3-phosphorylation and
the kinase activity of MST1/STK4 in the cells reconstituted
with WT MST1/STK4 but not in those reconstituted with
MST1(K221R). Phosphorylation at Thr'®® within the activa-
tion loop of MST1/STK4 has been shown to be required for
the activation of the kinase [41, 42]. Of note, MST1(K221R)
was stimulated in cellular response to H,O, (Fig. S4), sug-
gesting that its catalytic activity is intact. Collectively, these
results suggested that the TRAF6-mediated ubiquitination of
MST1/STK4 at Lys??! is critical for LPS-induced MST1/STK4
activation in BMDMs.

TRAF6-mediated ubiquitination of MST1/STK4
at Lys??! attenuates LPS-induced cytokine
production in BMDMs

Finally, we examined the effect of TRAF6-mediated ubiqui-
tination of MST1/STK4 at Lys®*! on LPS-induced cytokine
production in BMDMs. BMDMs from MST1/STK4~~ mice
were reconstituted with WT or K221R mutant forms of
MST1/STK4 and then examined for LPS-induced produc-
tion of proinflammatory cytokines TNF-a and IL-6. LPS
stimulation increased the production of TNF-a (Fig. 6a)
and IL-6 (Fig. 6b) in MST1/STK4~~ cells transfected with
an empty vector, and these effects of LPS were attenuated
in the cells reconstituted with wild-type MST1/STK4, but
not in the cells reconstituted with MST1(K221R) (Fig. 6a,
b). Together, these results suggested that Lys??! is a criti-
cal residue for MST1/STK4 to attenuate the LPS-induced
production of the cytokines TNF-o and IL-6 in BMDMs.

Discussion

We have here established that MST1/STK4 functions as
a negative modulator of the TLR4-TRAF6-NF-«B signal-
ing pathway associated with inflammation in macrophages.
Myeloid-specific ablation of MST1/STK4 increased the sus-
ceptibility of mice to LPS-induced septic toxicity as well
as enhanced NF-xB signaling-dependent processes includ-
ing the production of proinflammatory cytokines. Genetic
ablation of MST1/STK4 also enhanced the LPS-induced
auto-ubiquitination of TRAF6 as well as downstream sign-
aling events in BMDMs, suggesting that MST1/STK4 nega-
tively regulates the LPS-induced activation of TRAF®6 in
these cells. However, we found that MST1/STK4 did not
either phosphorylate TRAF6 or directly inhibit TRAF6
auto-ubiquitination, indicating that TRAF®6 is not a direct
target of MST1/STK4. The negative effect of MST1/STK4
on LPS-induced TRAF6 autoubiquitination was apparent
in BMDMs only in the presence of p62/SQSTM1, which
functions as a signaling adaptor in the NF-xB signaling
pathway [37, 43—-47]. We found that MST1/STK4 reduces
the LPS-induced association between TRAF6 and p62/
SQSTMI1 in BMDMs. Moreover, MST1/STK4 inhibited the
p62/SQSTM1-dependent activation of TRAF6 and down-
stream signaling events in the NF-xB pathway. We there-
fore propose that the inhibition of p62/SQSTM1-dependent
TRAF6 activation may be an integral part of the mechanism
by which MST1/STK4 negatively regulates the LPS-TLR4-
NF-«B signaling pathway.

The p62/SQSTM1 adapter was initially discovered as a
protein that binds to the Src homology 2 (SH2) domain of
the kinase p56'* in a phosphotyrosine-independent manner
[48, 49]. It was subsequently shown to function as an adapter
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Fig.4 TRAF6 mediates the LPS-induced activation of MST1/STK4.
a HEK293 cells were transfected for 24 h with expression vectors
for the indicated combinations of proteins, lysed, and subjected to
immunoprecipitation with anti-Flag antibody. The resulting pre-
cipitates were examined by an immune complex kinase assay with
myelin basic protein (MyBP) as substrate and the relative values for
MST1/STK4 activity are shown. The cell lysates were examined also
directly by immunoblot analysis with antibodies to Flag or to Myc.
b BMDMs were transfected for 24 h with control or TRAF6 siRNA,
left untreated or treated with 1 pg/ml LPS for 30 min, and subjected
to immunoprecipitation with anti-MST1/STK4 antibody. The result-

protein in the NF-kB signaling pathway and thereby to
enhance transcription-stimulating activity of NF-xB [44—46,
50]. In particular, p62/SQSTM1 was shown to interact
with TRAF6, with formation of the TRAF6-p62/SQSTM1
complex being important for downstream signaling events
of the NF-kB pathway [37, 38, 45, 47, 50, 51]. Although
the mechanism underlying regulation of the TRAF6-p62/
SQSTMI interaction has been unclear, p62/SQSTM1
appears to interact with polyubiquitinated TRAF6 through
its TRAF6 binding site and carboxy-terminal ubiquitin
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ing precipitates were examined for MST1/STK4 activity with an
immune complex kinase assay as well as for MST1/STK4 ubiquitina-
tion by immunoblot analysis with anti-ubiquitin antibody. Quantita-
tion of relative MST1/STK4 activity from four independent experi-
ments is also shown. *p <0.05. NS not significant. ¢, d HEK293 cells
were transfected for 48 h with expression vectors for the indicated
combinations of proteins, lysed, and subjected to immunoprecipita-
tion with anti-Flag antibody. The resulting precipitates were exam-
ined by immunoblot analysis with antibody to HA. IgG,, heavy chain
of immunoglobulin G. The lysates were also examined directly by
immunoblot analysis with antibodies to Flag or Myc

associated domain [37, 39, 44, 45]. Our additional experi-
ments are currently underway for clarification of a molecular
mechanism how MST1/STK4 suppresses the TRAF6-p62/
SQSTMI interaction.

We have also shown that TRAF6 is a key mediator of
LPS-induced MST1/STK4 activation in BMDMs. TRAF6
was thus found to mediate the K63-linked polyubiquitina-
tion of MST1/STK4 at Lys**! as well as MST1/STK4 acti-
vation in cells exposed to LPS. Furthermore, LPS failed
to induce the ubiquitination and activation of a K221R
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Fig.5 TRAF6-mediated ubiquitination of MST1/STK4 at Lys?! is
important for LPS-induced MST1/STK4 activation. a In vitro assay
for TRAF6-catalyzed MST1/STK4 ubiquitination. His,-MST1/STK4
variants (K59R and K59R/K221R) were subjected to an in vitro ubig-
uitination reaction in the absence or presence of Myc-TRAF6, which
was obtained by immunoprecipitation of transfected HEK293 cells
with anti-Myc antibody. The reaction mixtures were then centrifuged,
the resulting supernatants were immunoprecipitated with anti-ubiqui-
tin antibody, and the precipitates were examined by immunoblotting
with anti-MST1/STK4 antibody. The input of the Hisc-MST1/STK4
proteins to the assay was visualized by Coomassie staining, and that
of Myc-TRAF6 was examined by immunoblot analysis with anti-Myc
antibody. /gGy heavy chain of immunoglobulin G. b HEK293 cells
were transfected for 48 h with expression vectors for the indicated

mutant of MST1/STK4, suggesting that TRAF6-mediated
ubiquitination is a key step for LPS-induced activation of
MST1/STK4. The mechanism by which the ubiquitination
of MST1/STK4 at Lys*?! increases the enzymatic activ-
ity of MST1/STK4 remains unclear, however. Given that
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combinations of proteins, lysed, and subjected to immunoprecipita-
tion with anti-Flag antibody. The resulting precipitates were exam-
ined by immunoblot analysis with antibody to Xpress. The lysates
were also examined directly by immunoblot analysis with antibodies
to Flag or Myc. ¢ MST1/STK4~~ BMDMs were transfected for 24 h
with vectors for Flag-tagged MST1/STK4 variants (WT and K221R),
incubated in the absence or presence of LPS (1 pg/ml) for 30 min,
lysed, and immunoprecipitated with anti-Flag antibody. The resulting
precipitates were examined for MST1/STK4 ubiquitination by immu-
noblot analysis with antibodies to K63-linked polyubiquitin chains or
to Flag. The Flag precipitates were also examined for MST1/STK4
activity with an immune complex kinase assay, and the cell lysates
were examined directly by immunoblot analysis with antibodies to
phospho-MST1/STK4(Thr'®%), or to Flag, or to GAPDH

homodimer formation contributes to MST1/STK4 activa-
tion [52], it will be of interest to investigate whether the
TRAF6-medated ubiquitination of MST1/STK4 promotes
its homodimerization in intact cells.
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Fig.6 TRAF6-mediated ubiquitination of MST1/STK4 at Lys??! neg-
atively regulates LPS-induced cytokine production. BMDMs isolated
from MSTI1/STK4~'~ mice were transfected for 24 h with an empty
vector (EV) or vectors encoding HA-MST1/STK4 variants (WT
or K221R). Then, the cells were left untreated or treated with LPS
(1 pg/ml) for 12 h before assay of TNF-a (a) or IL-6 (b) secreted into
the culture medium by ELISA. The cells were also lysed and exam-
ined by immunoblot analysis with antibodies to MST1/STK4 or to
GAPDH (c). Data are representative of two independent experiments
(means + SD of triplicate samples). *p <0.05

The NF-kB signaling pathway plays a pivotal role in
inflammation and the immune response [53], and it must
therefore be subject to strict regulation to prevent its exces-
sive activation and consequent uncontrolled inflammation
and immunopathology [53, 54]. Accordingly, the initial acti-
vation of the NF-kB pathway should be attenuated by nega-
tive feedback regulation that prevents overactivation of the
pathway and facilitates the proper resolution of inflammation
[55]. We have now uncovered a previously unrecognized
role of MST1/STK4 in the TRAF6-mediated activation of
the NF-xB signaling pathway induced by LPS. Furthermore,
given that TRAF6 also mediates the NF-kB pathway induced
by other stimuli including IL-1, CD40, RANK, and NGF
[10, 56-59], it is intriguing to investigate a possibility that
MST1/STK4 may function as a common key regulator of
the diverse NF-«xB signaling events. Thus, our findings in
this study warrants further study for its potential to serve as
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a basis for development of novel therapeutics for inflamma-
tory disorders.

Acknowledgements We thank S. Yonehara, S. Kang, and D. Goeddel
for Flag-MST1/STK4, HA-ubiquitin, and TRAF6 cDNAs, respectively,
as well as V. M. Dixit for the antibody to K63-linked polyubiquitin
and T. Kinashi for MST1/STK4" mice. This work was supported by
a National Research Foundation grant (NRF-2020R1A2C2011392)
funded by the Ministry of Science and ICT of Korea as well as by a
Korea University grant (E.-J.C.). K.-H.R. was supported financially
by a Global Ph.D. fellowship (2016H1A2A1907478) funded by the
Ministry of Science and ICT of Korea.

Author contributions KHR, YL, IYL, DL, EK, EP, and JHY conducted
the experiments. KHR, YL, EP, TSK, HKS, JHY and EJC designed
the experiments. DSL and JS provided materials. KHR and EJC wrote
the paper.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Bierschenk D, Boucher D, Schroder K (2017) Salmonella-induced
inflammasome activation in humans. Mol Immunol 86:38—43.
https://doi.org/10.1016/j.molimm.2016.11.009

2. Weiss G, Schaible UE (2015) Macrophage defense mechanisms
against intracellular bacteria. Immunol Rev 264:182-203. https
://doi.org/10.1111/imr.12266

3. Newton K, Dixit VM (2012) Signaling in innate immunity and
inflammation. Cold Spring Harb Perspect Biol. https://doi.
org/10.1101/cshperspect.a006049

4. Kagan JC (2017) Lipopolysaccharide detection across the
kingdoms of life. Trends Immunol 38:696—704. https://doi.
org/10.1016/;.1t.2017.05.001

5. Miyake K (2004) Innate recognition of lipopolysaccharide by
Toll-like receptor 4-MD-2. Trends Microbiol 12:186-192. https
://doi.org/10.1016/].tim.2004.02.009

6. Beutler B, Rietschel ET (2003) Innate immune sensing and its
roots: the story of endotoxin. Nat Rev Immunol 3:169-176. https
://doi.org/10.1038/nri1004

7. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X,
Birdwell D, Alejos E, Silva M, Galanos C, Freudenberg M, Ric-
ciardi-Castagnoli P, Layton B, Beutler B (1998) Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in
Tlr4 gene. Science 282:2085-2088. https://doi.org/10.1126/scien
ce.282.5396.2085

8. Arango Duque G, Descoteaux A (2014) Macrophage cytokines:
involvement in immunity and infectious diseases. Front Immunol
5:491. https://doi.org/10.3389/fimmu.2014.00491

9. Cook DN, Pisetsky DS, Schwartz DA (2004) Toll-like receptors
in the pathogenesis of human disease. Nat Immunol 5:975-979.
https://doi.org/10.1038/ni1116

10. Cao Z, Xiong J, Takeuchi M, Kurama T, Goeddel DV (1996)
TRAF®6 is a signal transducer for interleukin-1. Nature 383:443—
446. https://doi.org/10.1038/383443a0

11. Burns K, Martinon F, Esslinger C, Pahl H, Schneider P, Bod-
mer JL, Di Marco F, French L, Tschopp J (1998) MyD88, an
adapter protein involved in interleukin-1 signaling. J Biol Chem
273:12203-12209


https://doi.org/10.1016/j.molimm.2016.11.009
https://doi.org/10.1111/imr.12266
https://doi.org/10.1111/imr.12266
https://doi.org/10.1101/cshperspect.a006049
https://doi.org/10.1101/cshperspect.a006049
https://doi.org/10.1016/j.it.2017.05.001
https://doi.org/10.1016/j.it.2017.05.001
https://doi.org/10.1016/j.tim.2004.02.009
https://doi.org/10.1016/j.tim.2004.02.009
https://doi.org/10.1038/nri1004
https://doi.org/10.1038/nri1004
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.1038/ni1116
https://doi.org/10.1038/383443a0

TRAF6-mediated ubiquitination of MST1/STK4 attenuates the TLR4-NF-kB signaling pathway...

2327

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Muzio M, Ni J, Feng P, Dixit VM (1997) IRAK (Pelle) family
member IRAK-2 and MyD88 as proximal mediators of IL-1 sign-
aling. Science 278:1612-1615

Deng L, Wang C, Spencer E, Yang L, Braun A, You J, Slaugh-
ter C, Pickart C, Chen ZJ (2000) Activation of the IkappaB
kinase complex by TRAF6 requires a dimeric ubiquitin-conju-
gating enzyme complex and a unique polyubiquitin chain. Cell
103:351-361

Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ (2001)
TAKI1 is a ubiquitin-dependent kinase of MKK and IKK. Nature
412:346-351. https://doi.org/10.1038/35085597

Hayden MS, Ghosh S (2012) NF-kB, the first quarter-century:
remarkable progress and outstanding questions. Genes Dev
26:203-234. https://doi.org/10.1101/gad.183434.111

Zhang Q, Lenardo MJ, Baltimore D (2017) 30 Years of NF-kB: a
blossoming of relevance to human pathobiology. Cell 168:37-57.
https://doi.org/10.1016/j.cell.2016.12.012

Creasy CL, Ambrose DM, Chernoft J (1996) The Ste20-like pro-
tein kinase, Mst1, dimerizes and contains an inhibitory domain. J
Biol Chem 271:21049-21053

Dan I, Watanabe NM, Kusumi A (2001) The Ste20 group
kinases as regulators of MAP kinase cascades. Trends Cell Biol
11:220-230

Creasy CL, Chernoff J (1995) Cloning and characterization of
a human protein kinase with homology to Ste20. J Biol Chem
270:21695-21700. https://doi.org/10.1074/jbc.270.37.21695
Ling P, Lu TJ, Yuan CJ, Lai MD (2008) Biosignaling of mam-
malian Ste20-related kinases. Cell Signal 20:1237-1247. https://
doi.org/10.1016/j.cellsig.2007.12.019

Thompson BJ, Sahai E (2015) MST kinases in development
and disease. J Cell Biol 210:871-882. https://doi.org/10.1083/
jcb.201507005

Geng J, Sun X, Wang P, Zhang S, Wang X, Wu H, Hong L, Xie
C, Li X, Zhao H, Liu Q, Jiang M, Chen Q, Zhang J, Li Y, Song
S, Wang HR, Zhou R, Johnson RL, Chien KY, Lin SC, Han J,
Avruch J, Chen L, Zhou D (2015) Kinases Mstl and Mst2 posi-
tively regulate phagocytic induction of reactive oxygen species
and bactericidal activity. Nat Immunol 16:1142-1152. https://doi.
org/10.1038/ni.3268

LiC,Bi Y, LiY, Yang H, Yu Q, Wang J, Wang Y, Su H, Jia A,
Hu Y, Han L, Zhang J, Li S, Tao W, Liu G (2017) Dendritic cell
MSTT1 inhibits Th17 differentiation. Nat Commun 8:14275. https
://doi.org/10.1038/ncomms 14275

Li W, Xiao J, Zhou X, Xu M, Hu C, Xu X, Lu Y, Liu C, Xue S,
Nie L, Zhang H, Li Z, Zhang Y, Ji F, Hui L, Tao W, Wei B, Wang
H (2015) STK4 regulates TLR pathways and protects against
chronic inflammation-related hepatocellular carcinoma. J Clin
Investig 125:4239-4254. https://doi.org/10.1172/jci81203

Zhao S, Yin J, Zhou L, Yan F, He Q, Huang L, Peng S, Jia J,
Cheng J, Chen H, Tao W, Ji X, Xu Y, Yuan Z (2016) Hippo/MST1
signaling mediates microglial activation following acute cerebral
ischemia-reperfusion injury. Brain Behav Immun 55:236-248.
https://doi.org/10.1016/j.bbi.2015.12.016

Du X, Wen J, Wang Y, Karmaus PWF, Khatamian A, Tan H, Li Y,
Guy C, Nguyen TM, Dhungana Y, Neale G, Peng J, Yu J, Chi H
(2018) Hippo/Mst signalling couples metabolic state and immune
function of CD8a* dendritic cells. Nature 558:141-145. https:/
doi.org/10.1038/s41586-018-0177-0

Lee IY, Lim JM, Cho H, Kim E, Kim Y, Oh HK, Yang WS, Roh
KH, Park HW, Mo JS, Yoon JH, Song HK, Choi EJ (2019) MST1
negatively regulates TNFa-induced NF-kB signaling through
modulating LUBAC activity. Mol Cell 73:1138-1149.e1136. https
://doi.org/10.1016/j.molcel.2019.01.022

Oh S, Lee D, Kim T, Kim TS, Oh HJ, Hwang CY, Kong YY,
Kwon KS, Lim DS (2009) Crucial role for Mstl and Mst2 kinases

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

in early embryonic development of the mouse. Mol Cell Biol
29:6309-6320. https://doi.org/10.1128/mcb.00551-09

Kwon J, Han E, Bui CB, Shin W, Lee J, Lee S, Choi YB, Lee AH,
Lee KH, Park C, Obin MS, Park SK, Seo YJ, Oh GT, Lee HW,
Shin J (2012) Assurance of mitochondrial integrity and mam-
malian longevity by the p62-Keap1-Nrf2-Nqol cascade. EMBO
Rep 13:150-156. https://doi.org/10.1038/embor.2011.246
Katagiri K, Katakai T, Ebisuno Y, Ueda Y, Okada T, Kinashi
T (2009) Mstl controls lymphocyte trafficking and interstitial
motility within lymph nodes. EMBO J 28:1319-1331. https://
doi.org/10.1038/emboj.2009.82

Yun HJ, Yoon JH, Lee JK, Noh KT, Yoon KW, Oh SP, Oh HJ,
Chae JS, Hwang SG, Kim EH, Maul GG, Lim DS, Choi EJ (2011)
Daxx mediates activation-induced cell death in microglia by trig-
gering MST1 signalling. EMBO J 30:2465-2476. https://doi.
org/10.1038/emboj.2011.152

Roh KH, Choi EJ (2016) TRAF2 functions as an activator switch
in the reactive oxygen species-induced stimulation of MST1. Free
Radic Biol Med 91:105-113. https://doi.org/10.1016/j.freeradbio
med.2015.12.010

Ryoo K, Huh SH, Lee YH, Yoon KW, Cho SG, Choi EJ (2004)
Negative regulation of MEKK 1-induced signaling by glutathione
S-transferase Mu. J Biol Chem 279:43589-43594. https://doi.
org/10.1074/jbc.M404359200

Park HS, Lee JS, Huh SH, Seo JS, Choi EJ (2001) Hsp72 func-
tions as a natural inhibitory protein of c-Jun N-terminal kinase.
EMBO J 20:446-456. https://doi.org/10.1093/emboj/20.3.446
Lamothe B, Besse A, Campos AD, Webster WK, Wu H, Dar-
nay BG (2007) Site-specific Lys-63-linked tumor necrosis factor
receptor-associated factor 6 auto-ubiquitination is a critical deter-
minant of I kappa B kinase activation. J Biol Chem 282:4102-
4112. https://doi.org/10.1074/jbc.M609503200

Walsh MC, Lee J, Choi Y (2015) Tumor necrosis factor receptor-
associated factor 6 (TRAF6) regulation of development, function,
and homeostasis of the immune system. Immunol Rev 266:72-92.
https://doi.org/10.1111/imr.12302

Wooten MW, Geetha T, Seibenhener ML, Babu JR, Diaz-Meco
MT, Moscat J (2005) The p62 scaffold regulates nerve growth
factor-induced NF-kappaB activation by influencing TRAF6
polyubiquitination. J Biol Chem 280:35625-35629. https://doi.
org/10.1074/jbc.C500237200

Zotti T, Scudiero I, Settembre P, Ferravante A, Mazzone P,
D’Andrea L, Reale C, Vito P, Stilo R (2014) TRAF6-medi-
ated ubiquitination of NEMO requires p62/sequestosome-1.
Mol Immunol 58:27-31. https://doi.org/10.1016/j.molim
m.2013.10.015

Moscat J, Diaz-Meco MT, Wooten MW (2007) Signal integration
and diversification through the p62 scaffold protein. Trends Bio-
chem Sci 32:95-100. https://doi.org/10.1016/j.tibs.2006.12.002
Jadhav T, Geetha T, Jiang J, Wooten MW (2008) Identification
of a consensus site for TRAF6/p62 polyubiquitination. Biochem
Biophys Res Commun 371:521-524. https://doi.org/10.1016/j.
bbrc.2008.04.138

Lee KK, Yonehara S (2002) Phosphorylation and dimerization
regulate nucleocytoplasmic shuttling of mammalian STE20-
like kinase (MST). J Biol Chem 277:12351-12358. https://doi.
org/10.1074/jbc.M 108138200

Praskova M, Khoklatchev A, Ortiz-Vega S, Avruch J (2004) Regu-
lation of the MST1 kinase by autophosphorylation, by the growth
inhibitory proteins, RASSF1 and NOREL, and by Ras. Biochem J
381:453-462. https://doi.org/10.1042/bj20040025

Duran A, Linares JF, Galvez AS, Wikenheiser K, Flores JM,
Diaz-Meco MT, Moscat J (2008) The signaling adaptor p62 is
an important NF-kappaB mediator in tumorigenesis. Cancer Cell
13:343-354. https://doi.org/10.1016/j.ccr.2008.02.001

@ Springer


https://doi.org/10.1038/35085597
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1074/jbc.270.37.21695
https://doi.org/10.1016/j.cellsig.2007.12.019
https://doi.org/10.1016/j.cellsig.2007.12.019
https://doi.org/10.1083/jcb.201507005
https://doi.org/10.1083/jcb.201507005
https://doi.org/10.1038/ni.3268
https://doi.org/10.1038/ni.3268
https://doi.org/10.1038/ncomms14275
https://doi.org/10.1038/ncomms14275
https://doi.org/10.1172/jci81203
https://doi.org/10.1016/j.bbi.2015.12.016
https://doi.org/10.1038/s41586-018-0177-0
https://doi.org/10.1038/s41586-018-0177-0
https://doi.org/10.1016/j.molcel.2019.01.022
https://doi.org/10.1016/j.molcel.2019.01.022
https://doi.org/10.1128/mcb.00551-09
https://doi.org/10.1038/embor.2011.246
https://doi.org/10.1038/emboj.2009.82
https://doi.org/10.1038/emboj.2009.82
https://doi.org/10.1038/emboj.2011.152
https://doi.org/10.1038/emboj.2011.152
https://doi.org/10.1016/j.freeradbiomed.2015.12.010
https://doi.org/10.1016/j.freeradbiomed.2015.12.010
https://doi.org/10.1074/jbc.M404359200
https://doi.org/10.1074/jbc.M404359200
https://doi.org/10.1093/emboj/20.3.446
https://doi.org/10.1074/jbc.M609503200
https://doi.org/10.1111/imr.12302
https://doi.org/10.1074/jbc.C500237200
https://doi.org/10.1074/jbc.C500237200
https://doi.org/10.1016/j.molimm.2013.10.015
https://doi.org/10.1016/j.molimm.2013.10.015
https://doi.org/10.1016/j.tibs.2006.12.002
https://doi.org/10.1016/j.bbrc.2008.04.138
https://doi.org/10.1016/j.bbrc.2008.04.138
https://doi.org/10.1074/jbc.M108138200
https://doi.org/10.1074/jbc.M108138200
https://doi.org/10.1042/bj20040025
https://doi.org/10.1016/j.ccr.2008.02.001

2328

K.-H. Roh et al.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Duran A, Serrano M, Leitges M, Flores JM, Picard S, Brown JP,
Moscat J, Diaz-Meco MT (2004) The atypical PKC-interacting
protein p62 is an important mediator of RANK-activated osteo-
clastogenesis. Dev Cell 6:303-309

Sanz L, Diaz-Meco MT, Nakano H, Moscat J (2000) The atypical
PKC-interacting protein p62 channels NF-kappaB activation by
the IL-1-TRAF6 pathway. EMBO J 19:1576-1586. https://doi.
org/10.1093/emboj/19.7.1576

Sanz L, Sanchez P, Lallena MJ, Diaz-Meco MT, Moscat J
(1999) The interaction of p62 with RIP links the atypical PKCs
to NF-kappaB activation. EMBO J 18:3044-3053. https://doi.
org/10.1093/emboj/18.11.3044

Seibold K, Ehrenschwender M (2015) p62 regulates CD40-medi-
ated NFkB activation in macrophages through interaction with
TRAF6. Biochem Biophys Res Commun 464:330-335. https://
doi.org/10.1016/j.bbrc.2015.06.153

Joung I, Strominger JL, Shin J (1996) Molecular cloning of a
phosphotyrosine-independent ligand of the p56lck SH2 domain.
Proc Natl Acad Sci USA 93:5991-5995. https://doi.org/10.1073/
pnas.93.12.5991

Park I, Chung J, Walsh CT, Yun Y, Strominger JL, Shin J (1995)
Phosphotyrosine-independent binding of a 62-kDa protein
to the src homology 2 (SH2) domain of p56lck and its regula-
tion by phosphorylation of Ser-59 in the Ick unique N-terminal
region. Proc Natl Acad Sci USA 92:12338-12342. https://doi.
org/10.1073/pnas.92.26.12338

Schimmack G, Schorpp K, Kutzner K, Gehring T, Brenke JK,
Hadian K, Krappmann D (2017) YOD1/TRAF6 association bal-
ances p62-dependent IL-1 signaling to NF-kB. Elife. https://doi.
org/10.7554/eLife.22416

Martin P, Diaz-Meco MT, Moscat J (2006) The signaling adapter
p62 is an important mediator of T helper 2 cell function and aller-
gic airway inflammation. EMBO J 25:3524-3533. https://doi.
org/10.1038/sj.emboj. 7601250

Anand R, Kim AY, Brent M, Marmorstein R (2008) Biochemical
analysis of MST1 kinase: elucidation of a C-terminal regulatory
region. Biochemistry 47:6719-6726. https://doi.org/10.1021/
bi800309m

@ Springer

53.

54.

55.

56.

57.

58.

59.

Mogensen TH (2009) Pathogen recognition and inflammatory
signaling in innate immune defenses. Clin Microbiol Rev 22:240-
273. https://doi.org/10.1128/cmr.00046-08

Qian C, Liu J, Cao X (2014) Innate signaling in the inflamma-
tory immune disorders. Cytokine Growth Factor Rev 25:731-738.
https://doi.org/10.1016/j.cytogfr.2014.06.003

Afonina IS, Zhong Z, Karin M, Beyaert R (2017) Limiting inflam-
mation-the negative regulation of NF-kB and the NLRP3 inflam-
masome. Nat Immunol 18:861-869. https://doi.org/10.1038/
ni.3772

Darnay BG, Ni J, Moore PA, Aggarwal BB (1999) Activation of
NF-kappaB by RANK requires tumor necrosis factor receptor-
associated factor (TRAF) 6 and NF-kappaB-inducing kinase.
Identification of a novel TRAF®6 interaction motif. J] Biol Chem
274:7724-7731. https://doi.org/10.1074/jbc.274.12.7724

Ishida T, Mizushima S, Azuma S, Kobayashi N, Tojo T, Suzuki
K, Aizawa S, Watanabe T, Mosialos G, Kieff E, Yamamoto T,
Inoue J (1996) Identification of TRAF6, a novel tumor necrosis
factor receptor-associated factor protein that mediates signal-
ing from an amino-terminal domain of the CD40 cytoplasmic
region. J Biol Chem 271:28745-28748. https://doi.org/10.1074/
jbc.271.46.28745

Khursigara G, Orlinick JR, Chao MV (1999) Association of the
p75 neurotrophin receptor with TRAF6. J Biol Chem 274:2597—
2600. https://doi.org/10.1074/jbc.274.5.2597

Lomaga MA, Yeh WC, Sarosi I, Duncan GS, Furlonger C, Ho
A, Morony S, Capparelli C, Van G, Kaufman S, van der Heiden
A, Itie A, Wakeham A, Khoo W, Sasaki T, Cao Z, Penninger
JM, Paige CJ, Lacey DL, Dunstan CR, Boyle WJ, Goeddel DV,
Mak TW (1999) TRAF6 deficiency results in osteopetrosis and
defective interleukin-1, CD40, and LPS signaling. Genes Dev
13:1015-1024. https://doi.org/10.1101/gad.13.8.1015

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/emboj/19.7.1576
https://doi.org/10.1093/emboj/19.7.1576
https://doi.org/10.1093/emboj/18.11.3044
https://doi.org/10.1093/emboj/18.11.3044
https://doi.org/10.1016/j.bbrc.2015.06.153
https://doi.org/10.1016/j.bbrc.2015.06.153
https://doi.org/10.1073/pnas.93.12.5991
https://doi.org/10.1073/pnas.93.12.5991
https://doi.org/10.1073/pnas.92.26.12338
https://doi.org/10.1073/pnas.92.26.12338
https://doi.org/10.7554/eLife.22416
https://doi.org/10.7554/eLife.22416
https://doi.org/10.1038/sj.emboj.7601250
https://doi.org/10.1038/sj.emboj.7601250
https://doi.org/10.1021/bi800309m
https://doi.org/10.1021/bi800309m
https://doi.org/10.1128/cmr.00046-08
https://doi.org/10.1016/j.cytogfr.2014.06.003
https://doi.org/10.1038/ni.3772
https://doi.org/10.1038/ni.3772
https://doi.org/10.1074/jbc.274.12.7724
https://doi.org/10.1074/jbc.271.46.28745
https://doi.org/10.1074/jbc.271.46.28745
https://doi.org/10.1074/jbc.274.5.2597
https://doi.org/10.1101/gad.13.8.1015

	TRAF6-mediated ubiquitination of MST1STK4 attenuates the TLR4-NF-κB signaling pathway in macrophages
	Abstract
	Introduction
	Materials and methods
	Animals
	LPS shock model
	Flow cytometric analysis
	Cell culture and transfection
	Plasmids
	Antibodies and reagents
	Cytokine measurement
	RT and real-time PCR analysis
	Immunoprecipitation and immunoblot analysis
	Immune complex kinase assay
	Ubiquitination assay
	RNA interference
	Statistical analysis

	Result
	Myeloid-specific genetic ablation of MST1STK4 enhances the susceptibility of mice to LPS-induced sepsis
	MST1STK4 negatively regulates LPS-induced NF-κB signaling in BMDMs
	p62SQSTM1 promotes TRAF6-mediated NF-κB signaling in BMDMs
	TRAF6 mediates the LPS-induced K63-polyubiquitination and activation of MST1STK4 in BMDMs
	TRAF6-mediated ubiquitination of MST1STK4 at Lys221 attenuates LPS-induced cytokine production in BMDMs

	Discussion
	Acknowledgements 
	References




