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SUMMARY

The nuclear factor (NF)-xB pathway plays a central
role in inflammatory and immune responses, with
aberrant activation of NF-kB signaling being impli-
cated in various human disorders. Here, we show
that mammalian ste20-like kinase 1 (MST1) is a previ-
ously unrecognized component of the tumor necro-
sis factor o (TNFa) receptor 1 signaling complex
(TNF-RSC) and attenuates TNFa-induced NF-«xB
signaling. Genetic ablation of MST1 in mouse embry-
onic fibroblasts and bone marrow-derived macro-
phages potentiated the TNFa-induced increase in
IkB kinase (IKK) activity, as well as the expression
of NF-kB target genes. TNFa« induced the recruitment
of MST1 to TNF-RSC and its interaction with HOIP,
the catalytic component of the E3 ligase linear ubiqg-
uitin assembly complex (LUBAC). Furthermore,
MST1 activated in response to TNF« stimulation me-
diates the phosphorylation of HOIP and thereby in-
hibited LUBAC-dependent linear ubiquitination of
NEMO/IKKy. Together, our findings suggest that
MST1 negatively regulates TNFa-induced NF-kB
signaling by targeting LUBAC.

INTRODUCTION

The nuclear factor (NF)-«B signaling pathway plays a key role in
the regulation of inflammatory and immune responses. In the
canonical NF-kB pathway, proinflammatory cytokines, such as
tumor necrosis factor a (TNFe) and interleukin (IL)-1p, induce
activation of the canonical 1kB kinase (IKK) complex, which is
composed of the kinase subunits IKKa (IKK1) and IKKB (IKK2),
as well as the regulatory subunit NEMO (IKKYy). The activated
IKK complex phosphorylates the NF-«B inhibitor IkBoa and
thereby promotes its ubiquitination and proteasomal degrada-
tion. Given that NF-kB is present in the cytosol of resting cells
as an inactive complex with I1kB, the degradation of the latter pro-
teinresults in the release of NF-«kB and its translocation to the nu-

cleus, where it activates transcription of various target genes
(Vallabhapurapu and Karin, 2009). The NF-«B signaling pathway
is regulated by various types of post-translational modification,
including ubiquitination (Chen, 2012).

Protein ubiquitination is mediated by three enzymes: a ubiqui-
tin (Ub)-activating enzyme (E1), a Ub-conjugating enzyme (E2),
and a Ub ligase (E3) (Pickart, 2001). Ub contains seven internal
lysine residues (K6, K11, K27, K29, K33, K48, and K63), each
of which as well as the NH,-terminal methionine residue (M1)
can serve as a link in the formation of polyubiquitin chains. Pro-
tein ubiquitination regulates many biological processes in a
manner dependent on the type of Ub linkage. In the case of Ub
lysine linkages, an isopeptide bond is formed between the
COOH-terminal carboxyl group of the activated Ub molecule
and the g-amino group of a lysine residue in the Ub moiety
attached to the substrate (Pickart, 2001). In the case of linear
Ub linkage, the COOH-terminal carboxyl group of Ub molecule
is attached to the a-amino group of M1 of the target Ub (Toku-
naga and Iwai, 2012).

The linear ubiquitin assembly complex (LUBAC) is a linear
ubiquitination-specific E3 ligase composed of the catalytic
component HOIP and the regulatory components Sharpin and
HOIL-1L (Gerlach et al., 2011; Ikeda et al., 2011; Kirisako et al.,
2006; Tokunaga et al., 2011). LUBAC contributes to the regula-
tion of both innate immunity (Damgaard et al., 2012; Ikeda
et al,, 2011; Inn et al., 2011; Zak et al., 2011; Zhang et al.,
2008) and adaptive immunity (Gerlach et al., 2011; Hostager
et al.,, 2010, 2011; Ikeda et al., 2011; Tokunaga et al., 2009,
2011). At the molecular level, LUBAC was initially shown to regu-
late TNFa receptor 1 (TNFR1) signaling (Haas et al., 2009; Ra-
highi et al., 2009; Tokunaga et al., 2009). TNFa. triggers the
recruitment of TNFR-associated factor 2 (TRAF2) and cellular in-
hibitor of apoptosis protein (c-IAP) to the cytosolic region of
TNFR1, which is associated with TNFR-associated death-
domain protein (TRADD) and receptor-interacting protein 1
(RIP1) to form the TNFR1 signaling complex (TNF-RSC) (also
known as complex ) (Bertrand et al., 2008; Ea et al., 2006; Mi-
cheau and Tschopp, 2003). The K-63 ubiquitination of RIP1 pro-
motes the recruitment of LUBAC to TNF-RSC (Haas et al., 2009;
Varfolomeev et al., 2012). The recruited LUBAC mediates linear
ubiquitination of NEMO and RIP1 and thereby increases the sta-
bility of TNF-RSC, as well as IKK activity, leading to the activation
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of NF-kB (Tokunaga et al., 2009). The loss of LUBAC renders
TNF-RSC unstable and induces the assembly of complex II,
which triggers cell death by apoptosis or necroptosis (Berger
et al., 2014; Gerlach et al., 2011; Peltzer et al., 2014; Rickard
et al., 2014). Genetic ablation of HOIP in mice causes embryonic
death at embryonic day 11 to 12 as a result of abnormal TNFR1-
mediated endothelial cell death (Peltzer et al., 2014).

Mammalian Ste20-like kinase 1 (MST1) [also known as serine/
threonine kinase 4 (STK4)] is a serine-threonine kinase that be-
longs to the family of class Il germinal center kinases (Creasy
et al., 1996; Creasy and Chernoff, 1995). MST1 contains a cata-
lytic domain in its NH,-terminal region, an autoinhibitory domain
in its central region, and a SARAH (Salvador/RASSF1/Hippo)
coiled-coil motif in its COOH-terminal region (Creasy et al.,
1996; Scheel and Hofmann, 2003). It functions in the regulation
of various cellular events, including cell growth, apoptosis, and
stress response (Radu and Chernoff, 2009). In particular, MST1
serves as a key mediator of intracellular signaling induced by
various extracellular stimuli including TNFa. (Chae et al., 2012;
Ohtsubo et al., 2008; Park et al., 2010; Rawat and Chern-
off, 2015).

To better understand the relation between MST1 and TNFa
signaling, we have now investigated the possible regulatory
role of MST1 in TNFa-induced NF-kB inflammatory signaling
pathway. Here, we show that TNFa induces the recruitment of
MST1 to TNF-RSC and the consequent activation of MST1 in a
TRAF2-dependent manner. Furthermore, activated MST1 medi-
ates the phosphorylation of HOIP and thereby inhibits its linear
ubiquitination activity. Thus, MST1 attenuates the LUBAC-
dependent activation of the NF-«kB signaling pathway. Our re-
sults reveal that MST1 functions as a negative regulator of
TNFa-induced NF-kB signaling in the inflammatory response.

RESULTS

MST1 Is a Negative Regulator of TNFa-Induced NF-«B
Signaling

To investigate the possible role of MST1 in regulation of the
NF-kB signaling pathway, we examined TNFa-induced NF-kB
signaling activity in wild-type (WT) and MST7~/~ mouse embry-
onic fibroblasts (MEFs). The TNFa-induced increase in DNA-
binding activity of the NF-kB(p65) was markedly greater in
MST1~/~ MEFs thanin WT cells (Figure 1A). Furthermore, reverse
transcription (RT) and real-time polymerase chain reaction (PCR)
analysis revealed that deletion of the MST7 gene in the cells
enhanced the TNFa-induced increases in the amounts of MRNAs
for NF-«B target genes including those for /kBa, IL-6, and induc-
ible nitric oxide synthase (iINOS) (Figure 1B). The TNFa-induced
production of IL-6 and nitric oxide (NO) was also markedly
enhanced in MST1~'~ MEFs, compared with WT cells (Figure 1C).
Moreover, ablation of MST1 increased the TNFa-induced phos-
phorylation (activation) of IKKa/ activity (Figure 1D). Immunoblot
analysis showed that the TNFa-induced degradation of IkBa was
more rapid (Figure 1E), and that the TNFa-induced phosphoryla-
tion (activation) of NF-kB p65 was more pronounced (Figure 1F),
in MST1~/~ cells than in WT cells. Together, these results sug-
gested that MSTT negatively regulates TNFa-induced activation
of the NF-«B signaling pathway. In comparison, siRNA-induced
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depletion of MST2 in Mst1~/~ MEFs did not affect TNFa-induced
NF-kB signaling events such as phosphorylation and degrada-
tion of IkBea (Figure S1A), phosphorylation of NF-kB p65 (Fig-
ure S1B), and IL-6 mRNA expression (Figure S1C). To further
compare the actions of MST7 and MST2 on TNFa-induced
NF-xB pathway, we transfected Flag-tagged MST1 or MST2
cDNAs into MST1/2 double-knockout (dKO) HEK293A cells
(Mengetal., 2015). Deficiency of both MST7 and MST2 enhanced
the effect of TNFa on the phosphorylation and degradation of
IkBa. in MST1/2-dKO cells, compared with WT HEK293A cells
(Figure S1D). Compared with MST1/2-dKO cells, TNFa-induced
IkBa. phosphorylation was reduced, and TNFa-induced IkBao
degradation was slowed down, in the MST1/2-dKO cells recon-
stituted with Flag-MST1 (Figure S1D). Reconstitution of Flag-
MST2 in MST1/2-dKO cells, however, did not affect those events
induced by TNFa (Figure S1E).

MST1 Physically Associates with HOIP

To provide insight into the cellular functions of MST1, we previ-
ously searched for MST1 binding proteins with a yeast two-
hybrid assay (Yun et al., 2011) and thereby identified HOIP
(also known as RNF31) as a binding partner of MST1. HOIP is
the catalytic component of the linear ubiquitination E3 enzyme
LUBAC, which plays a pivotal role in the regulation of TNFa-in-
duced NF-kB signaling events (Haas et al., 2009; Peltzer et al.,
2014). To confirm the interaction between MST1 and HOIP, we
performed a co-immunoprecipitation assay for the two endoge-
nous proteins in MEFs. We found that TNFa promoted the phys-
ical association of MST1 with HOIP in these cells (Figure 2A).
In vitro binding assay revealed that MST1 directly bound to
HOIP but not to Sharpin or HOIL-1L (Figure 2B), both of which
are regulatory components of LUBAC. Additionally, MST1
directly bound to a fragment of human HOIP, HOIP(633-1,072),
that includes the RING-in-between-RING (RBR) domain and
the linear Ub chain determining domain (LDD), whereas it did
not bind to either HOIP(1-480) or HOIP(481-632) (Figure 2C). In
a separate in vitro binding assay, MST1 bound to HOIP(633-
909), while its binding to HOIP(910-1,072) was negligible (Fig-
ure 2D). In a reciprocal binding experiment, HOIP(633-909)
bound to MST1 and MST1(1-326), but not to MST1(327-487)
(Figure 2E). MST1(1-326) contains a kinase domain, while
MST1(327-487) contains both an autoinhibitory domain and a
SARAH (or dimerization) domain.

MST1 Inhibits the E3 Ligase Activity of LUBAC

A HOIP fragment containing the RBR and LDD domains,
HOIP(RBR-LDD), is essential for the E3 ligase activity of LUBAC
(Smit et al., 2012). Given that we found that MST1 binds to
HOIP(RBR-LDD) (Figure 2C), we investigated the possible effect
of MST1 on the ES ligase activity of LUBAC. We examined the
linear Ub chain-forming activity of LUBAC in MEFs, using an
M1 linkage-specific Ub binder (M1-SUB), the construction of
which was based on the UBAN domain of NEMO (Keusekotten
et al., 2013). TNFa increased the formation of linear Ub chains
in WT MEFs, and this effect was more pronounced in MST1 /=
MEFs (Figure 3A). Immunoprecipitation of NEMO followed by
immunoblot analysis of linear Ub chains also revealed that
genetic ablation of MST7 enhanced the TNFa-induced linear
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Figure 1. Genetic Ablation of MST1 En-
hances TNFa-Induced NF-«B Signaling

(A) WT and MST7~/~ MEFs were untreated or
treated with 20 ng/mL TNFa for 30 min, after which
a nuclear fraction of the lysates was assayed for
the DNA-binding activity of NF-kB p65.

(B) gqRT-PCR of IkBa, IL-6, and iNOS mRNAs in WT
and MST1~/~ MEFs exposed to 20 ng/mL TNFa. for
0,1, or3hr.

(C) The amounts of IL-6 or NO released into culture
media of WT or MST1~/~ MEFs exposed to
20 ng/mL TNFa for O, 6, or 12 hr were quantified
with ELISA or Griess assay, respectively.

(D) WT or MST1~/~ MEFs exposed to 20 ng/mL
TNFa for the indicated times were immunoblotted
with antibodies to phospho-IKKa/B, to IKKa/B, or
to MST1.

(E and F) WT or MST1~/~ MEFs exposed to
20 ng/mL TNFa were immunoblotted with indi-
cated antibodies (upper panels). The band in-
tensity of IkBa relative to that of GAPDH (E) or that
of phospho-p65 relative to that of total NF-xB p65
(F) was quantified (lower panels). All quantitative
data are means + SEM from two independent ex-
periments. *p < 0.05.

See also Figure S1.
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(B) In vitro assay for binding of Hise-tagged
MST1(K59R) to 3S-labeled HOIP, Sharpin, or
HOIL-1L. The reaction mixtures were pulled down
with Ni-NTA beads. Bead-bound proteins were
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with Coomassie brilliant blue.
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ubiquitination of NEMO (Figure 3A). Together, these results sug-
gested that MST1, by binding to HOIP, negatively regulates the
TNFa-induced stimulation of the linear Ub chain-forming activity
of LUBAC. Of note, ablation of MST17 did not affect the interac-
tion of HOIP with Sharpin or HOIL-1L (Figure 3B).

TNFa induces the recruitment of LUBAC to TNF-RSC and the
consequent linear ubiquitination by LUBAC of several compo-
nents of TNF-RSC (Gerlach et al., 2011). Given that MST1 in-
hibited the TNFa-induced linear ubiquitination (Figure 3A), we
examined whether MST1 might prevent the TNFa-induced linear
ubiquitination within TNF-RSC. WT and MST1~/~ MEFs were
stimulated with a glutathione S-transferase (GST)-fused TNFa,
and TNF-RSC was then pulled down with the use of gluta-
thione-conjugated beads and subjected to immunoblot analysis.
This analysis revealed that MST1 deficiency enhanced the
TNFa-induced formation of linear Ub chains in TNF-RSC (Fig-
ure 3C). Immunostaining data also showed that colocalization
of linear Ub chains with TNFa after TNFa stimulation was mark-
edly increased in MST?7~/~ MEFs, compared with WT MEFs (Fig-
ure S2A). In comparison, the effect of MST1 deficiency on the
colocalization of K63-linked Ub chains with TNFa was not signif-
icant (Figure S2B).

Given that MST1 negatively regulated the TNFa-induced for-
mation of linear Ub chains within TNF-RSC (Figure 3C), we
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the TNFa-induced recruitment of LUBAC
components to TNF-RSC. Ablation of
MST1 did not affect the TNFa-induced recruitment of the LUBAC
components HOIP, SHARPIN, or HOIL-1L, to TNF-RSC (Fig-
ure 3D). MST1 deficiency also did not affect the TNFa-induced
recruitment of clAP1 or that of the deubiquitinases CYLD and
A20 to TNF-RSC, whereas it increased the abundance of RIP1
within the TNF-RSC. Importantly, MST1 was also recruited to
TNF-RSC in response to the stimulation of WT cells with GST-
TNFa. (Figures 3D and S2C), indicating that MST1 is a previously
unrecognized component of TNF-RSC. siRNA-mediated HOIP
depletion did not affect the abundance of both total and phos-
phorylated (activated) forms of MST1 within the TNF-RSC in
MEFs, while it markedly attenuated the abundance of linear Ub
chains in the TNF-RSC (Figure S2D). Furthermore, the observa-
tion that TNFa induces the recruitment of both MST1 and HOIP
to TNF-RSC (Figure 3D) suggested that the TNFo-dependent
interaction between MST1 and HOIP (Figure 2A) might occur
within this complex. MST1 deficiency also increased the
TNFa-induced recruitment of both total and activated forms of
IKK to TNF-RSC in MEFs (Figure 3E). Unlike MST1, MST2 was
not recruited to the TNF-RSC in MEFs after GST-TNFa treatment
(Figure S2C).

Next, we examined whether MST1 directly affects the catalytic
activity of HOIP. An in vitro ubiquitination assay revealed that the
E3 ligase activity of LUBAC was markedly inhibited by MST1, but



ular Cell (2019), https://doi.org/10.1016/j.molcel.2019.01.022

Please cite this article in press as: Lee et al., MST1 Negatively Regulates TNFa-Induced NF-«B Signaling through Modulating LUBAC Activity, Molec-

A B — D WT  MST1+ F
TP -+ -+ GST-TNFu 0 5 15 0 5 15 (min) LUBAC -
(Da HA-MST1 -
PD: SRS - - HoIP
M1 SUB‘ 1o Linear Ub 100 HA-MST1(K59R) -
- 0 == .
70 - w= «w | Sharpin
7 emes  @me|CYLD
o | 1704
=z | Linear Ub
%o | o[ W8S wsT
| P Ol [ w—
ESW NEMO E 70 (short exposure)
55 130 clAP1
8 === NEMO (long exposure)
= .
g MST1 | - —
%E GAPDH o (short exposure)

RIP1

B WT  MST1+ (long exposure)
TNFo - + - + 1 - —————— | G
% 12@ Sharpin 100 el TNFa -
T| ,, emm— HOIL-1L 0 (S -- WD PP Sharpin (k0a)
a 55| W W a—- - - - HOIL-1L

b oan aab SN
pRFepep) HOP 70
40_-.. Sharpin
55| ™ HOIL-1L

=SB o

WS W S am W8 CYLD 1od

A20
MST1

PD: M1-SUB

Lysates

Lysates
@ 3
L)

—_—— MST1 1o | ————— clAP1

70-‘-----’ RIP1
c o - - TNFR Q
WT _ MST1+ E
GST-TNFa - + - + E 3
(kDa) - 1 WT  MST1-+ &
— GST-TNFa - + - + -

9] Linear Ub I (kDa),
g 1704 g 100-‘ T | p-IKKa/p

E1 + UbcH5C(E2)
+ o+ o+ o+ o+ o+

- - -+ -

=\ e’ e

ST - NEMO
"EEEEE o
-;

Figure 3. MST1 Inhibits the E3 Ligase Activ-
ity of LUBAC

(A) WT and MST7~/~ MEFs were untreated or
treated with 20 ng/mL TNFa for 5 min. Cell lysates
were pulled down with GST-fused M1-SUB, and
the resulting pellets were immunoblotted with anti-
linear Ub antibody. The lysates were also immu-
noprecipitated with anti-NEMO antibody, followed
by immunoblotting with anti-linear Ub or anti-
NEMO antibody.

(B) Cell lysates prepared as in (A) were immuno-
precipitated with anti-HOIP antibody, followed by
immunoblotting with antibodies to Sharpin, to
HOIL-1L, or to HOIP.

(C-E) WT and MST7~/~ MEFs were untreated (C) or
treated (E) with 1 pg/mL GST-TNFa for 5 min or for
the indicated times (D). Cell lysates were pulled
down with glutathione-agarose beads, and the
bead-bound proteins were immunoblotted with
indicated antibodies.

(F) In vitro ubiquitination assay with E1, E2, LUBAC
(Flag-HOIP and Myc-HOIL-1L), and Ub in the
absence or presence of HA-MST1 or MST1(K59R).
HA-MST1 proteins were obtained by immunopre-
cipitation with anti-HA antibody from correspond-
ing transfected 293T cells.

(G) MST1~/~ MEFs were transfected for 48 hr with
a vector for Flag-MST1 or Flag-MST1(K59R) or an
empty vector, then were untreated or treated with
20 ng/mL TNFa. for 5 min. The cells were examined
for linear Ub formation by a pull-down assay with
GST-fused M1-SUB and for linear ubiquitination of
NEMO by coimmunoprecipitation, as in (A).

See also Figure S2.

o)
= A \4\51 ‘\\\A‘"

-+ -+

| Linear Ub

Linear Ub

Flag

13
0| o —-— MST1 @ ) N
= " 2 | 3
~ | 70
e B | — 0
MST1"-MEFs

not by the K59R kinase-dead mutant of MST1 (Figure 3F). We
also performed reconstitution experiments by re-expressing
either wild-type MST1 or MST1(K59R) in MST7~/~ MEFs. The ef-
fect of TNFa on the formation of linear Ub chains as well as on
linear ubiquitination of NEMO was attenuated by expression of
WT MST1, but not by that of MST1(K59R), in the MST1~/~ cells
(Figure 3G). Together, these results suggested that MST1, by
binding to HOIP, inhibits the linear Ub chain-forming activity of
LUBAC in a kinase activity-dependent manner.

MST1 Phosphorylates HOIP at Ser':°¢© in Its LDD Region
Given our findings that MST1 binds to HOIP and inhibits the cat-
alytic activity of HOIP, we examined whether it might mediate
the phosphorylation of HOIP. pIMAGO-based analysis of protein
phosphorylation revealed that TNFa. markedly increased the
phosphorylation of endogenous HOIP in WT MEFs but not in
MST1~/~ MEFs (Figure 4A). Furthermore, in vitro phosphoryla-
tion analysis showed that MST1 immunoprecipitates prepared
from TNFa-treated WT MEFs were able to phosphorylate a frag-
ment of human HOIP containing RBR and LDD (amino acids 633
to 1,072) (Figure 4B) but not HOIP(1-480) or HOIP(481-632) (Fig-
ure S3A). In comparison, MST2 did not phosphorylate
HOIP(633-1,072) in vitro (Figure S3C).

To identify phosphorylation sites of HOIP, we analyzed the
phosphorylated HOIP(633-1,072) fragment by mass spectrom-
etry and found that Ser'°®® was phosphorylated by MST1 (Fig-
ure 4C). Serine-1,066 is present in the LDD of human HOIP
and is highly conserved across multiple mammalian species
(Figure 4D). To confirm the phosphorylation of this site of HOIP
by MST1, we prepared rabbit polyclonal antibody specific to
the phosphorylated HOIP (Figure S3B). This antibody recognized
HOIP phosphorylated by MST1 in vitro, but it did not detect a
S1066A mutant form of human HOIP also subjected to the
in vitro kinase assay (Figure S3D). Immunoblot analysis with
this phospho-HOIP antibody revealed that TNFa treatment
markedly increased the cellular abundance of phosphorylated
HOIP in WT MEFs but not in MST1~/~ cells (Figure 4E). Taken
together, our results demonstrated that HOIP is a natural sub-
strate of MST1. MST1 has been previously shown to catalyze
serine phosphorylation of various proteins, including well-recog-
nized substrates such as histone H2B (Cheung et al., 2003) and
FOXO transcription factors, FOXO1 and FOXOS3 (Lehtinen et al.,
2006; Yuan et al., 2009).

TNFa stimulation promoted the phosphorylation of HOIP
within TNF-RSC in WT MEFs but not in MST1~/~ cells, while
MST1 deficiency itself did not affect the TNFa-induced
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Figure 4. MST1 Phosphorylates Human HOIP at Ser':%%¢

(A and B) WT and MST7~/~ MEFs were untreated or treated with 20 ng/mL
TNFe. for 10 min, and immunoprecipitated with antibodies to HOIP (A) or to
MST1 (B). The HOIP precipitates were analyzed for phosphorylation with
pIMAGO kit (A). The MST1 precipitates were used for an in vitro kinase assay
with GST-HOIP(633-1072) as substrate (B).

(C) Identification of a phosphorylation site of HOIP by mass spectrometry.
(D) Sequence conservation for a phosphorylation site of human HOIP (Ser'°¢®,
red) among various mammalian species.

(E) WT and MST1~/~ MEFs were untreated or treated with 20 ng/mL TNFa for
10 min. Cell lysates were immunoblotted with antibodies to phospho-HOIP
(Ser':%%9), to HOIP, or to MST.

(F) WT and MST1~/~ MEFs were untreated or treated with 1 ug/mL GST-TNFa.
for 10 min. The lysates were pulled down with glutathione-agarose beads, and
the bead-bound proteins were immunoblotted with indicated antibodies.

(G) Lung extracts obtained from 8-week-old WT and MST7~/~ mice untreated
or treated with TNFa (125 pg/kg) for 5 hr were immunoprecipitated with anti-
NEMO antibody, followed by immunoblotting with indicated antibodies.

See also Figure S3.
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recruitment of HOIP to the TNF-RSC (Figure 4F). The S1066A
mutation of HOIP also did not affect the recruitment of HOIP to
the TNF-RSC (Figure S3E), suggesting that HOIP phosphoryla-
tion by MST1 does not modulate the recruitment of HOIP to
the TNF-RSC. In vivo administration of TNFa promoted the phos-
phorylation of HOIP in the lung tissue from WT mice but not from
MST1~'~ mice (Figure 4G). Noticeably, the stimulating effect of
TNFa on linear ubiquitination of NEMO as well as phosphoryla-
tion (activation) of IKK complex in the lung tissue was more pro-
nounced in MST71~/~ mice compared to WT mice.

MST1-Mediated Phosphorylation of HOIP Attenuates

the E3 Ligase Activity of LUBAC

We examined whether MST1-mediated phosphorylation of HOIP
affects the catalytic activity of HOIP. After being phosphorylated
by MST1, recombinant HOIP catalytic domain was examined
for its E3 ligase activity by in vitro ubiquitination assay. In this
assay, the MST1-mediated phosphorylation inhibited the E3 ac-
tivity of the HOIP catalytic domain (Figure S4A). In additional ubig-
uitination assays, both WT and S1066A mutant forms of HOIP
mediated the formation of linear Ub chains in vitro in the presence
of HOIL-1L (Figure 5A). MST1 abolished the linear Ub chain for-
mation mediated by HOIP(WT) but not that mediated by
HOIP(S1066A). We next depleted MEFs of endogenous HOIP
by RNA interference (RNAI) and then reconstituted the cells with
ectopic human HOIP(WT) or HOIP(S1066A). TNFa. induced the
formation of linear Ub chains in the cells reconstituted with
HOIP(WT) but not in non-reconstituted cells, and this effect of
TNFa was enhanced further in the cells expressing HOIP(S1066A)
(Figure 5B). Consistent with these results, the TNFa-induced
linear ubiquitination of NEMO was more pronounced in the cells
reconstituted with HOIP(S1066A) than in those reconstituted
with HOIP(WT) (Figure 5C). Furthermore, TNFa-dependent forma-
tion of linear Ub chains as well as linear ubiquitination of NEMO
was attenuated in the cells reconstituted with a phosphomimetic
mutant HOIP(S1066E), compared with that of the cells reconsti-
tuted with HOIP(WT) (Figures S4B and S4C). These observations
suggested that the phosphorylation of HOIP reduces the linear Ub
chain-forming E3 activity of LUBAC.

The acceptor Ub interacts with the LDD of HOIP in the linear
ubiquitination reaction (Smit et al., 2012). Given that Ser'%® is
located in the LDD of human HOIP, we examined whether its
MST1-mediated phosphorylation might affect the interaction be-
tween the LDD and linear Ub chains. An in vitro binding assay re-
vealed that MBP-fused LDD of human HOIP, which contains
amino acids 927-1,072 of the HOIP, interacted directly with
GST-fused linear tetra-Ub chains (linear Uby), and that this bind-
ing was abolished by prior MST1-mediated phosphorylation of
MBP-HOIP(LDD) (Figure 5D). Furthermore, such prior exposure
to MST1 did not affect the interaction of the S1066A mutant
form of HOIP(LDD) with linear Ub, (Figure 5E). In addition, two
phosphomimetic mutants, S1066D and S1066E, of HOIP(LDD)
failed to interact with linear Ub, (Figure 5F). Together, these re-
sults suggested that the MST1-mediated phosphorylation of
HOIP interferes with the recognition of the acceptor Ub by the
LDD of HOIP.

Of note, in transfection studies using MST1~~ MEFs, ectopic
expression of MST1 did not affect the interaction of HOIP with
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OTULIN (Figure S4D) or CYLD (Figure S4E). Additionally, either
expression of a constitutively active MST1 or the S1066E muta-
tion of HOIP did not affect the binding of HOIP to OTULIN or
CYLD (Figures S4F and S4G).

TRAF2 Mediates the TNFa-Induced Stimulation of MST1

Next, we investigated the mechanism by which TNFa activates
MST1. Given that TNFa triggers the recruitment of MST1 (Figures
3D and S2C) and TRAF2 (Hsu et al., 1996; Shu et al., 1996) to
TNF-RSC and that TRAF2 was previously shown to contribute
to the activation of MST1 (Roh and Choi, 2016), we examined
the action of TRAF2 on TNFa-induced MST1 activation. Co-
immunoprecipitation analysis revealed that TNFa induced the
physical interaction of TRAF2 with MST1, but not with MST2,
in MEFs (Figure 6A). Moreover, TRAF2 deficiency abolished
the stimulating effect of TNFa on the phosphorylation
(activation) (Figure 6B) as well as the kinase activity (Figure S5A)

of MST1, suggesting that TRAF2 medi-
ates the TNFa-induced activation of
MST1. TNFa-induced interaction be-
tween MST1 and HOIP as well as HOIP
phosphorylation were also abolished in
TRAF2~'~ MEFs, compared with WT MEFs (Figure 6B). Interest-
ingly, TNFa-induced interaction between MST1 and HOIP was
detected by co-immunoprecipitation using cell lysates contain-
ing the TNF-RSC, but not by that using cell lysates depleted of
TNF-RSC (Figure S5B), implicating that the MST1-HOIP interac-
tion induced by TNFa stimulation occurs mainly in the TNF-RSC.
Given that TNFa-induced recruitment of MST1 to the TNF-RSC
was abolished in TRAF2~/~ MEFs (Figure S5C), we next exam-
ined whether TRAF2 is required for the MST1-HOIP interaction
within the TNF-RSC. TNF-RSC analysis data indicated that
TRAF2 deficiency prevented the TNFa-induced binding between
MST1 and HOIP within TNF-RSC in TRAF2~/~ MEFs (Figure 6C).
Our results suggested that TRAF2 mediates the TNFa-induced
recruitment of MST1 to TNF-RSC and consequent interaction
between MST1 and HOIP within the TNF-RSC.
The homo-dimerization of MST1 was previously shown to
contribute to its TRAF2-mediated activation (Roh and Choi,
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Figure 6. TRAF2 Mediates TNFa«-Induced MST1 Activation

(A) MEFs untreated or treated with 20 ng/mL TNFe for 5 min were immuno-
precipitated with TRAF2 antibody or rabbit IgG, followed by immunoblot
analysis with antibodies to MST1, to MST2, or to TRAF2.

(B) WT or TRAF2~/~ MEFs were untreated or treated with 20 ng/mL TNFa, for
5 min. Cell lysates were immunoprecipitated with HOIP antibody, followed by
immunoblotting with antibodies to MST1 or to HOIP. Cell lysates were also
immunoblotted with antibodies to phospho-MST1, to phospho-HOIP, to
MSTH1, to HOIP, or to TRAF2.

(C) WT or TRAF2~'~ MEFs were untreated or treated with 1 png/mL GST-TNFa
for 5 min, and then were subjected to TNF-RSC pull-down assay using
glutathione-agarose beads. Bead-bound proteins were immunoprecipitated
with anti-MST1 antibody, followed by immunoblotting with antibodies to HOIP
or to MST1.

(D) WT or TRAF2~~ MEFs were transfected for 48 hr with plasmids for HA-
MST1 and Flag-MST1, and then were untreated or treated with 20 ng/mL TNFa
for 5 min. Cell lysates were immunoprecipitated with Flag antibody, followed
by immunoblotting with HA or Flag antibodies. The Flag precipitates were also
assayed for MST1 activity with myelin basic protein as substrate.

See also Figure S5.
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2016). Therefore, we examined whether TNFa might induce the
TRAF2-dependent homo-dimerization of MST1. Co-immuno-
precipitation analysis of WT or TRAF2~/~ MEFs transfected
with vectors for Flag-MST1 and hemagglutinin epitope (HA)-
tagged MST1 revealed that TNFa induced the homo-dimeriza-
tion and activation of MST1 in the WT cells but not in the
TRAF2~~ cells (Figure 6D). We also examined MST1 homo-
dimerization with a proximity ligation assay (PLA) in WT or
TRAF2~/~ MEFs transfected with vectors encoding Flag-MST1
and Myc-MST1. TNFa was found again to induce MST1 homo-
dimerization in WT cells but not in TRAF2~/~ cells (Figure S5D),
indicating that TRAF2 is required for the TNFa-induced homo-
dimerization of MST1. In the PLA experiments, red fluorescent
dots reflect the binding between Flag-MST1 and Myc-MST1.
TRAF2(272-501), which is a TRAF2 mutant unable to bind to
MST1 (Roh and Choi, 2016), was not able to mediate the
TNFa-induced homo-dimerization and activation of MST1
(Figure S5E).

MST1 Negatively Regulates TNFa-Induced NF-«xB
Signaling in Primary BMDMs

Finally, we investigated the possible role of MST1-mediated
HOIP phosphorylation in the TNFa-induced activation of mac-
rophages. First, we checked the importance of HOIP for
TNFo-induced NF-kB signaling in primary mouse bone
marrow-derived macrophages (BMDMs). BMDMs were trans-
fected with control or HOIP siRNAs and then examined for
TNFa-induced phosphorylation of IkBa. Whereas TNFa
induced the phosphorylation of IkBa in BMDMs transfected
with control siRNA, this effect was greatly attenuated in those
depleted of HOIP (Figure S6A). Moreover, the siRNA-induced
depletion of HOIP reduced the TNFa-induced production of
IL-6 by BMDMs (Figure S6B). These results revealed that
HOIP is required for activation of the NF-«B signaling pathway
by TNFo in BMDMs. Consistent with the results from WT MEFs
(Figure 6C), TNFa. induced the interaction between HOIP and
MST1 within TNF-RSC in WT BMDMs (Figure S6C). Addition-
ally, immunoblot analysis with phospho-HOIP (Ser1066) anti-
body revealed that TNFa induced the phosphorylation of
HOIP in WT BMDMs but not in MST7~/~ BMDMs (Figure 7A),
confirming the MST1-mediated phosphorylation of HOIP in
TNFa-stimulated macrophages.

Next, we examined whether MST1 negatively regulates the
TNFa-induced formation of linear Ub chains in BMDMs. TNFa
increased total linear ubiquitination (Figure S6D) as well as the
linear ubiquitination of NEMO (Figure 7B) in WT BMDMs, and
these effects of TNFa were further enhanced in MST1~/~ cells
(Figures 7B and S6D). Given that the linear ubiquitination of
NEMO by LUBAC promotes activation of the IKK complex (Toku-
naga et al., 2009), we examined the levels of phosphorylated
(activated) IKKa/Bp complexed with NEMO in WT and MST71~/~
BMDMs. Ablation of MST1 increased the amount of the phos-
phorylated (activated) IKK complex in TNFa-treated cells (Fig-
ure 7B). Additionally, MST1 deficiency also enhanced the
effect of TNFa on the IKK-downstream signaling events
including phosphorylation and degradation of IkB (Figure S6E)
and phosphorylation (activation) of NF-kB p65 (Figure S6F)
in BMDMs. Together, these results suggested that MST1
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Figure 7. MST1-Mediated Phosphorylation of HOIP Attenuates
TNFa-Induced NF-kB Signaling in Primary BMDMs

(A and B) WT or MST1~/~ BMDMs were untreated or treated with 20 ng/mL
TNFa for 5 min. Cell lysates were immunoblotted with antibodies to phospho-
HOIP, to HOIP, or to MST1 (A), or immunoprecipitated with NEMO antibody
followed by immunoblotting with indicated antibodies (B).

(C) BMDMs were transfected first for 24 hr with HOIP siRNA and then for 24 hr
with a vector for Flag-HOIP or HOIP(S1066) or an empty vector. They were
then untreated or treated with 20 ng/mL TNFa for 5 min, followed by a pull-
down assay with GST-fused M1-SUB. The bead-bound proteins were im-
munoblotted with antibody to linear Ub.

(D and E) WT or MST1~/~ BMDMs were transfected for 24 hr with HOIP siRNA
and for additional 24 hr with a vector for Flag-HOIP or HOIP(S1066A). The cells
were then untreated or treated with 20 ng/mL TNFa for 1 hr (D) or 6 hr (E). The
abundance of IL-6, iNOS, and IkBa mRNA was determined by qRT-PCR (D),
and the release of IL-6 and NO into culture media was quantified with ELISA
and Griess assay, respectively (E). Data are means + SEM from two inde-
pendent experiments. *p < 0.05.

See also Figure S6.

negatively regulates the LUBAC-mediated signaling events
induced by TNFa in BMDMs.

To investigate the effect of HOIP phosphorylation on TNFa-in-
duced linear ubiquitination in BMDMs, we transfected BMDMs
with a HOIP siRNA to deplete endogenous HOIP and then recon-
stituted them with ectopic WT or S1066A mutant forms of human
HOIP. The TNFa-induced formation of linear Ub chains was more
pronounced in the cells expressing HOIP(S1066A) than in those
expressing HOIP (Figure 7C). The extent of TNFa-induced IKK
activation was also greater in the cells reconstituted with
HOIP(S1066A) than in those reconstituted with HOIP (Figure 7C).
Collectively, these results suggested that the MST1-mediated
phosphorylation of HOIP negatively regulates the TNFa-induced
formation of linear Ub chains and IKK activation in BMDMs.

Then, we examined the effect of MST1-mediated HOIP phos-
phorylation on the TNFa-induced expression of NF-kB target
genes in BMDMs. WT and MST71~~ BMDMs depleted of
endogenous HOIP were thus reconstituted with WT HOIP or
HOIP(S1066A) and then assayed for the expression of NF-«kB-
regulated genes. TNFa increased the transcription of /kBa,
IL-6, and iNOS (Figure 7D), as well as the production of IL-6
protein and NO (Figure 7E) in the WT cells reconstituted with
HOIP, and these effects of TNFa were enhanced further in
those expressing HOIP(S1066A). Of note, genetic ablation of
MSTT1 in the cells reconstituted with WT HOIP enhanced the ef-
fects of TNFa on IL-6 and NO production to the levels observed
in MST1~/~ cells reconstituted with HOIP(S1066A). Together,
these results suggested that MST1-mediated HOIP phosphor-
ylation negatively regulates TNFa-induced NF-xB signaling
in BMDMs.

DISCUSSION

We have here uncovered a previously unrecognized function of
MST1: namely, the negative regulation of TNFa-induced NF-kB
signaling through phosphorylation of HOIP, the catalytic compo-
nent of LUBAC. MST1 mediates the phosphorylation of human
HOIP at Ser':%%® and thereby inhibits the linear Ub chain-forming
activity of LUBAC. It thus functions as a negative modulator of
LUBAC-dependent NF-kB signaling events induced by TNFa.

The E3 ligase LUBAC plays an essential role in the NF-xB
signaling pathway activated by TNFa. Now, we show that in
response to TNFa stimulation, MST1 physically associates with
HOIP, mediates its phosphorylation on Ser'°®®, and thereby in-
hibits its linear Ub chain-forming activity. In resting cells, the
LUBAC complex resides in the cytosol. In response to TNFa
stimulation, however, the LUBAC components HOIP, HOIL-1L,
and Sharpin are recruited to TNF-RSC, which forms immediately
after the binding of TNFa to TNFR1 (Walczak et al., 2012). Impor-
tantly, we found that TNFa triggers the recruitment of MST1 to
the TNF-RSC as well as the MST1 activation and MST1-HOIP
interaction within the TNF-RSC complex. Thus, TNFa appears
to induce the recruitment of both MST1 and HOIP to TNF-
RSC, after which MST1 interacts with HOIP and mediates its
phosphorylation on Ser:°%6,

The Ser'%° residue is located in the LDD of HOIP, which
serves as the binding site for the acceptor Ub molecule
(Smit et al., 2012). The LDD domain is thus required for HOIP
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to conjugate the COOH-terminus of the donor Ub to the NH.,-
terminus of the acceptor Ub (Smit et al., 2012). Given that
LDD is essential for the catalytic activity of HOIP (Lechtenberg
et al., 2016; Smit et al., 2012; Smit and Sixma, 2014; Stieglitz
et al., 2013), we propose that Ser'°®® phosphorylation may
be the primary mechanism by which MST1 inhibits the E3
ligase activity of HOIP. Indeed, MST1 suppresses the E3 activ-
ity of HOIP but not that of the HOIP(S1066A) mutant. With
regard to the mechanism by which S'%®®-phosphorylation in-
terferes with the E3 ligase activity of HOIP, our in vitro binding
data indicate that MST1-mediated Ser':°®® phosphorylation in-
hibits the interaction of HOIP(LDD) with linear Ub chains.
Whereas the phosphorylation-defective S1066A mutant of
HOIP(LDD) was resistant to the inhibitory action of MST1 on
binding to linear Ub chains, the phosphomimetic mutants
S1066D and S1066E were defective in the ability to bind to
linear Ub chains. Together, these data suggest that MST1-
mediated phosphorylation of HOIP at Ser'°®® suppresses Ub
recognition by LDD of HOIP and thereby inhibits the linear Ub
chain-forming E3 activity of this protein.

The scaffold protein TRAF2 plays an essential role in the
TNFa-induced formation of TNF-RSC (Wajant and Scheurich,
2001). In this study, we found that TNFa induces the interaction
of MST1 with TRAF2, and that TRAF2 mediates the TNFa-in-
duced recruitment of MST1 to TNF-RSC and MST1 activation.
These findings suggest that TNFa induces the recruitment of
both MST1 and TRAF2 to TNF-RSC, and TRAF2 consequently
binds and activates MST1 as well as promotes the MST1-HOIP
interaction and MST1-mediated HOIP phosphorylation within
the TNF-RSC complex. Of note, we have observed that TWEAK
and CD40L, both of which belong to the TNF superfamily ligands
that promote activation of the NF-kB signaling (Bodmer et al,,
2002), induce the activation of MST1 (Figure S7A) but do not pro-
mote the MST1-dependent phosphorylation of HOIP in MEFs
(Figure S7B). MST1 deficiency also does not affect the TWEAK-
or CD40L-induced formation of linear Ub-chains and IKK phos-
phorylation (activation) in MEFs (Figure S7A). At present, it is un-
clear why MST1-mediated HOIP phosphorylation takes places
after TNFa stimulation but not after TWEAK or CD40L stimulation,
raising the mechanistic question about a role of TRAF2 in the acti-
vation of MST1 induced by each of these stimuli.

NF-kB is a master transcription factor that plays a pivotal role
in immune responses. Strict regulation of the NF-«kB signaling
pathway is thus critical for maintenance of immune homeostasis.
Uncontrolled overactivation of this pathway may result in exces-
sive inflammation that can eventually give rise to various patho-
logical conditions. Thus, it is important that the initiation and
propagation of NF-«kB signaling be countered by negative regu-
latory mechanisms that attenuate extensive signaling activity
and thereby promote the resolution of inflammation and prevent
unwanted tissue damage. Studies of such negative regulation of
NF-kB signaling have mostly focused on the reversal of ubiquiti-
nation mediated by deubiquitinases such as CYLD, OTULIN, and
A20 (Keusekotten et al., 2013; Kovalenko et al., 2003; Lafont
et al., 2018; Song et al., 1996; Trompouki et al., 2003). Our find-
ings reveal a previously unrecognized mechanism for negative
regulation of the NF-kB pathway, in which MST1 attenuates
NF-kB-dependent inflammatory gene expression by phosphory-

10 Molecular Cell 73, 1-12, March 21, 2019

lating HOIP. Our identification of MST1-mediated inhibition of
HOIP activity thus extends understanding of negative regulation
of the NF-kB pathway and thereby provides better insight into
the control of immune homeostasis.
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Rabbit polyclonal anti-1kB-a.

Rabbit monoclonal anti-Phospho-NF-«kB p65 (Ser536) (93H1)
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ATP, [y-22P]-3000Ci/mmol Perkin Elmer BLU002A250UC
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MMLYV Reverse Transcriptase Beams Biotechnology 3201
Maxima SYBR Green/Fluorescein qPCR Master Mix (2X) Thermo Fisher Scientific K0241
Protein G Sepharose 4 Fast Flow GE Healthcare 17-0618-02
Ni-NTA Chelating Agarose CL-6B Incospharm 1103-2
Glutathione Agarose 4B Incospharm 1101-2
Hise-Ubiquitin E1 enzyme (UBE1) BostonBiochem E-304
UbcH5c¢ Conjugating Enzyme Millipore 14-811
Ubiquitin from bovine erythrocytes Sigma-Aldrich U6253; CAS 79586-22-4
Adenosine 5'-triphosphate disodium salt hydrate Sigma-Aldrich A6419; CAS 34369-07-8
Ubiquitin from bovine erythrocytes Sigma-Aldrich U6253; CAS 79586-22-4
MSTH1, active Millipore 14-624
Recombinant human RNF31/HOIP protein (Catalytic domain) Abcam Ab189235
GST control This paper N/A
GST-tagged HOIP (1-480, 481-632, 633-1072, 633-909, This paper N/A

or 910-1072) proteins

Hisg-tagged MST1 protein This paper N/A
GST-tagged NEMO (257-346) protein, M1-SUB This paper N/A
GST-tagged hTNFa (77-233) protein This paper N/A

MBP control This paper N/A
MBP-tagged HOIP [910-1072 (WT, S1066A, S1066D, This paper N/A

or S1066E)] proteins

GST-linear Ub4 This paper N/A
Biological Samples

Mouse lung tissue This paper N/A

Critical Commercial Assays

Duolink In Situ Detection Reagents Red Sigma-Aldrich DU092008
pIMAGO-biotin Phosphoprotein Detection Kit for Western Blot Tymora Analytical Operations 800-40
TransAM NF«B p65 Active Motif 40096
Mouse IL-6 Platinum ELISA Kit Invitrogen BMS603-2
TNT Quick Coupled Transcription/Translation Systems Promega L1170

Deposited Data

Raw data

This paper; Mendeley Data

http://doi.org/10.17632/d5k5jv8ygt.1

Experimental Models: Cell Lines

HEK293T N/A N/A
Wild-type MEF This paper N/A
MST1 knockout MEF This paper N/A
TRAF2 knockout MEF Gift from S.Y. Lee N/A
HEK293A WT and MST1/2 dKO Meng et al., 2015. N/A
Primary BMDMs WT and MST1~/~ This paper N/A
Experimental Models: Organisms/Strains

Mouse: C57BL/6 MST1~/~ Gift from D.S. Lim N/A
Oligonucleotides

siRNA sequence for mHOIP #1, This paper N/A
5-GAGGACGGAGUUGUGAGGAUUUCCA-3

siRNA sequence for mHOIP #2, This paper N/A
5'-CUGCUAAGAGAGAGCGUUGAAGAUG-3'

siRNA sequence for scrambled control, This paper N/A

5'-GAGGGCUGAUGUGAGUAGUUGACCA-3
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siRNA sequence for mMST2, This paper N/A
5'-CCCAUGAUGGAACGAGAAAUA-3'

siRNA sequence for scrambled control, This paper N/A
5'-CGUACGCGGAAUACUUCGAUU-3'

Primer sequence for IkBa, This paper N/A

Forward: 5'-CGCTTGGTGGACGATCG-3’
Reverse: 5'-TTGCTCGTACTCCTCGTCCTTC-3'

Primer sequence for IL-6, This paper N/A
Forward: 5 TCTAATTCATATCTTCAACCAAGAGG-3'

Reverse: 5'-TGGTCCTTAGCCACTCCTTC-3'

Primer sequence for iNOS, This paper N/A
Forward: 5'-CTTTGCCACGGACGAGAC

Reverse: 5'-TCATTGTACTCTGAGGGCTGAC-3'

Primer sequence for GAPDH, This paper N/A
Forward: 5'-CGTGCCGCCTGGAGAAACC-3'

Reverse: 5-CTTCACCACCTTCTTGATGTC-3’

Recombinant DNA

Flag-HOIP expressing plasmid GeneCopoeia EX-Z1067-M14
HA-Sharpin expressing plasmid GeneCopoeia EX-T7922-M07
Myc-HOIL-1L expressing plasmid GeneCopoeia EX-E2001-M09
HA-OTULIN expressing plasmid GeneCopoeia EX-H2249-M06
HA-CYLD expressing plasmid Addgene 15506
Flag-HOIP (S1066A or S1066E) expressing plasmid This paper N/A

Flag-MST1 expressing plasmid Gift from S. Yonehara N/A

Flag-MST1 (K59R) expressing plasmid This paper N/A
Myc-MST1 (Full-length, 1-326, or 327-487) expressing plasmid This paper N/A

HA-MST1 (WT, or K59R) expressing plasmid This paper N/A

HA-TRAF2 (Full-length or 272-501) expressing plasmid This paper N/A
GST-tagged hTNFa (77-233) expressing plasmid Gift from K. Iwai N/A
GST-tagged HOIP (1-480, 481-632, 633-1072, 633-909, This paper N/A

or 910-1072) expressing plasmid

Flag-MST2 expressing plasmid Gift from D.S. Lim N/A
GST-tagged NEMO (257-233) expressing plasmid This paper N/A
Hiss-tagged MST1 (K59R) expressing plasmid This paper N/A

Software and Algorithms

Photoshop CC 2015
ImageJ
Zen 2 (blue edition)

Adobe Software
ImageJ Software
Carl-Zeiss software

RRID: SCR_014199
RRID: SCR_003070
RRID: SCR_013672

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Eui-Ju Choi (ejchoi@korea.
ac.kr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and DNA transfection

For primary culture of BMDMs, bone marrow cells were isolated from the hind leg bones of WT or MST1~/~ C57BL/6 mice, which
were described previously (Oh et al., 2006). The cells were plated in 100-mm culture dishes (5 x 10° cells/dish) and maintained in
DMEM supplemented with recombinant murine M-CSF (40 ng/mL, Peprotech). After 7 days, nonadherent cells were removed
and adherent cells were harvested for experiments. All animal procedures were approved by the Institutional Animal Care and
Use Committee of Korea University. WT and MST1~/~ MEFs were prepared from WT and MST1~/~ mice, respectively, as described
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previously (Chae et al., 2012). MEFs as well as HEK293 and MST1/2-dKO HEK293A cells (Meng et al., 2015) were cultured under a
humidified atmosphere of 5% CO, at 37°C in DMEM supplemented with 10% FBS. For DNA transfection, indicated expression vec-
tors were introduced into the cells with the use of either polyethylenimine (Sigma, St Louis, MO) for MEFs and HEK293 cells or the
JetPEl reagent (Polyplus-transfection) for BMDMs.

Plasmids, antibodies, and reagents

The plasmids pEZ-M14/Flag-HOIP, pEZ-M07/HA-SHARPIN, pReceiver-M09/Myc-HOIL-1L, and pEZ-M06/HA-OTULIN were ob-
tained from GeneCopoeia (Rockville, MD) and pDEST-HA/HA-CYLD was from Addgene (Cambridge, MA). All of these vectors
were for human proteins. The Flag-HOIP (S1066A and S1066E) mutant constructs were prepared by site-directed mutagenesis
with pEZ-M14/Flag-HOIP as template. The plasmid pME18S/Flag-MST1 was kindly provided by S. Yonehara (Kyoto University,
Japan) and the Flag-MST1(K59R) mutant construct was generated by site-directed mutagenesis with pME18S/Flag-MST1 as tem-
plate. pET23b/Hisg-MST1(K59R), pHM6/HA-MST1(WT or K59R), and pcDNA3/Myc-MST1 were described previously (Chae et al.,
2012; Oh et al., 2006; Yun et al., 2011). cDNA of MST1[(1-326) or (327-487)] in pcCMV5a/Flag-MST1[(1-326) or (327-487)] was subcl-
oned into pcDNAG6/Myc-His B to generated pcDNAG6/Myc-His B-MST1[(1-326) or (327-487)], respectively. For bacterial expression of
GST-HOIP variants (amino acids 1-480, 481-632, 633-1072, 633-909, or 910-1072), each cDNA was amplified by PCR with pEZ-
M14/Flag-HOIP as a template and inserted into pGEX4T-1 (GE Healthcare Life Sciences). cDNA encoding human linear-Ub, was
inserted into a GST fusion YA-GST-2 vector. A bacterial expression vector encoding MBP fusion protein of HOIP(910-1072) was con-
structed by subcloning cDNA corresponding to the LDD of human HOIP into pETDuet-1-MBP. The MBP-HOIP [910-1072 (S1066A,
S1066E, or S1066D)] mutant constructs were prepared by site-directed mutagenesis with pETDeut-1/MBP-HOIP(910-1072) as tem-
plate. The expression vectors for HA-TRAF2 variants (full-length or amino acids 272-501) were described previously (Roh and Choi,
2016). pGEX/hTNFa(77-233) was kindly provide by K. lwai (Kyoto University, Japan). The cDNA encoding NEMO(257-346), which
corresponds to the UBAN domain, was generated by PCR with pCMV5/Myc-NEMO as template and was inserted into EcoRl and
Sall sites of pGEX-4T-1. Rabbit polyclonal antibodies to MST1 and to IkBa, rabbit monoclonal antibodies to phospho-p65
(Ser®®9), to phospho- IKKa/B (Ser'"®/Ser'®), to CYLD, and to A20, and mouse monoclonal antibodies to phospho-IkBa. (Ser®?/36)
were from Cell signaling. Rabbit polyclonal antibodies to p65, to NEMO, to IKKa/B, to the Hisg tag, to TRAF2, to TNFR1, and to
GST as well as mouse monoclonal antibodies to GAPDH, to clAP1, and to ubiquitin were from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse monoclonal antibodies to RIP1, to the Flag epitope, and to NEMO/IKKy were from BD Transduction Laboratories,
Sigma, and MBL (Nagoya, Japan), respectively. Rabbit polyclonal antibodies to HOIP and to HOIL-1L were from Abcam (Cambridge,
UK), and rabbit polyclonal antibody to Sharpin was from Proteintech (Chicago, IL). Human antibody to linear ubiquitin was kindly
provided by V. M. Dixit (Genentech, South San Francisco, CA). For detection of the phospho-Ser'°®® form of human HOIP, rabbit
polyclonal phospho-specific antibodies were generated with a synthetic phosphorylated peptide (VPLGQpSIPRRR) as immunogen.
Recombinant murine TNFa was obtained from Peprotech (Rocky Hill, NJ).

Co-immunoprecipitation and immunoblot analysis

Cells were lysed in NETN lysis buffer [0.5% Nonidet P-40, 1 mM EDTA, 50 mM Tris-HCI, pH 8.0, 120 mM NaCl, 10 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, aprotinin (2 ng/mL), leupeptin (2 ng/mL)]. The lysates were incubated at 4°C for 16 h with appropriate
antibodies and then for an additional 1 hiin the presence of protein G-coupled agarose beads. The resulting precipitates were washed
twice and then processed for SDS-PAGE. For immunoblot analysis, proteins on the gel were transferred to a polyvinylidene fluoride
membrane and then probed with indicated primary antibodies. Immune complexes on the membrane were detected with horse-
radish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence reagents (Thermo Fisher Scientific, Rock-
ford, IL).

Quantitative RT-PCR analysis

Total RNA was isolated from cultured cells with the use of TRIZOL reagent (Invitrogen). The RNA (1 ng) was converted to cDNA by RT
with an oligo(dT) primer. Real-time PCR was performed with an iQ5 thermocycler (BioRad) in a final volume of 20 pL containing the
synthesized cDNA, each primer (10 pM), and 10 puL of 2 x SYBR Green Supermix (Thermo Fisher Scientific). Each reaction was per-
formed 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, respectively) are
as follows: IL-6, 5'-tctaattcatatcttcaaccaagagg-3’ and 5'-tggtccttagccactccttc-3'; IkBa, 5'-acgagcaaatggtgaaggag-3’' and 5'-at-
gattgccaagtgcagga-3’; GAPDH, 5'-cgtgcgcctggagaaacc-3’'and 5'-tggaagagtgggagttgctgttg-3'; iNOS 5'-atggagactgtcccagcaat-3'
and 5'-ggcgcagaactgagggta-3'.

Mass Spectrometry of phosphoproteins

The active MST1 (0.5 ng, Merk Millipore) was incubated for 30 min at 37°C with recombinant human HOIP(633-1072) (2 ng) and
0.25 mM ATP in 20 puL of a kinase reaction buffer, after which the reaction mixtures were processed with the Filter Assisted Sample
Preparation (FASP) method (Wepf et al., 2009). In brief, the protein samples were dissolved in 9 M urea and subjected to reduction
with 5 mM tris(2-carboxyethyl)phosphine (Sigma) at 60°C for 45 min and to alkylation with 20 mM C,H4INO (Sigma) at 25°C for 15 min.
The samples were then cleaned with a 30-kDa Amicon Filter (UFC503096, Millipore) three times with the use of 9 M urea and twice
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with 30 mM NH4HCO3. After proteolysis with trypsin (Promega) and chymotrypsin (Roche) at a 1: 20 ratio for 12 h at 37°C, the di-
gested peptides were desalted and eluted with 0.1% trifluoroacetic acid in 60% acetonitrile. The extracted peptides were dried
and then resuspended in 7 pL of 0.1% formic acid for LC-MS/MS performed with an LTQ-Orbitrap Velos instrument (Thermo Fisher
Scientific) interfaced with a nanoLC-2D and nanoACQUITY UltraPerformance LC system (Waters). Precursor and fragment ions were
analyzed at a resolution of 30,000 and 7,500, respectively. Peptide sequences were identified from isotopically resolved masses in
MS and MS/MS spectra extracted with and without deconvolution with the use of Thermo Scientific Xtract software. The data were
analyzed with Proteome Discoverer 1.3 software (Thermo Scientific) configured with Mascot and Sequest search nodes and were
searched against Refseq version 46 human entries with oxidation on Met, deamidation of Asn and Gin, and phosphorylation of
Ser, Thr, or Tyr as variable modifications and carbamidomethylation of Cys as a fixed modification. Tolerances for precursor and
fragment masses were set to 15 ppm and 0.03 Da, respectively. A peptide validator node was used for peptide confirmation, and
a 1% false discovery rate cutoff was used to filter the data.

Immune complex kinase assay
Cells were lysed in a lysis buffer (Ryoo et al., 2004) and assayed for MST1 activity with an immune complex kinase assay as previously
described (Park et al., 2001; Ryoo et al., 2004) with myelin basic protein or HOIP fragments (1 pug protein/assay) as substrates.

In vitro binding assays

353-labeled HOIP, Sharpin, HOIL-1L, and TRAF2 were produced in vitro with the use of a Quick Coupled TnT kit (Promega) and [*°S]-
methionine. The ®S-labeled proteins were incubated for 1 h at 4°C in a binding buffer (Cho et al., 2003) with Hiss-MST1(K59R) and
then for an additional 1 h in the presence of Ni-NTA beads (Incospharm, Korea). Bead-bound proteins were washed with buffer A
(50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.1% Tween 20) and then eluted with a solution containing
50 mM sodium phosphate buffer (pH 8.0), 300 mM NaCl, and 250 mM imidazole. Eluted 3*S-labeled proteins were subjected to SDS-
PAGE and analyzed with a Fuji BAS 7100 phosphoimager (Fuijifilm). For in vitro analysis of the binding of MST1 to HOIP fragments,
Hisg-MST1(K59R) (6 ng) was incubated for 1 h at 4°C with 4 pg of GST, GST-HOIP(1-480), GST-HOIP(481-632), GST-HOIP(633-
1072), GST-HOIP(633-909), or GST-HOIP(910-1072) in 500 pL of binding buffer (Cho et al., 2003). The reaction mixtures were applied
to glutathione-agarose beads (Incospharm), and bead-bound proteins were then eluted and subjected to immunoblot analysis with
antibodies to the Hisg tag. For in vitro analysis of the binding of HOIP(633-909) to MST1 fragments, MST1 variants (Full-length, 1-326,
and 327-487) were produced in vitro with using a Quick Coupled TnT kit and [3°S]-methionine. The 3°S-labeled MST1 variants were
incubated for 1 h at 4°C with GST or GST-HOIP(633-909) and for an additional 1 h in the presence of glutathione-agarose beads, and
then the bead-bound proteins were eluted and subjected to SDS-PAGE and analyzed with a Fuji BAS 7100 phosphoimager (Fujifilm),
as described above. For in vitro analysis of the ubiquitin-HOIP(LDD) interaction, MBP or WT or S1066A mutant forms of MBP-
HOIP(LDD) (2 ug each) was incubated for 1 h at 30°C in 20 pL of a kinase reaction buffer in the absence or presence of recombinant
active MST1 protein. After in vitro kinase reaction, the reaction mixtures were incubated for 1 h at 4°C with 2 ug of GST-linear Uby in
500 uL of binding buffer and were then subjected to pull down with glutathione-agarose beads. Bead-bound proteins were analyzed
by immunoblotting with antibodies to MBP.

In vitro ubiquitination assays

HEK293 cells were transfected for 48 h with expression vectors for Flag-HOIP and Myc-HOIL-1L, and the cell lysates were immu-
noprecipitated with anti-Flag antibody. /n vitro ubiquitination assays were performed by incubating the Flag-immunoprecipitates
at 37°C for 1 h with 30 pL of a reaction buffer (50 mM Tris-HCI, pH 7.6, 5 mM MgCl,, 2 mM dithiothreitol, 2 mM ATP) supplemented
with 2 pg of ubiquitin (Sigma), 12 ng of E1 (Boston Biochem), and 200 ng UbcH5c¢ (Millipore, Billerica, MA). The reaction mixtures were
then subjected to SDS-PAGE and immunoblot analysis with antibodies to ubiquitin or to linear ubiquitin chains. For in vitro analysis of
the effect of MST1-catalyzed HOIP phosphorylation on the E3 activity of HOIP, 2 ug of Hisg-MBP-HOIP (699-1072) (Abcam) was incu-
bated for 1 h at 30°C in 20 L of a kinase reaction buffer in the absence or presence of 2 ug recombinant active MST1 protein (Milli-
pore). After in vitro kinase reaction, the reaction mixtures were incubated for 1 h at 37°C in 20 uL of the reaction buffer containing
12 ng of E1 and 200 ng UbcH5c¢ in the absence or presence of 2 pg of ubiquitin, and then analyzed by immunoblotting with antibodies
to ubiquitin.

Pull-down assay of linear ubiquitin chains using GST-fused M1-SUB

Cells were lysed in a lysis buffer 20 mM Sodium phosphate, pH 7.4, 1% Nonidet P-40, 2 mM EDTA, 1 mM dithiothreitol, 5 mM
N-ethylmaleimide, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, aprotinin (2 ng/mL), and leupeptin (2 ng/mL)], and the lysates
were subjected to pull down with GST-fused M1-SUB, as previously described (Keusekotten et al., 2013).

Immunofluorescence analysis

MEFs were grown on glass coverslips in six-well culture plates, fixed with 3% formaldehyde, permeabilized with 0.25% Triton X-100,
blocked with 10% horse serum, and then incubated overnight at 4°C with goat anti-TNF, rabbit anti-linear ubiquitin chain, or rabbit
anti-K63 ubiquitin antibodies, as indicated. They were additionally incubated for 2 h at room temperature with fluorescein isothiocy-
anate (FITC)-conjugated anti-goat and Texas red-conjugated anti-rabbit secondary antibodies (Vector Laboratories), followed by

Molecular Cell 73, 1-12.e1-e6, March 21, 2019 e5

CellPress



Cell’ress

Please cite this article in press as: Lee et al., MST1 Negatively Regulates TNFa-Induced NF-«B Signaling through Modulating LUBAC Activity, Molec-
ular Cell (2019), https://doi.org/10.1016/j.molcel.2019.01.022

nuclear staining with DAPI. The fluorescent images were visualized with a LSM 800 confocal laser scanning microscope (Carl-Zeiss)
and processed with ZEN software 2012 (Carl-Zeiss).

In situ PLA

An in situ PLA was performed as described previously (Roh and Choi, 2016). In brief, MEFs were grown on glass slides in six-well
culture plates, fixed, permeabilized, blocked with 10% FBS, and then incubated overnight at 4°C with antibodies to Flag and to
Myc. The cells were then subjected to the in situ proximity ligation reaction with PLA probes (Olink Bioscience) and examined by
confocal fluorescence microscopy. Fluorescence images were processed with ZEN software 2012 (Carl-Zeiss).

RNAIi

Small interfering RNAs (siRNAs) specific for mouse HOIP mRNA and a scrambled control siRNA were synthesized by Invitrogen. The
two nonoverlapped HOIP siRNAs (si-HOIP-1 and —2) were targeted to the sequences 5'-GAGGACGGAGUUGUGAGGAUUUCCA-3’
and 5’-CUGCUAAGAGAGAGCGUUGAAGAUG-3', respectively. The scrambled control siRNA (si-sc) was targeted to the sequences
5'-GAGGGCUGAUGUGAGUAGUUGACCA-3'. The mouse MST2 siRNA (si-MST2) and a scrambled control siRNA were targeted to
the sequences 5'-CCCAUGAUGGAACGAGAAAUA-3 and 5'-CGUACGCGGAAUACUUCGAUU-3', respectively. Cultured cells were
transfected with siRNA duplexes with the use of Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA).

Analysis of TNF-RSC

MEFs were left untreated or treated with GST-TNFa. (1 ng/mL) for the indicated times and then lysed in NETN lysis buffer. The lysates
were incubated for 2 h at 4°C with glutathione-agarose beads. Cell lysates from the untreated control cells were mixed with GST-
TNFa (0.1 pg) during incubation with the beads, to monitor non-specific binding to GST-TNF«. Bead-bound proteins were pulled
down and washed twice with the lysis buffer. The resulting TNF-RSC precipitates were subjected to immunoblot analysis with the
indicated antibodies. For immunoprecipitation of MST1 from the isolated TNF-RSC, the bead-bound proteins were eluted with
6 M urea buffer [6 M urea, 50 mM Tris-HCI, pH 8.0, 120 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 1% Triton X-100, 10 mM NaF,
10 mM B-glycerophosphate, 1TmM NazVO,4, 1 mM phenylmethylsulfonyl fluoride, aprotinin (2 ng/mL), leupeptin (2 pg/mL)], diluted
1:1 with NETN lysis buffer, and then immunoprecipitated with anti-MST1 antibody. The resulting immunoprecipitates were analyzed
by immunoblotting with the indicated antibodies.

pIMAGO-based detection of phosphorylated proteins

Cells were lysed in NETN lysis buffer, and the lysates were immunoprecipitated with antibody to HOIP. The resulting precipitates
were washed twice with the lysis buffer, processed for SDS-PAGE, and then examined for the phosphorylation of HOIP with the
use of a pIMAGO kit (Tymora Analytical Operations).

Nuclear fractionation and NF-«xB p65 ELISA
A nuclear fraction prepared from cultured cells as previously described (Yun et al., 2011) was examined for the DNA binding activity of
the p65 subunit of NF-kB with the use of an enzyme-linked immunosorbent assay (ELISA) kit (TransAM NFkB Kit, Active Motif).

IL-6 ELISA
MEFs or primary BMDMs were incubated in absence or presence of TNFa (20 ng/mL) for the indicated times, after which culture
supernatants were collected and assayed for IL-6 or TNFa with an ELISA kit (eBioscience).

Administration of TNFa

Eight-week-old C57BL/6 mice were injected intraperitoneally with recombinant murine TNFa (125 pg/kg). After 5 h of the injection, the
mice were anaesthetized and intracardially perfused with PBS. Lung tissues were dissected and examined for co-immunoprecipi-
tation and immunoblot analysis.

Statistical analysis
Quantitative data are presented as means + SEM and were analyzed by Student’s t test. A P value of < 0.05 was considered statis-
tically significant.

DATA AND SOFTWARE AVAILABILITY

Raw data were deposited to Mendeley data at: https://doi.org/10.17632/d5k5jv8ygt.1.
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