Crystal structure of Sema6A-PIxnA2 complex

We next crystallized the Sema6A-PlxnA2 complex by mix-
ing Sema6A and PIxnA2 at an equimolar concentration, ob-
taining a structure at 3.6A resolution. The Sema6A and PIxnA2
molecules constitute a 2:2 complex in the crystal, which con-
tained a crystallographic two-fold symmetry (Fig. 3a). The
two Sema6A molecules in the complex formed the same face-
to-face dimer as was observed in the plexin-free state. On the
other hand, the PlxnA2 head-on homodimer was no longer
present in the complex, and the two plexin molecules in-
dependently docked onto the two Semab6A monomers with their
carboxy-terminal PSI (plexin—semaphorin—integrin) domains
emanating away diagonally. Despite their participation in dif-
ferent molecular interactions, there were no major changes in
the structure of individual Sema6A and PlxnA2 monomers, in-
cluding the conformation of the loops at the interface, upon the
complex formation. At the interface, the Sema6A side showed
positively charged surface potentials whereas the PlxnA2 side
was negatively charged, indicating that complex formation is
driven mainly by electrostatic interactions (Fig. 3b).
Fig.3 Crystal structure of Se-
ma6A-PIxnA2 2:2 complex.
(a) The complex represent-
ing post-signalling states.
(b) Open-book view of the
Sema6A-PIxnA2 interface
surface coloured by electro-
static potential (top panel)
and by the residue-wise

contribution to the interface
(bottom panel).

Mutational experiments based on the crystal

structure

Cell-based activity measurement using mutant ligands/receptors
confirmed that the current complex structure captures genuine
receptor-ligand interactions. In addition, functional importance
of Sema6A dimer was also indicated (Fig. 4). These mutational
experiments based on the crystal structure showed that the hetero-
tetrameric configuration of the Sema6A-PlxnA2 complex seen in
the crystal structure represents a signalling—competent conforma-
tion maintained throughout the signal transduction process.
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Fig.4 The Sema6A face-to-face homodimer represents a signalling-competent active con-
formation. (a) SemaBASP ectodomain fragments (WT or M415C mutant) were subjected to
gel filtration chromatography. The peak elution positions for the wild type and M415C mu-
tant corresponded to 106 and 219 kDa, respectively. SDS-PAGE analysis under reducing (R)
or non-reducing (NR) conditions (inset) confirmed the 90% formation of a disulphide-linked
homodimer in theM415C mutant. (b) Signalling activities of soluble Sema6A proteins. Puri-
fied SemabASP proteins (WT or M415C) were tested for their ability to induce contraction
of HEK293T cells stably expressing PIxnA4. (c) Representative images of cell morphologies
both before and after the stimulation are also shown (right). Scale bar, 50 mm.

Conclusion
Plexins on the resting cell surface assume an ‘auto-inhibited’

state, with their cytoplasmic GAP domain activity suppressed. It
is also accepted that ligand engagement at the extracellular side
somehow activates GAP. Although it is still unclear how the ac-
tivity of the GAP domain is structurally regulated (for example,
by a monomer/dimer exchange or conformational changes within
a single domain), our current structure clearly identifies the struc-
tural change that takes place at the extracellular side. In the rest-
ing state, plexin assumes an auto-inhibited conformation, possibly
by structural constraints stemming from head-on dimerization
(Fig. 5, left). Upon semaphorin engagement, the orientation of the
two plexin heads becomes more perpendicularly aligned to the
membrane (Fig. 5, right).
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Fig.5 Possible structural mechanism of semaphorin-induced plexin signalling. Transition
from the head-on cis homodimer of plexin (left) to the semaphorin-engaged complex (right)
changes the relative orientation of the plexin molecular axis. This conformational change
is transmitted through the stalk region (thick dotted line) and alters the conformation (for
example, dimerization state) of the cytoplasmic GAP domain, resulting in signal initiation.
The closer positioning of the two plexin tails in the active conformation is drawn arbitrarily
and should be taken as an example, because the association states of the transmembrane
and cytoplasmic regions before and after receptor activation remain unknown.

This conformational change is then transmitted, through the
long stalk and the transmembrane domain, to the cytoplasmic re-
gion, leading to activation of the GAP domain and/or recruitment
of Rho family GTPases. Although it remains possible that most of
the cell-surface plexins in the resting state do not form a head-on
dimer and the inactive phenotype is maintained by another type
of mechanism, the structural conservation observed between the
two semaphoring-plexin ‘terminal’ complexes is strongly indica-
tive of the fundamental importance of this conformation in plexin
signal transduction. More structural data are needed regarding
the rest of the molecule, particularly the stalk region and the GAP
domain, under different activation states, in order to understand
fully the mechanism underlying semaphorin-induced plexin sig-
nal transduction. Such information may lead to the discovery of
novel points of semaphorin signal intervention not limited to the
receptor-ligand interface.
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SHARPIN is a component of the NF-kB-activating
linear ubiquitin chain assembly complex
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Cpudmn (chronk: proliferative dermatitis) mice develop chronic der-
matitis and aa immunodeficiency with increased serum Tgei'™,
symptoms thet resemble thowe of paients with X-linked hyper-
IgM syndromee and hypohydrotic cctodermal dysplasia [XHM-
ED), which i= caused by mutations n NEMO (NF-xB essemtial
modulator; ako known as IKBKGY *. Spontaneous null mmata-
tiens in the Sharpin (SHANK-associated RH domain interacting
protein in posioynaptic density)” gene are responsible for the codm
phenotype in mice’, SHARPIN shows significant similarity 1o
HOML-1L {also known as RECK1)™, a component of linear abiguitin
chain assembly complex (LUBAC), which induces NF-xB activation
through conjugation of linear polyubiquitin chains to NEMO'™*,
Here, we identify SHARPIN as an additional component of LUBAC,
SHARPIN-containing complexes can linearly ublquitinate NEMO
and acthvated NF-xB. Thus, we re-define LUBAC as a complex con-
taining SHARPIN, HOIL-11, and HOIP (also known as RNF31),
Deletion of SHARPIN drastically reduced the amount of LUBAC,
which resulted in sttenusted TNF-a- and CD40-mediated activation
of NF-kB in mouse embryonkc fibroblasts (MEFs) or B cells from
cpdim mice. Considering the pleomorphic phenotype of gpdm mice,
these results confirm the predicted role of LUBAC-mediated linear
polvubiquitination in NF-xB activation induced by various stimuli,
and strongly suggest the involvement of LUBAC-induced NF-xB
activation in various disorders.

WF-xH isa transeription factos invalved in variows functions, includ
ing inflammation and cell survival NF-xB is shown to be activated by
various stimuli™ ", CD40-mediated degradation of inhibitor of vBa
(1B, sl known as NFEBIA) leads to the aatfvation of NF-xB. This
pathway is severely impaired, but not completely abolished, in patients
with XHM-ED, & syndrome caused by mutations in NEMO™, a crucial
regulator of the canonical NF-xB pathway'", CIM0-mediated degrada-
tion of IxBa was impaired. but not completely abolished in splenic B
cells from cpdim mice carrying the Sharpin null mutation'** (Fig. la),
which indicated that boss of SHARPIN impairs, but does not completely
abolish NF-xB activation. The ubiguitin-bike {UBL) and NPL4 inc-
finger (NZF) domains of SHARPIN showed significant similarity to
those of HOIL-1L, s component of LUBAC that has a crucial role in
TNF-a-mediated NF-xB activation™" (Fig. Ib and Supplementary
Fig. 1) TNF-2-induced activation of 1xB kinase (TKK), phosphoryla-
tion and degradation of IxBa, and nuclear localimtion of the p65
subunit of NF-xB, which are hallmarks of NF-xB activation, were
impaired. but not cornpletely abolished, in cpdm MEFs (Fig. Ic=c). In
addition, expression of NF-xH targets was markedly reduced in gpdim
MEFs (Supplementary Fig. 2). These results chearly indicated that dele-
tion of Sharpin also attenutes TNF-a-induced NF-xB activation.

The UBL domain of HOIL- 1L is eritical for complex formation with
HOIP, the catalytic component of the linear polyubiquitination™ ",
We proposad that SHARPIN forms a ubsquitin ligase complex with

HOIP (SHARPIN-HOIP) and activates NF-xB'", Indeed, SHARPTN
eo-immunoprecigitated with HOIP, but rot HOIL- 1L (Supplemes-
tary Fig. 3). Introduction of SHARPIN=-HOIP, but not SHARPIY
alone or SHARPIN and HOIL-1L, induced NF-xB transcriptional
activity (Supplencentary Fig. 4a). Nuclear translocation of p65 was
observed in HEK293T cells expressing SHARPIN-HOIP (Supplemen-
tary Fig. 4b). Furthermore, SHARPIN-HCIP showed linear palyubs.
quitination activicy in an in wiro polvuhiyuitination assav, and the
SHARPIN UBL domain was indispensable for HOIP binding and
ublquitination activity (Supplementary Figs 5 and 8). The NZF
domain of SHARPIN scemed to be indispensable for NF-xB activa-
tion, but not for linear ubiquitination, and the UBA and RING-1BR
RING regions of HOIP were crucial for NF-xB activation mediated by
SHARPIN-HOIP (Supplementary Figs 5d and 6). Given that UBA
and RING-TBR-RING domains have crucial roles in HOIP binding
to SHARPIN and in linear polyublquitination, these results indicated
that the SHARPIN-HOTP complex can activate NE-xB via linear poly
ubiquitination. In fsct, SHARPIN-HOIP catalysed linear polyubiqui-
tination of NEMO almost as efficiently as HOIL-1L-HOIP when
overexpressed in HEK293T cells, as assessed by mass spectrometry
and an anti-lnear chain specific antibody {Supplementary Fig. 7).
We have noticed that NF-xB was more strongly activated in 293T
cells expressing SHARPIN-HOIL-1L-HOIP as compared to oclls
corexpressing HOIL- 1 L-HOWP or SHARPIN-HOIP (Supplerentary
Fig. 4a), Co-immunoprecipitation assays to determine whether
SHARPIN formed a temary complex with HOIL-1L and HOIP
showed that SHARPIN co-immunoprecipitated with both HOIP
and HOIL-1L when co-expressed with cither protein (Supplemen-
tary Fig. 3). Moreover, immunoprecipitation of endogenous LUBAC
from HEK293T cells revealed that endogenous SHARPIN forms
complexes with both HOIP and HOIL-1L (Fig. 2a). In HEK293T
and Jurkat cells, SHARPIM co-fractionated primarily with HOIL-1L
and HONP in the relative molecalar mass —600,000 fraction (M, 600K
Fig. 2b). Sequential precipatation of the —600K fraction from HERZ¥
cells that stably expressed Flag-HOIP, HOLL- 1L-His,-haemagglutinin
(HA), and Myc-SHARPIN confirmed that HOIL-1L, HOIP and
SHARPIN form a ternary complex (Supplementary Fig. 8). These
results conclusively indicated that SHARPIN forms a ternary compler
with HOIL-IL asd HOIP, and we re-defined LUBAC as a 600K
complex containing HOIL-IL andfor SHARPIN together with
HOIP, Sequential precipitation of HEK293T cells expressing Flag-
HOIP, Hi=HOIP and Myc-HOIF showed that there were af least
thres HOIP molecules per LUBAC complex {Supplementary Fig. 9.
SHARPIN-HOIF formed complexes with HOIL-1L-HOIP moge
efficiently than SHARPIN alone (Supplementary Fig 100 Thus,
LUBAC seems 10 be composed of a mixture of HOIL-1L-HOIP
and SHARPIN-HOIP complexes, although we cannot exclude the
possibility that LUBAC may break down inte HOIL-1L-HOIP and
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The following is a comment on the published paper shown on the preceding page.

SHARPIN is a Component of the NF-kB
Activating Linear Ubiquitin Chain Assembly

Complex
IWAI Kazuhiro

(Graduate School of Frontier Biosciences)

Introduction

NF-#B is one of the transcription factors that play a central role in
inflammatory responses by inducing the expression of pro-inflam-
mmatory molecules. Besides inflammation, NF-»B is also involved
in many biological phenomena including cell survival. Abnormal
activation of NF-#B is observed in many pathological conditions
such as allergic and auto-inflammatory diseases and malignancies.
Therefore, the signal-induced NF-»B activation pathway has been
extensively studied'. My group have identified that a novel linear
polyubiquitin chain and a ligase complex designated as the linear
ubiquitin chain assembly complex (LUBAC) that specifically gen-
erates the unique polyubiquitin chain play crucial roles in NF-xB
activation>3. NF-#B is inactive in resting cells as it resides in the
cytoplasm bound to inhibitor proteins called inhibitors of «Bs (IxBs).
Upon stimuli by inflammatory cytokines, LUBAC recognizes and
linearly polyubiquitinates NF-xB essential modulator (NEMO), the
regulatory subunit of the IKK (IzB kinase) complex composed of
IKKa, IKKf, and NEMO and induces the phosphorylation of IxBs.
Phosphorylated IxBs are degraded in a ubiquitin-dependent manner,
which releases NF-«B and allows it to translocate into the nucleus
to induce the transcription of target genes' (Fig.1). In this manu-
script, my group identified SHARPIN as a new subunit of LUBAC.
Sharpin was identified as a causative gene of chronic proliferative
dermatitis in mice (cpdm), which are characterized by numerous
inflammatory symptoms including chronic dermatitis, arthritis
and immune disorders*’. Thus, the present results suggested that
LUBAC-mediated NF-»B activation plays critical roles in mammals
and be involved in various disorders.

Fig.1 The NF-xB activation pathway. Upon activa- *rl_m

tion by various stimuli, LUBAC recognizes and =
linearly polyubiquitinates NEMO, and induces the . - :--,é
phosphorylation of IxBs. Phosphorylated IxBa is

degraded in a ubiquitin-dependent manner, which |
releases NF-xB and allows it to translocate into the
nucleus to induce the transcription of target genes.

|dentification of SHARPIN as a new subunit of LUBAC

HOIL-1L and HOIP were first identified as components of
LUBAC?. HOIL-1L knockout (KO) mice generated in our
laboratory revealed that TNF-a-induced NF-»B activation is
severely impaired, but not completely abolished in HOIL-1L
null cells?, although knocking-out of molecules essential for
NF-»B activation, such as NEMO or IKKf3, is embryonic lethal
in mice®. Since the expression of HOIP, the catalytic center of
LUBAC, is drastically decreased but not completely absent in
HOIL-1L KO cells, it has been hypothesized that HOIP may

have another binding partner besides HOIL-1L. Then, using
database analyses, SHARPIN was identified, as the C-terminus
of SHARPIN exhibits significant homology with the N-terminal
half of HOIL-1L that is essential for binding to HOIP.

As expected, SHARPIN was co-immunoprecipitated with
HOIP, but not HOIL-1L in over expression study. However,
SHARPIN could co-immunoprecipitate with HOIL-1L from the
lysate of cells in which SHARPIN was co-expressed with not
only HOIL-1L but also HOIP (Fig. 2a). Moreover, immuno-
precipitation of endogenous LUBAC from HEK293T cells re-
vealed that endogenous SHARPIN forms complexes with both
HOIP and HOIL-1L (Fig. 2b). In HEK293T cells, SHARPIN
co-fractionated primarily with HOIL-1L and HOIP in the ~600K
fraction (Fig. 2¢). These results conclusively indicated that
SHARPIN forms a ternary complex with HOIL-1L and HOIP,
and we re-defined LUBAC as a 600K complex containing
HOIL-1L and/or SHARPIN together with HOIP.
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Fig.2 SHARPIN forms a tertiary complex with HOIL-1L and HOIP. a. SHARPIN forms a com-
plex with HOIL-1L in the presence but not in the absence of HOIP. Lysates of HEK293T cells
transfected as indicated were subjected to immunoprecipitation and then immune complex-
es were analyzed by immunoblotting. b. Endogenous SHARPIN associates with HOIP and
HOIL-1L. c. SHARPIN co-elutes with HOIP and HOIL-1L in fractionated HEK293T cell lysates.

Mechanism underlying NF-KB activation by

SHARPIN-containing LUBAC

We have shown that HOIL-1L-HOIP complex can bind to
and linearly ubiquitinates NEMO, which induces IKK activa-
tion®. We then tried to confirm whether it is also the case with
SHARPIN-containing LUBAC and found that SHARPIN-
containing LUBAC forms a complex with NEMO in a signal-de-
pendent manner, such as upon stimulation with TNF-c, and con-
jugates linear polyubiquitin to NEMO. Although SHARPIN has
been isolated as a SHANK-binding protein’, SHARPIN has also
been identified as a causative gene in the cpdm mouse pheno-
type’. Cpdm mice, which are spontaneous mutant mice lacking
SHARPIN, exhibit pleomorphic phenotypes including chronic
dermatitis and immune disorders with increased serum IgM.
Genetic analysis demonstrated that CD40- or TNF-a-mediated
NF-«B activation was impaired, but not completely abolished
in splenic B cells or MEFs from cpdm mice, respectively (Fig
3ab). Also LT-BR- and IL-13-mediated NF-»B activation is also
strongly impaired but not completely abolished in cpdm MEFs.
Thus, the current concept for SHARPIN-containing LUBAC-
mediated NF-»B activation is as follows: upon stimulation by
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inflammatory cytokines, such as TNF-a and IL-1, LUBAC
recognizes and linearly polyubiquitinates NEMO, which induces
IKK activation and subsequent degradation of IxBa. Free NF-
uB translocates into the nucleus and activates the transcription of
target genes (Fig. 1).

Fig.3 Ablation of SHARPIN causes . ..w
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B cells from cpdm mice. Splenic  gpuwce—— " Ff'. .h —

B cells were treated with an anti- [—— —

CD40 antibody (1pg/ml).*, non-specific signal. b. Reduced TNF-o-mediated NF-xB activa-
tion in cpdm MEFs treated with cycloheximide and TNF-a.

Although SHARPIN is lacking in cpdm mice, the other com-
ponents of LUBAC, HOIL-1L and HOIP exist in cpdm. Since
we have shown that HOIL-1L-HOIP complex can activate NF-
B, mechanism underlying attenuated NF-xB activation in
cpdm cells was addressed. Trace amounts of HOIP and HOIL-
1L were detected in cpdm MEFs (Fig. 4a). In addition, gel fil-
tration of MEF lysates from cpdm mice revealed the existence
of small amounts of HOIL-1L and HOIP in the ~600K fraction,
and introduction of Wt SHARPIN increased the amounts of
HOIP and HOIL-1L in the ~600K fraction (Fig. 4b). Moreover,
TNF-a induced the phosphorylation and degradation of IxBa
in MEFs expressing SHARPIN (Fig. 4c). These results clearly
indicated that the lack of SHARPIN in cpdm mice reduces the
level of LUBAC and attenuates NF-»B activation. In cpdm
MEFs transfected with an siRNA specific for HOIL-1L, expres-
sion of HOIL-1L and HOIP was severely suppressed and TNF-
o—mediated IxBo degradation was almost completely abolished
(Fig. 4d). Given that HOIL-1L-HOIP and SHARPIN-HOIP can
activate NF-uB, these results strongly indicated that the residual
NF-»B activity in cells from cpdm mice, and also perhaps in
cells from HOIL-1L KO mice, is due to the presence of residual
amounts of HOIL-1L-HOIP or SHARPIN-HOIP, respectively.

Fig.3 Ablation of SHARPIN causes impaired .
NF-%B signaling. a. Impaired CD40-signalling
in splenic B cells from cpdm mice. Splenic B
cells were treated with an anti-CD40 antibody *
(1pg/ml).*, non-specific signal. b. Reduced TNF- =
a-mediated NF-xB activation in cpdm MEFs .=

treated with cycloheximide and TNF-a.

Perspectives

In this manuscript, we have clearly shown that LUBAC plays
an essential role in canonical pathways of NF-«B activation. We
have found TNF-a- and CD40-mediated NF-kB activation was
attenulated in both cpdm and HOIL-1L KO mice. However, al-
though HOIL-1L KO mice do not display an obvious phenotype,
cpdm mice exhibit severe chronic dermatitis and immune defi-
ciency. The phenotypic differences between these mice may result
in part from differential effects on IL-1p-induced NF-»B activa-
tion and TNF-o—induced caspase 3 activation, both of which were
higher in cpdm MEFs than in HOIL-1L*MEFs. Symptoms of
cpdm mice including chronic dermatitis and an immunodeficiency
with increased serum IgM, resemble those of patients with X-
linked hyper-IgM syndrome and hypohydrotic ectodermal dyspla-

sia (XHM-ED), which is caused by mutations in NEMO?. How-
ever, the symptoms observed in patients with NEMO mutations
are quite diverse. Thus, phenotypic differences between these two
mice may be due to differences in NF-#B activation mediated by
residual levels of HOIL-1L-HOIP and Sharpin-HOIP. Alterna-
tively, the different phenotypes could be due to differences in the
levels of binding proteins, e.g., protein(s) involved in recruitment
of LUBAC to the IL-1f receptor, and/or differences in the levels
of LUBAC ubiquitination substrates. Further analyses will be
needed to clarify mechanisms underlying these phenotypic differ-
ences between cpdm and HOIL-1L KO mice.

In addition to activating NF-xB, TNF-a and CD40 also activate
the INK/ERK pathway. TNF-o—induced JNK/ERK activation
was slightly higher in cpdm MEFs than Wt MEFs, as observed
in HOIL-1L KO MEFs. However, CD40-mediated JNK/ERK
activation was mildly suppressed in both cpdm and HOIL-1L"
B cells. Therefore, our results do not conclusively support a role
for LUBAC in JNK/ERK activation. Elucidation of the role of
LUBAC in JNK/ERK activation awaits further study.

In summary, we have identified SHARPIN as a novel component
of LUBAC. SHARPIN-containing LUBAC assembles linear poly-
ubiquitin chains on NEMO, leading to NF-»«B activation. These
results do not rule out the presence of other targets of LUBAC-
mediated linear polyubiquitination. Given the pleomorphic
phenotype of cpdm mice, linear polyubiquitination by LUBAC
may be involved in several disorders, including chronic dermatitis
and immunodeficiency. Enhanced expression of SHARPIN has
been reported in various human cancers. Enhanced expression of
LUBAC increases NF-»B activation, suggesting that overexpres-
sion of LUBAC may be involved in tumorigenesis through activa-
tion of the anti-apoptotic function of NF-xB.
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