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The ubiquitin conjugation system 
regulates a wide variety of biological 

phenomena, including protein degrada-
tion and signal transduction, by regulat-
ing protein function via polyubiquitin 
conjugation in most cases. Several types 
of polyubiquitin chains exist in cells, and 
the type of polyubiquitin chain conju-
gated to a protein seems to determine 
how that protein is regulated. We iden-
tified a novel linear polyubiquitin chain 
and the ubiquitin-protein ligase complex 
that assembles it, designated LUBAC. 
Both were shown to have crucial roles 
in the canonical NFκB activation path-
way. This year, three groups, including 
our laboratory, identified SHARPIN as 
a new subunit of LUBAC. Of great inter-
est, Sharpin was identified as a causative 
gene of chronic proliferative dermatitis 
in mice (cpdm), which is characterized 
by numerous inflammatory symptoms 
including chronic dermatitis, arthri-
tis and immune disorders. Deletion 
of SHARPIN drastically reduces the 
amount of LUBAC and attenuates signal-
induced NFκB activation. The pleomor-
phic symptoms of cpdm mice suggest 
that LUBAC-mediated NFκB activation 
may play critical roles in mammals and 
be involved in various disorders. A for-
ward look into the linear polyubiquitin 
research is also discussed.

Introduction

In multicellular organisms, cells com-
municate with each other and function 
coordinately to maintain homeostasis. 
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Thus, cells receive signals from other cells 
or from the extracellular environment 
and must respond to those stimuli appro-
priately. When they encounter agents 
that induce tissue damages, including 
infectious organisms or DNA damaging 
agents, organisms operate inflammatory 
responses to remove those agents and 
repair their own tissues. Nuclear factor κB 
(NFκB) is one of the transcription factors 
that plays a central role in inflammatory 
responses induced by infectious agents, 
UV or inflammatory cytokines. NFκB 
induces the expression of proinflammma-
tory molecules.1 Besides inflammation, 
NFκB is also involved in many biologi-
cal phenomena, including cell survival. 
Abnormal activation of NFκB is observed 
in many pathological conditions, such 
as allergic and autoinflammatory dis-
eases and malignancies.2-5 Therefore, the 
signal-induced NFκB activation pathway 
has been extensively studied.1 NFκB is a 
dimeric transcription factor composed 
of Rel proteins. Two activation pathways 
exist, the canonical and non-canonical 
pathways.6

In this manuscript, the pathophysi-
ological function of the novel linear poly-
ubiquitin chain is discussed. Since linear 
polyubiquitin chains are mainly involved 
in the canonical pathway,7 this short 
article will focus on that pathway. NFκB 
is inactive in resting cells, as it resides in 
the cytoplasm bound to inhibitor proteins 
called inhibitors of κBs (IκBs). Upon 
stimuli by inflammatory cytokines or 
Toll-like receptor ligands, the IKK (IκB 
kinase) complex, composed of IKKα, 
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and DNA repair (Fig. 2C).16,17 The exis-
tence of approximately 100 human deu-
biquitinating enzymes has been suggested 
(Fig. 2A).18 Thus, the ubiquitin conjuga-
tion system is now regarded as a reversible 
post-translational protein modification 
system that regulates protein function in a 
wide variety of ways. In addition to K48- 
and K63-linked polyubiquitin chains, 
mass spectrometry analyses revealed that 
inter-ubiquitin linkages via all seven Lys 
residues of ubiquitin exist in eukaryotic 
cells.19 Since the type of polyubiquitin 
chain has been hypothesized to determine 
the mode of regulation of the conjugated 
protein,7 the ubiquitin conjugation system 
may play a much greater role in biology 
than initially anticipated.7 In that con-
text, a new type of polyubiquitin chain, 
a linear polyubiquitin chain in which the 
carboxyl group of a ubiquitin monomer is 
bound to the a-amino group of another 
monomer, was identified by our laboratory 
in 2006.20 Further analysis revealed that 
linear polyubiquitination is involved in 

catalyzed by three enzyme classes: E1 
ubiquitin-activating enzymes, E2 ubiq-
uitin-conjugating enzymes and E3 ubiq-
uitin-protein ligases. Target proteins are 
specifically recognized by E3 enzymes 
(Fig. 2A).11 Polyubiquitin chains are 
thought to be generated via Lys residues of 
ubiquitin. Polyubiquitin chains that func-
tion as degradation signals are generated 
via ubiquitin Lys 48 (K48-linked chains) 
(Fig. 2B).12 Indeed, phosphorylated IκBα 
is recognized by the SCFβTrCP ubiquitin 
ligase and targeted for degradation by con-
jugation to K48-linked chains.13-15

The ubiquitin proteolytic pathway plays 
crucial roles in cell regulation by recogniz-
ing and conjugating polyubiquitin chains 
to specific substrates in a timely and selec-
tive manner.11 Timely and selective protein 
modification is desirable beyond protein 
degradation: it is a crucial feature of other 
modes of protein regulation; for example, 
signal-induced protein activation. Indeed, 
Lys 63-linked (K63-linked) polyubiquitin 
chains are involved in signal transduction 

IKKβ and NFκB essential modulator 
(NEMO), which is also called IKKγ, is 
activated and phosphorylates specific Ser 
residues in IκBs. Phosphorylated IκBs are 
degraded in a ubiquitin-dependent man-
ner, which releases NFκB and allows it to 
translocate into the nucleus to induce the 
transcription of target genes (Fig. 1).1

The Ubiquitin Conjugation System

The NFκB activation pathway is tightly 
linked to the ubiquitin conjugation path-
way.8 Although the ubiquitin sysytem was 
identified as part of an energy-dependent 
degradation system,9 non-degradation 
roles were subsequently recognized and 
are now widely accepted. Most of the 
non-degradation roles of the conjugation 
system are mediated by different types of 
polyubiquitin chains, polymers of ubiq-
uitin that are distinct from those used 
for protein degradation.10 Polyubiquitin 
chains are believed to be generated by 
the repetition of the cascade of reactions 

Figure 1. The NFκB activation pathway. NFκB (p65-p50 heterodimer) resides in the cytoplasm in resting cells by binding to the inhibitor protein IκBα. 
Upon activation by various stimuli, IκBα is phosphorylated by the IKK complex. K48-linked polyubiquitination of phosphorylated IκBα leads to its 
degradation. Subsequently, free NFκB translocates into the nucleus and induces the expression of target genes.
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chains in organisms. However, that is not 
the case with linear polyubiquitin chains. 
The unique feature of linear polyubiq-
uitination discussed above enabled us to 
probe the function of linear chains using 
genetic analysis, because LUBAC is the 
only reported E3 known to date to specifi-
cally generate linear chains, and no other 
E2 or E3 enzymes are known to gener-
ate the unique chains.7 Indeed, LUBAC 
component gene knockout provided solid 
evidence of the involvement of LUBAC-
mediated linear polyubiquitination in 
NFκB signaling.21,29-31

Mechanism Underlying  
LUBAC-Mediated NFκB Activation

HOIL-1L and HOIP were first iden-
tified as components of LUBAC.20 
Biochemical analysis subsequently 
revealed that LUBAC-mediated linear 
polyubiquitination is involved in NFκB 
activation.21 Primary hepatocytes iso-
lated from HOIL‑1L-KO mice gener-
ated in our laboratory have severely 

polyubiquitin chains, together with sev-
eral E2s, including UbcH5s and E2-25K, 
the latter of which was shown to generate 
K48-linked chains specifically.20,25 Since 
E3s determines the substrate for ubiquiti-
nation,26 LUBAC determines the specific-
ity of both the substrate and the type of 
polyubiquitin chain.26 Thus, the number 
of linear polyubiquitination substrates 
seems to be limited. Consequently, the 
physiological functions of linear polyu-
biquitin chains must be limited. Any 
E2 enzyme can bind to a number of E3 
enzymes and conjugate polyubiquitin 
chains to substrates specifically recog-
nized by those E3s.26 Thus, the E2 com-
plex containing Ubc13, for example, can 
conjugate K63-linked chains to numer-
ous substrates. Moreover, it has been sug-
gested that K63 chains may be generated 
by other E2 enzymes, such as UbcH5s, 
even in the absence of E2 complexes con-
taining Ubc13.27 Ubc13 KO is embryonic 
lethal in mice.28 Therefore, genetic analy-
sis cannot readily be applied to probe the 
function of specific Lys-linked ubiquitin 

NFκB activation.21 NEMO, a component 
of the IKK complex, is specifically con-
jugated with linear polyubiquitin chains 
in a signal-dependent manner, leading to 
activation of the IKK complex (Fig. 2D).21

Unique Character  
of Linear Polyubiquitin Chains

Although the mechanism generating 
polyubiquitin chains has not yet been 
conclusively resolved, it is thought that 
E2 enzymes determine the type of polyu-
biquitin chain generated.12 For example, 
E2 complexes containing Ubc13 (Ubc13-
Uev1a and Ubc13-MMS2) generate 
K63-linked chains exclusively,22 while 
Ube2S generates K11-linked chains,23 and 
CDC34 and E2-25K generate K48-linked 
chains.24,25 However, some E2 enzymes, 
such as UbcH5s, can generate several types 
of polyubiquitin chains. In contrast to Lys-
linked polyubiquitin chains, linear chains 
are determined by E3.20 The linear ubiq-
uitin chain assembly complex (LUBAC) 
is the only E3 enzyme to generate linear 

Figure 2. The ubiquitin conjugation system. Ubiquitin conjugation is a reversible post-translational modification that regulates numerous biological 
phenomena by conjugating ubiquitin polymers to proteins. Polyubiquitin chains are generated by the repetition of the cascade of reactions catalyzed 
by three enzymes, E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes and E3 ubiquitin-protein ligases, on target proteins specifically 
recognized by E3s (A). Polyubiquitin chains have been thought to be generated via the Lys residues of ubiquitin. Polyubiquitin chains that function 
as degradation signals are generated via the Lys 48 of ubiquitin (B). K63-linked chains are involved in DNA repair and signal transduction and do not 
function as degradation signals (C). A new type of polyubiquitin chain was identified, a linear polyubiquitin (M1-linked) chain in which the C-terminal 
of ubiquitin is bound to the α-amino group of another ubiquitin. Linear polyubiquitin chains play crucial roles in NFκB activation (D).
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a process similar to that observed with 
receptor tyrosine kinases upon ligand-
mediated dimerization. Alternatively, 
binding of linear ubiquitin polymers to 
the UBAN domain of NEMO induces 
conformational changes in NEMO and 
triggers changes in the spatial position-
ing of IKKα and IKKβ, leading to 
IKKβ activation. However, the mecha-
nism underlying IKK activation is still 
extensively debated.40,41 Results using 
HOIL-1L-KO and cpdm mice conclu-
sively show that LUBAC-mediated linear 
polyubiquitination plays a crucial role in 
NFκB activation.21,29-31 However, since 
neither HOIL-1L-KO nor cpdm mice 
are embryonic lethal,21,29-31 it is not yet 
known whether linear polyubiquitination 
is essential for canonical NFκB activation. 
Knockdown of HOIL-1L in cpdm cells 
suppresses the expression of HOIL-1L 
and HOIP and abolishes TNFα- and 
IL-1β-mediated NFκB activation almost 
completely.29 Thus, LUBAC-mediated 
linear polyubiquitination was hypoth-
esized to be indispensable for TNFα- and 
IL-1β-induced NFκB activation; however, 
HOIL-1L-KO mice crossed with cpdm 
mice or HOIP-KO mice will be needed to 
clarify this issue.

Involvement of Multiple Ubiquitin 
Chains in NFκB Activation  
and Their Possible Roles

As mentioned above, the ubiquitin conju-
gation system is heavily involved in NFκB 
activation.8 It has been well documented 
that K63-linked chains generated by 
Ubc13-Uev1a are involved in NFκB acti-
vation.16 Extensive work on the role of K63 
chains in signaling has been performed. It 
is currently hypothesized that the Ubc13-
Uev1a complex and TRAF6 conjugate 
K63-linked chains to TRAF6 itself and 
to RIP1 upon stimulation. This event 
recruits the TAK1-TAB1-TAB2/3 complex 
to K63-linked chains through the K63-
selective binding of NZFs of TAB2/3.8,42 
The IKK complex was also suggested to be 

The molecular mechanism underly-
ing LUBAC-mediated NFκB activation 
was also analyzed. LUBAC was found to 
form a complex with NEMO in a signal-
dependent manner, such as upon stimula-
tion with TNFα, and to conjugate linear 
polyubiquitin to NEMO.21 Genetic analy-
sis demonstrated that both linear polyu-
biquitination of NEMO and activation of 
IKK were severely impaired in cells lack-
ing HOIL-1L or SHARPIN.21,29-31 Since 
the introduction of NEMO conjugated 
to uncleavable linear polyubiquitin can 
activate NFκB but introduction of GFP 
conjugated to linear polyubiquitin can-
not, linearly polyubiquitinated NEMO 
seems critical for activation of IKK.21 
Thus, the current concept for LUBAC-
mediated NFκB activation is as follows: 
upon stimulation by inflammatory cyto-
kines such as TNFα and IL-1β and by 
the ligands of some Toll-like receptors, 
LUBAC recognizes and linearly polyu-
biquitinates NEMO, which induces IKK 
activation and subsequent degradation of 
IκBα. Free NFκB translocates into the 
nucleus and activates the transcription of 
target genes (Fig. 3A).7 In cpdm mice, 
the linear polyubiquitination of NEMO 
is attenuated because of the drastic reduc-
tion in the amount of LUBAC composed 
of HOIL-1L and HOIP due to lack of 
SHARPIN, resulting in attenuated NFκB 
activation (Fig. 3B).

The precise mechanism by which the 
linear polyubiquitination of NEMO 
induces IKK activation has not yet been 
conclusively shown; however, the finding 
that NEMO binds to linear di-ubiquitin 
with much higher affinity than to other 
Lys-linked ubiquitin chains via its ubiqui-
tin-binding motif, called UBAN or CoZi 
domain, may be insightful.38,39 Since this 
topic was discussed in our previous review 
in reference 7, it is described only briefly 
here. Recognition by NEMO of linear 
polyubiquitin chains conjugated to the 
NEMO molecules of other IKK com-
plexes brings IKKβs close together and 
allows IKKβ trans-autophosphorylation, 

impaired TNFα-induced NFκB activa-
tion.21 However, TNFα-induced NFκB 
activation is not completely abolished in 
HOIL-1L-KO mice.21 Knocking-out of 
molecules essential for NFκB activation, 
such as NEMO or IKKβ, is embryonic 
lethal in mice,32-34 but HOIL-1L KO 
is not.21 The expression of HOIP, the 
catalytic center of LUBAC, is drastically 
decreased but not completely absent in 
HOIL-1L-KO cells.29 This observation 
led to the hypothesis that HOIP may have 
another binding partner besides HOIL-1L 
and SHARPIN was identified.29 The 
C terminus of SHARPIN exhibits signifi-
cant homology with the N-terminal half 
of HOIL-1L that is essential for binding 
to HOIP.29-31 Although SHARPIN was 
isolated as a SHANK-binding protein in 
2001,35 SHARPIN was also identified 
as a causative gene in the cpdm mouse 
phenotype in 2007.36,37 Cpdm mice are 
spontaneous mutant mice exhibiting pleo-
morphic phenotypes, including chronic 
dermatitis, arthritis and immune disor-
ders. However, the precise mechanism by 
which loss of SHARPIN provokes these 
phenotypes in cpdm mice has not been 
identified. Further analysis showed that 
SHARPIN forms a complex, not only 
with HOIP, but also HOIL-1L; namely, 
SHARPIN formed the tertiary complex 
with HOIL-1L and HOIP. The com-
plex composed of HOIL-1L, HOIP and 
SHARPIN conjugates to linear polyu-
biquitin chains.29-31 Using genetic analy-
sis, the lack of SHARPIN was found to 
drastically reduce the amount of the other 
components of LUBAC, HOIL-1L and 
HOIP, by destabilizing them, thereby 
attenuating NFκB activation induced by 
TNFα, CD40 or LT-βR.29-31 Thus, we 
hypothesized that the complex phenotype 
of cpdm mice may be induced by severely 
attenuated but not completely abolished 
signal-induced NFκB activation, since 
residual LUBAC, composed of HOIL-1L 
and HOIP, possesses linear polyubiquiti-
nation and NFκB activation activity. This 
issue will be discussed later in the article.

Figure 3 (See opposite page). Involvement of LUBAC-mediated linear ubiquitination in NFκB activation and mechanism underlying attenuated NFκB 
activation by loss of SHARPIN. Upon stimulation by inflammatory cytokines including TNFα and IL-1β, LUBAC, which is composed of HOIL-1L, HOIP and 
SHARPIN, recognizes and linearly polyubiquitinates NEMO, which induces IKK activation and leads to the degradation of IκBα. Free NFκB translocates 
into the nucleus and activates the transcription of target genes (A). In cpdm mice, the linear polyubiquitination of NEMO is attenuated because of the 
drastic reduction in the amount of LUBAC, composed solely of HOIL-1L and HOIP due to lack of SHARPIN, resulting in attenuated linear polyubiquitina-
tion of NEMO and attenuated NFκB activation (B).
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Figure 3. For figure legend, see page 3098.
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recruited to K63-linked chains via ubiqui-
tin-binding domains in NEMO,43 allow-
ing IKK activation by phosphorylation 
of IKKβ by TAK144 and leading to the 
activation of NFκB. However, the involve-
ment of K63-linked chains in NFκB 
activation has been challenged by the 
observation that TNFα-mediated NFκB 
activation is not overtly affected in cells 
isolated from Ubc13-KO mice, although 
TNFα-induced JNK activation is severely 
impaired in those cells.28 Moreover, the 
finding that NEMO binds preferentially 
to linear chains also challenges this con-
cept.38,39 Nonetheless, as mentioned previ-
ously, the lack of the LUBAC components 
SHARPIN or HOIL-1L severely impairs 
TNFα-mediated IKK activation but does 
not completely abolish it.21,29-31 Although 
we suspect that residual LUBAC com-
posed of the other two components can 
activate NFκB in those cells, the existence 
of other pathways that can activate IKK 
co-laterally by linear polyubiquitination 
cannot be excluded. Data suggested that 
NEMO can bind to tetra-K63-linked 
ubiquitin with comparable affinity to 
tetra-linear chains.41,45,46 It has also been 
reported that c-IAPs are indispensable for 
TNFα-induced NFκB activation,47,48 and 
c-IAPs can generate K11-linked chains that 
can be recognized by NEMO with com-
parable affinity to K63-linked chains.49 
Therefore, K63-linked or K11-linked 
chains might be recognized by NEMO 
and can activate IKK (Fig. 4A). However, 
K63-linked chains are indispensable for 
IL-1β-induced NFκB activation, although 
K63-linked chains are dispensable for 
TNFα-mediated NFκB activation.50 
Therefore, K63 chains may exert addi-
tional roles in NFκB activation besides 
activation of IKK directly. For example, 
K63-linked chains may recruit LUBAC 
to the IL-1 receptor. K11-linked chains 
generated by cIAPs may recruit LUBAC to 
TNFR1 (Fig. 4B). Since LUBAC exhibits 
ubiquitin-binding activity,20,30,31 further 
analysis, including analysis of the ubiqui-
tin-binding domains in LUBAC, will clar-
ify the roles of the different polyubiquitin 
chains in NFκB activation.

In addition to NFκB, LUBAC-
mediated linear polyubiquitination might 
be involved in other signaling pathways. 
CD40-mediated activation of JNK is 

Figure 4. Possible roles of different polyubiquitin chains in NFκB activation. (A) LUBAC-mediated 
linear polyubiquitinated NEMO can activate IKK. A hypothesis is shown according to which 
linearly polyubiquitinated NEMO can be recognized by other NEMO molecules, which induces 
phosphorylation of IKKβ. K63-linked chains or K11-linked chains generated by TRAF6 or cIAP1, 
respectively, are also recognized by NEMO, which may induce phosphorylation of IKKβ. (B) K63-
linked chains generated by TRAF6 and K11-linked chains by cIAP1 may recruit LUBAC to the IL-1 
receptor or the TNF receptor, respectively, and induce linear polyubiquitination of NEMO. Linearly 
polyubiquitinated NEMO induces IKKβ phosphorylation and NFκB activation.
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apoptosis, cpdm mice exert immuno-
logical abnormality. Increased produc-
tion of type 2 cytokines (IL-4, IL-5 and 
IL-13) and decreased IFNγ secretion 
were reported in cpdm mice. Treatment 
with IL-12, a known inducer of IFNγ, 
alleviated dermatitis in cpdm mice.58 
Therefore, enhanced TNFα-induced 
apoptosis and reduction of type 1 cyto-
kines in skin might also be involved in the 
pathogenesis of dermatitis in cpdm, not 
just attenuation of TNFα-induced NFκB 
activation. Although crossing cpdm mice 
with TNFα-KO mice suppresses prolif-
erative dermatitis, the immunological 

TNFα-induced apoptosis in cpdm mice 
has not been solved, it may be attributed 
to the fact that SHARPIN plays crucial 
roles in linear ubiquitination or induction 
of molecules suppressing apoptosis.56 Since 
keratinocyte apoptosis may play a crucial 
role in the dermatitis observed in kera-
tinocyte-specific IKKβ or NEMO-KO 
mice,57 enhanced TNFα-induced apopto-
sis in cpdm mice may underlie the patho-
genesis of the dermatitis, although the 
mechanism underlying the phenotypic 
differences between these two mice has 
not yet been identified.29-31 In addition to 
enhanced sensitivity to TNFα-induced 

attenuated in splenic B cells from mice 
lacking SHARPIN or HOIL-1L,29-31 sug-
gesting that LUBAC-mediated linear poly-
ubiquitination is also involved in MAPK 
activation. It has been hypothesized that 
the linear polyubiquitination activity of 
LUBAC stabilizes the complex formed 
with TNFR1 in TNFα-stimulated cells 
and leads to the activation of MAPKs. 
However, TNFα-mediated JNK activa-
tion was not downregulated in MEFs from 
mice lacking HOIL-1L or SHARPIN.21,29 
In addition, ABIN-2, which has a ubiq-
uitin-binding domain homologous to the 
UBAN domain of NEMO,51 is involved in 
MAPK activation.52 Moreover, the protein 
substrates of LUBAC, which is involved in 
the stabilization of the TNFR1 complex, 
are not yet known. Thus, further analy-
sis is needed to clarify the involvement of 
LUBAC in MAPK activation.

Mechanism Underlying the  
Generation of cpdm Phenotypes 

Induced by Lack of SHARPIN

Chronic dermatitis (Fig. 5), which is the 
most overt phenotype of cpdm mice, is 
characterized by epidermal hyperplasia 
and infiltration of inflammatory cells.53 
Three groups, including ours, have shown 
that TNFα-induced NFκB activation 
was severely impaired in cpdm cells.29-31 
Keratinocyte-specific deletion of IKKβ or 
NEMO induces dermatitis with epider-
mal hyperplasia and infiltration of inflam-
matory cells.54,55 Crossing the conditional 
KO mice with TNFR1-KO mice remits 
dermatitis and inflammatory cell infiltra-
tion.54,55 In cpdm keratinocytes, TNFα-
induced NFκB activation is also strongly 
attenuated. Since dermatitis disappears 
upon crossing cpdm mice with TNFα-KO 
mice,31 attenuation of TNFα-mediated 
NFκB activation may be involved in the 
pathogenesis of proliferative dermatitis. 
However, attenuated TNFα-induced 
NFκB activation per se may not be the only 
cause of the dermatitis observed in cpdm 
mice, since HOIL-1L-KO mice do not 
have dermatitis (data not shown) despite 
severe attenuation of TNFα-induced 
NFκB activation.21 Cpdm cells are more 
sensitive to TNFα-induced apoptosis than 
HOIL-1L-KO cells. Although the mecha-
nism underlying enhanced sensitivity to 

Figure 5. Chronic dermatitis in cpdm mice. 5-mo-old wild-type (left) and cpdm mice (right) 
are shown.
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affinity to linear di-ubiquitin than to 
K63 di-ubiquitin.38,39 The identification 
of linear chain-specific binding domains 
and the functional analysis of proteins 
containing these domains will help eluci-
date new roles for linear polyubiquitina-
tion. It has recently been suggested that 
linear polyubiquitination is involved in 
autophagy.71 Optineurin, which possesses 
a domain homologous to NEMO,72 is 
involved in autophagy in Salmonella and 
binds to linear polyubiquitin chains.71 
Optineurin was identified as one of the 
causative genes of amyotrophic lateral 
sclerosis (ALS), a motor neuron disease,73 
and an optineurin mutant found in ALS 
patients fails to bind linear polyubiquitin 
and to induce autophagy in Salmonella.71 
These reports strongly indicate that linear 
polyubiquitination is involved in selec-
tive autophagy and in the pathogenesis of 
ALS. Thus, whether LUBAC is involved 
in selective autophagy is of interest, since, 
so far, LUBAC is the only known E3 to 
generate linear chains. Alternatively, other 
E3 enzymes that specifically generate lin-
ear chains may be involved in autophagy. 
Preliminary analysis revealed that, among 
the three subunits of LUBAC, HOIP, 
which is the catalytic center of the com-
plex, plays a crucial role in determining 
the type of ubiquitin chain generated by 
the ligase complex (data not shown). Since 
we have not identified any E3 enzyme that 
exhibits significant homology with the 
region of HOIP that seems crucial for 
linear chain generation so far (data not 
shown), we cannot suggest the presence of 
other E3s that generate linear polyubiqui-
tin chains specifically. Linear polyubiqui-
tin chains might conceivably be generated 
by a special combination of E2(s) and 
E3(s). The identification of other E3 
enzymes or of combinations of E2 and 
E3 enzymes capable of generating linear 
polyubiquitin chains and the dissection of 
their pathophysiological functions might 
reveal unexpected roles for linear polyu-
biquitination in biology and medicine.
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abnormalities were not suppressed.31 Since 
LUBAC-induced linear polyubiquitina-
tion is involved in NFκB activation by 
several TNFR and Toll-like receptor fam-
ily members,29-31 attenuation of NFκB 
activation induced by some of these recep-
tors, except TNFR1, might mediate the 
immunological abnormalities observed in 
cpdm mice.

Future Directions

A function of linear polyubiquitin chains 
has become clear:7 LUBAC-induced linear 
polyubiquitination is involved in NFκB 
activation by several stimuli, including 
UV.59 NEMO has been identified as a 
substrate of LUBAC, and linearly ubiqui-
tinated NEMO may trigger IKK activa-
tion.7 Thus, the analysis of the molecular 
mechanisms underlying LUBAC-induced 
NFκB activation is one of the most impor-
tant issues in linear polyubiquitin and 
NFκB research, including the identifica-
tion of deubiquitinating enzymes for linear 
ubiquitin chains. Several deubiquitinat-
ing enzymes, including A20 and CYLD, 
downregulate NFκB signaling.60-63 CYLD 
can digest linear chains but A20 cannot.64 
Since some reports suggested that deubiq-
uitinating activity of A20 is low, A20 is 
suggested to exert its NFκB suppression 
activity in a deubiquitination-independent 
manner.65 Although CYLD downregu-
lates NFκB activation by degrading K63-
linked chains,66 it may function through 
linear chains. Alternatively, unknown 
deubiquitinating enzymes may downreg-
ulate NFκB signaling by digesting linear 
chains. In addition, since LUBAC may be 
involved in the TNFα-stimulated TNF 
receptor complex assembly, the identifica-
tion of other LUBAC substrates besides 
NEMO and RIP1 may help identify the 
molecular mechanisms underlying com-
plex stabilization.31,67 Another important 
issue to be addressed is whether linear 
polyubiquitin chains and/or LUBAC are 
involved in biological phenomena other 
than NFκB activation. Recent structural 
and biochemical analyses of ubiquitin-
binding domains revealed the existence of 
ubiquitin binding domains that discrimi-
nate types of polyubiquitin chains.68-70 
In the case of linear chains, the UBAN 
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