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SPATA2: more than a missing link

Lisa Schlicher1,2,3, Prisca Brauns-Schubert1,2,3, Florian Schubert1,2,3 and Ulrich Maurer*,1,2,3

The assembly of the TNFR1 signalling complex (TNF-RSC) depends on K63- and M1-linked ubiquitylation, promoting the
recruitment of complex constituents and the stability of the complex. Ubiquitylation is a dynamic process, controlled by E3
ubiquitin ligases as well as deubiquitinases, such as CYLD and OTULIN. A novel molecule, SPATA2, which is crucial for recruiting
and activating the deubiquitinase CYLD within the TNF-RSC, has now been identified by four different studies. Loss of SPATA2 was
shown to result in increased TNF-, but also NOD2-mediated proinflammatory signalling. Importantly, SPATA2 is instrumental for
TNF-induced cell death, and a closer look at these findings suggests that SPATA2 possibly has functions beyond promoting the
activity of CYLD.
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Inflammation, triggered by pathogens or by tissue damage, is
mediated by the local action of proinflammatory cytokines
such as TNF and IL-1β expressed by cells of the innate
immune response. These molecules trigger the typical effects
like swelling, redness, heat, and pain, which are the
consequences of locally increased blood flow and vessel
permeability. The initial recognition of pathogen associated
molecular patterns (PAMPs) and danger associatedmolecular
patterns (DAMPs) by pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs), NOD-like receptors (NLRs)
and RIG1-like receptors (RLRs) induces the expression of
proinflammatory cytokines, and activates antigen-presenting
cells (APCs), thereby enabling subsequent adaptive immune
responses.1

Proinflammatory signalling pathways, induced by cytokine
receptors and PRRs, have been subject to extensive research
within recent years, and it was recognised that ubiquitylation
plays a key role for inflammatory signalling. Ubiquitin is a small
(76aa) protein, which is linked by the coordinated action of an
E1 ubiquitin activating enzyme, an E2-conjugating enzyme
and an E3 ubiquitin ligase to substrate proteins and/or
ubiquitin itself. Thereby, the C-terminal glycine of ubiquitin is
covalently linked to the epsilon-amino group of a lysine in the
target protein, generating an iso-peptide bond.
Target proteins can be mono-or poly-ubiquitylated, mediat-

ing diverse effects in cells such as protein degradation,
receptor assembly and signalling, or the regulation of
transcription. There are a number of lysines in the amino-
acid sequence of ubiquitin, which can be target for the
attachment of the C-terminus of another ubiquitin, such as K6,
K11, K27, K29, K33, K48, and K63. In addition, the N-terminal
methionine (M1) can be linked to the C-terminal glycine of
another ubiquitin by a peptide bond, resulting in a linear
ubiquitin linkage. In addition, polyubiquitin chains with mixed

linkages also exist.2,3 Ubiquitin chains are generated by more
than 500 E3 ligases, with different protein targets and linkage
specificities. While K48-linked ubiquitylation is a signal for
protein degradation by the proteasome, K63- and M1-linked
polyubiquitin chains were shown to be instrumental in
providing the scaffold, which promotes the assembly and
stability of immune receptor complexes.
TNF signalling represents a prototype proinflammatory

pathway where these biochemical principles are applied.
Thus, for TNF signalling, degradative, K48-linked ubiquityla-
tion, and the non-degadative K63- and M1-linked ubiquityla-
tions play a central role. The current model of this pathway
holds that, upon ligand binding, TNFR1 trimerisation induces
the formation of a protein complex (also termed complex I).
Thereby, TRADD and RIPK1 are recruited through death
domain interactions, followed by the recruitment of the factors
TRAF2, and cIAP1/2, which mediate K63-linked ubiquitylation
of RIPK1. K63-linked ubiquitin chains are required to recruit
the adapters TAB1/2 along with the kinase TAK1.4 In addition,
K63-linked ubiquitylation results in the recruitment of the
LUBAC complex, which is consisting of the proteins
SHARPIN, HOIL-1, and the E3 ligase HOIP. LUBACmeditates
M1-linked (linear) ubiquitylation of various complex compo-
nents, such as NEMO and RIPK1, resulting in further
stabilisation of the receptor complex. Linear ubiquitylation is
crucial for the recruitment and activation of the IKK complex
through the interaction of the adaptor NEMO with M1- linked
ubiquitin chains.5 The activity of the kinases IKKα and IKKβ
promotes the K48-linked ubiquitylation and subsequent
degradation of IκBα, allowing NF-κB transcription factor
activity, while TAK1 activates IKKs and MAPK kinases,
together resulting in the transcriptional induction of proin-
flammatory target genes.
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The discovery of a second complex, induced by TNF, helped
understanding an alternative activity of TNF, which is the
induction of cell death by apoptosis.6 This complex, termed
complex II, is derived from complex I and consists of RIPK1,
FADD, caspase-8 and c-FLIP. Complex II provides the platform
to activate caspase-8, which in turn results in caspase-3
processing and the induction of apoptosis. In general,
proapoptotic caspase activation in complex II is repressed
by TNF-induced transcription, that is, mediating the induction
of c-FLIP.7 However, under certain circumstances, complex II
(in this case termed complex IIb) can also induce apoptosis,
which cannot be counteracted by c-FLIP, but requires the
kinase activity of RIPK1.8

RIPK1 is also required for TNF-induced programmed
necrosis, termed necroptosis, representing an alternative
form of TNF-induced cell death.9 The kinase activity of RIPK1
and its interaction in amyloid-like oligomers with RIPK3
mediates the phosphorylation and activation of the pseudo-
kinase MLKL in order to execute necroptotic cell death.10

While apoptosis is executed by caspases, caspase activity
prevents necroptosis.11 The requirement of caspase-8 for the
prevention of necroptosis was demonstrated on a genetic
level, by the developmental rescue of mice lacking caspase-8,
which die during mid-gestation, upon the additional absence
of RIPK3 in casp8− /−rip3− /− mice12–14 (Figure 1).
Regulated ubiquitylation and de-ubiquitylation is critical not

only for the assembly and stability of the TNFR1 signalling
complexes, but also for the decision between proinflam-
matory and prodeath signalling by TNF. The process of
de-ubiquitylation is mediated by deubiquitinases (DUBs),
which degrade or trim polyubiquitin chains. These enzymes,
just as ubiquitin ligases, have specificities for certain target
proteins and types of ubiquitin linkages.
The DUBs CYLD and OTULIN were shown to negatively

regulate TNFR1-induced inflammatory signalling. Both DUBs
were demonstrated to interact with the LUBAC complex and to

counteract its activity, however their mechanism of action is
different.
OTULIN specifically hydrolyses M1-liked ubiquitin chains,

thereby directly counteracting the activity of LUBAC for the
assembly of the TNF receptor complex. This results in the
attenuation of TNF-induced NF-κB activation.15,16 OTULIN
directly interacts with LUBAC through the peptide:N-glyca-
nase/UBA-or UBX-containing proteins (PUB) domain of HOIP,
which in turn interacts with a PUB-interacting motif (PIM) in
OTULIN.17,18 Thereby, OTULIN was shown to constitutively
restrict M1-ubiquitylation of LUBAC components.19 Whether
OTULIN exhibits DUB activity within the receptor complexes is
a matter of debate. While M1-ubiquitylation of the TNF-RSC
and the NOD2-RSC remained unchanged in cells lacking or
retaining OTULIN in one study,19 another study observed
increased TNFR1 – and RIPK2 ubiquitylation in OTULIN
knockdown cells upon stimulation of the respective
receptors.15

Like OTULIN, CYLD has important roles in inflammatory
signalling. This enzyme specifically hydrolyses both K63- and
M1-linked polyubiquitin chains.20,21 Importantly, upon stimula-
tion of the respective receptors, CYLD is recruited to the
TNF-RSC or the NOD2 signalling complex (NOD2-SC),
limiting their ubiquitylation. CYLD is recruited to these receptor
complexes along with LUBAC, by the interaction of CYLD with
the LUBAC subunit HOIP.19 Just like the HOIP-OTULIN
interaction, the HOIP-CYLD interaction was shown to require
the PUB domain of HOIP.19,22,23 CYLD restricts TNFR1- or
NOD2-induced ubiquitylation and NF-κB activation,22,24–26 but
it was also demonstrated to play an important role in the
context of TNFR1-induced cell death. A siRNA screen
identified CYLD to be crucial for both TNFR1-induced
apoptosis and necroptosis, while another study had shown
that CYLD was required for RIPK1-dependent apoptosis.8,27

Remarkably, CYLD is a substrate for cleavage by caspase-8
and the cleavage of CYLD was reported to underlie the
anti-necroptotic activity of caspase-8.28
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Figure 1 TNFR1 signalling. The binding of TNF to TNFR1 induces the formation of a protein complex called complex I. The assembly of this complex is initiated with the
recruitment of TRADD and RIPK1 to the trimerised receptor. The proteins TRAF2 and cIAP1/2 are then recruited, generating K63-linked ubiquitin chains within the complex, which
serve as a platform for the subsequent recruitment of TAB1/2 together with TAK1. In addition, the LUBAC complex (HOIL-1, HOIP, and SHARPIN) is recruited by these chains. By
being associated with LUBAC, the DUB CYLD is also recruited to the complex. The E3 ligase activity of HOIP mediates linear ubiquitylation of different components within the
complex, promoting complex I stabilisation and the recruitment of IKKα/IKKβ through its adaptor NEMO, which mediate NFκB transcription factor activity. Together with MAP
kinase signalling induced by TAK1, this results in proinflammatory, prosurvival gene expression. Under certain circumstances (e.g. loss of cIAP1/2 or TAK1 activity) a second
complex, termed complex II (consisting of the proteins RIPK1, RIPK3, FADD, caspase-8, and FLIP) can form, which is able to activate caspase-8 and induce apoptosis. TNFR1
stimulation upon inhibition of caspase-8 promotes the assembly of a complex consisting of RIPK1, RIPK3, and MLKL, which can lead to necroptotic cell death
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A novel molecule, involved in these signalling processes
has now come into play. On the basis of different mass
spectrometry (MS) approaches, four different studies have
identified the protein SPATA2 as a novel component of the
TNFR1 signalling complex.29–32

The initial report by Wagner et al. (2016) identified SPATA2,
employing SILAC-MS, by immunoprecipitation of the
TNF-RSC and analysis of the associated proteins. In a
subsequent screen for proteins interacting with SPATA2 they
identified CYLD, as well as the LUBAC components HOIL-1,
HOIP, and SHARPIN, as SPATA2-binding proteins.29

Conversely, in our study, we performed a MS analysis to
identify proteins interacting with CYLD, and SPATA2 stood out
by exhibiting the highest enrichment with CYLD among all
interacting proteins.30 Confirming the data of Wagner et al.
(2016), a report by Kupka et al.31 showed that SPATA2 is a
constituent of the TNF-RSC, and a binding partner of HOIP. A
study by Eliott et al. (2016) identified SPATA2 by comparing the
interactome of CYLD to the interactome of a CYLD mutant
lacking the B-Box, which had been previously shown to be
required for the interaction of CYLD with HOIP.32

These findings are all consistent with an earlier observation,
based on MS, of a CYLD–SPATA2 interaction.33 However,
these recent studies now provide insight into the function of
SPATA2. All four reports mapped the CYLD–SPATA2 interac-
tion to the C-terminal ubiquitin-specific protease (USP)
domain of CYLD and the N-terminus of SPATA2, which
contains a PUB domain. Gyrd-Hansen and colleagues went
a step further as they demonstrated, on a structural level, that
this non-canonical PUB domain of SPATA2 binds to an
interaction motif in CYLD, which is different from a typical
PUB interaction motif (PIM). Importantly, their data further
suggested that a dimerisation of the CYLD B-box results in a
reduced koff for the interaction with SPATA2, promoting the
formation of a CYLD–SPATA2 heterotetramer. Interestingly,
this report identified the protein SPATA2L, a protein encoded
by a separate gene, also as a B-box dependent binding
partner of CYLD. However, SPATA2L could not compensate
for SPATA2 functions, which are described below.32

CYLD had previously been shown to interact with HOIP,
which mediates the recruitment of CYLD to the TNF-RSC
upon TNFR1 stimulation.19 Consistent with the CYLD–
SPATA2 interaction, which suggests that SPATA2 associates
with HOIP as well, a SPATA2-HOIP interaction was identified
by mass spectrometry in two studies,29,31 while the two other
studies found an association of SPATA2 and HOIP by
Co-IP.30,32

Thus, it was well possible that SPATA2 interacts with HOIP
directly. As described above, OTULIN directly interacts with
the PUB domain of HOIP, which requires the PUB-interacting
motif (PIM) of OTULIN.17,18 This raised the possibility that
SPATA2, just as OTULIN, binds to HOIP through a PIM-PUB
interaction. Indeed, we found that SPATA2 contains a PIM, and
the mutation of a critical amino acid (Y338) within the PIM
resulted in the loss of the interaction of SPATA2 with HOIP (but
not CYLD). The samewas observed by Elliott et al. (2016) and
their structural analysis again provided a deeper insight into
this interaction, demonstrating a high homology of the
respective PIM in OTULIN and SPATA2, with a high specificity
for the PUB domain of HOIP (Figure 2).

Thus, as SPATAwas found to bind to both CYLD (via its PUB
domain) and HOIP (through its PIM), it was a candidate to
mediate the interaction of HOIP and CYLD. Indeed, the
interaction of CYLD and HOIP was shown to be indirect in the
studies by Kupka et al. (2016) and Elliott et al. (2016).31,32

Consistent with the idea that SPATA2 is the bridging factor
between CYLD and HOIP, the recruitment of CYLD to the
TNF-RSC was compromised in cells lacking SPATA2.29–32

Moreover, SPATA2 was not recruited to the TNF-RSC in
HOIP-deficient cells, further demonstrating that SPATA2 prov-
ides the link for the recruitment of CYLD to the TNF-RSC, by
LUBAC (Figure 3). This mechanism extends beyond TNFR1
signalling, as SPATA2 was also found to be recruited to the
NOD2 signalling complex in a HOIP-dependent manner.31

CYLD and OTULIN were demonstrated to be bound to
HOIP in mutually exclusive manner.19 This can be explained
now by the findings showing that the PIM of SPATA2, just like
the PIM of OTULIN, binds the PUB domain of HOIP. Indeed,
our experiments showed that SPATA2 and OTULIN compete
for binding to HOIP.30

Moreover, CYLD, but not OTULIN, was reported to be
recruited to the TNF-RSC and NOD2-SC by LUBAC.19

Thereby CYLD would exhibit its DUB activity within the
receptor complexes, while OTULIN counteracts receptor
activation-independent basal ubiquitylation activity of free
cytosolic LUBAC. Possibly, the interaction with OTULIN
prevents the recruitment of LUBAC to receptor complexes,
while the interaction of LUBAC with SPATA2 (and CYLD) does
not. It should be noted, however, that Wagner et al. (2016)
found a slight enrichment of OTULIN with the TNF-RSC,29

confirming previous similar data by others.18 Moreover, an
association of OTULIN with the NOD2-SC has been
reported,15,22 which would argue against an exclusive recruit-
ment of the CYLD–SPATA2–LUBAC complex to receptors.
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Figure 2 Interaction of SPATA2 with CYLD and HOIP. SPATA2 represents the link
between the proteins CYLD and HOIP, binding to each protein through a distinct
domain. The PUB domain of SPATA2, with the crucial amino acids N98 and F108,
binds the USP domain of CYLD. CYLD itself forms a homodimer via a B-box/B-box
interaction, which in consequence leads to a heterotetramer composed of two CYLD
and two SPATA2 proteins. SPATA2 contains a PIM (with the crucial amino acid Y338)
that directly interacts with the PUB domain of HOIP (an essential amino acid being
N102). These interactions promote the assembly of a complex consisting of a CYLD–
SPATA2 heterotetramer interacting with two LUBAC (HOIL-1, HOIP, and SHARPIN)
complexes
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However, SPATA2 ismore than an adaptor for the recruitment
of CYLD to the TNF-RSC. Intriguingly, the direct interaction of
SPATA2 with the USP domain of CYLD entailed an increase of
the enzymatic activity of CYLD, as indicated by the enhanced
cleavage of M1- and K63-linked di- or tetra-ubiquitin
substrates.30,32 Thus, SPATA2 is an allosteric activator of
CYLD. This mode of regulation is not unique to CYLD, as an
allosteric activation was recently shown for the DUB USP12.34

Taken together, SPATA2 is crucial for the DUB activity of
CYLD in the TNF-RSC and NOD2-SC, by CYLD recruitment
and activation. Therefore, loss of SPATA2 should translate into
increased ubiquitylation at the TNF-RSC, and consistently, we
observed increased M1-linked ubiquitylation of the TNF-RSC
in SPATA2 ko cells. Unexpectedly, Wagner et al. (2016) found
less ubiquitylation of RIPK1 in absence of SPATA2. Similarly,
Eliott et al. (2016) observed reduced amounts of ubiquitylated
RIPK1, TNFR1, aswell as total K63-ubiquitin andM1-ubiquitin
chains in the TNF-RSC in cells lacking SPATA2. In contrast, in
TNF-stimulated cells lacking CYLD, an increase of M1-
ubiquitylated RIPK1, TNFR1 and TRADD in the TNF-RSC
had been observed,19 raising the possibility that SPATA2 has
also CYLD-independent effects. However, upon NOD2 stimu-
lation, SPATA2 ko cells, similar to CYLD ko cells, exhibited
increased ubiquitylation of RIPK1 and RIPK2.32

Similar to the effects on ubiquitylation, the effects of SPATA2
on TNF-induced NF-κB and MAPK signalling exhibited quite
some variation depending on the stimulus and the respective
study. Increased NF-κB activation in cells lacking SPATA2 was
observed by Wagner et al. (2016) and supported by our data
as well,30 while the absence of SPATA2 had no effect on TNF-
induced NF-κB activation in the two other studies.31,32 A slight
activation of MAPK upon TNF stimulation was seen by Kupka
et al (2016), which appeared more pronounced in our
experiments,30 while the elevated MAPK induction was not
observed in the two remaining reports.29,32 Why those
different effects, caused by the absence of SPATA2, on

proinflammatory TNF signalling were observed is not clear,
but this seems somewhat reminiscent of the heterogeneous
effects on NF-κB activation by TNF, which were observed in
absence of CYLD with different studies.19,24,26,35,36

However, the attenuating role of CYLD in the context of NOD2
proinflammatory signalling, as shown previously,22 is clearly
reflected by SPATA2, as its absence promoted ubiquitylation of
RIPK2, resulting in elevated NF-κB activation and induction of
inflammatory cytokines upon NOD2 stimulation with L18-MDP.32

The perhaps most intriguing effect observed with cells
lacking SPATA2 was the profound reduction of TNF-induced
cell death. We found that the additional absence of SPATA2 in
TAK1− /− cells, which are permissive for TNF-induced, RIPK1-
dependent apoptosis, largely reduced the formation of TNFR1
complex II upon treatment with TNF. Accordingly, caspase-3
processing and apoptosis was diminished in these cells in
absence of SPATA2, indicating an important role of SPATA2 for
TNF-induced apoptosis.30

Moreover, Wagner et al. (2016) showed a reduction of
TNF/ZVAD-induced necroptosis in L929 cells when SPATA2
was knocked down, which was confirmed by the data of Kupka
et al. (2016). The former study also showed that the reduction
of necroptosis in SPATA2 knockdown cells was associated
with a loss of MLKL phosphorylation under these conditions.
Notably, the observation that the absence of SPATA2

prevented TNF-induced cell death had been made already
earlier.27 While not further analysed in this study, SPATA2,
similar to CYLD, was identified by a siRNA screen as required
for both TNF-induced apoptosis and necroptosis of L929 cells.
Taken together, these data show an important role of

SPATA2 for TNF-induced cell death and suggest a functional
similarity between CYLD and SPATA2 in this context, not only
for signalling through TNFR complex I, but also for the
assembly of TNFR complex II (Figure 3).
However, things are possibly more complicated, as the

death-promoting function of SPATA2 might be not exclusively
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connected to CYLD: previous work by others showed that
apoptosis induced by TNF upon inhibition of TAK1 with (5Z)-7-
Oxozeaenol could not be prevented by knockdown of CYLD.37

Consistent with these data, we observed that CRISPR/Cas9-
mediated loss of CYLD did not prevent the death of
TNF-treated TAK1− /− cells (unpublished data). However, the
absence of SPATA2 was rate-limiting for TNF-induced
apoptosis of TAK1− /− cells.30 Thus, not all functions of
SPATA2 for the promotion of apoptosis can be explained by
its recruitment of CYLD to receptor complexes, that is, SPATA2
apparently has functions in TNF-induced cell death that go
beyond promoting CYLD activity.
SPATA2 (back then named PD1) cDNA was first isolated

from a testis library and shown to be highly expressed in
testicular Sertoli cells.38 Testis are considered an immune-
privileged site, but Sertoli cells are capable of initiating an
innate immune response through TLR signalling.39 It is
possible that SPATA2 attenuates TLR signalling and
inflammatory cytokine expression in this tissue by promoting
CYLD activity. Interestingly, CYLD− /− male mice were
described to be infertile due the absence of an early wave of
germ cell apoptosis, required for subsequent productive
spermatogenesis,40 and it an interesting question whether
SPATA2 is required for male fertility in mice.
It will be important to address whether mice deficient for

SPATA2 would exhibit a similar phenotype as observed with
CYLD− /− animals, such as T-cell hyperactivation or elevated
responsiveness of B-cells and macrophages.36,41 Moreover,
given the crucial role of SPATA2 for TNF-induced cell death, it
is tempting to speculate that the absence of SPATA2 could
rescue the mid-gestation developmental defects of mice
deficient for TAK1 or caspase-8, which have been shown to
depend on TNFR1 signalling.42,43

Furthermore, as SPATA2 may have CYLD-independent
functions, it remains to be clarified whether SPATA2 interacts
with other proteins in the TNF receptor complex under
conditions resulting in cell death. Together, the growing
number of proteins being instrumental for inflammatory
signalling pathways is now extended by SPATA2, and further
characterisation of the role of SPATA2 will certainly help to
understand the complexity of immune receptor signalling.
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