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MALT1 cleaves the E3 ubiquitin ligase HOIL-1 in activated
T cells, generating a dominant negative inhibitor of
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Human paracaspase 1 (PCASP1), better known as mucosa associated lym-
phoid tissue lymphoma translocation 1 (MALTI), plays a key role in
immunity and inflammation by regulating gene expression in lymphocytes
and other immune cell types. Deregulated MALT1 activity has been impli-
cated in autoimmunity, immunodeficiency and certain types of lymphoma.
As a scaffold MALTI1 assembles downstream signaling proteins for nuclear
factor-kB (NF-kB) activation, while its proteolytic activity further enhances
NF-xB activation by cleaving NF-kB inhibitory proteins. MALTI1 also
processes and inactivates a number of mRNA destabilizing proteins,
which further fine-tunes gene expression. MALT1 protease inhibitors are
currently developed for therapeutic targeting. Here we show that T cell
activation, as well as overexpression of the oncogenic fusion protein API2—
MALTI, induces the MALTI-mediated cleavage of haem-oxidized IRP2
ubiquitin ligase 1 (HOIL-1). In addition, to acting as a K48-polyubiquitin
specific E3 ubiquitin ligase for different substrates, HOIL-1 co-operates in
a catalytic-independent manner with the E3 ubiquitin ligase HOIL-1L
interacting protein (HOIP) as part of the linear ubiquitin chain assembly
complex (LUBAC). Intriguingly, cleavage of HOIL-1 does not directly
abolish its ability to support HOIP-induced NF-«B signaling, which is still
mediated by the N-terminal cleavage fragment, but generates a C-terminal
fragment with LUBAC inhibitory properties. We propose that MALTI-
mediated HOIL-1 cleavage provides a gain-of-function mechanism that is
involved in the negative feedback regulation of NF-kB signaling.

Introduction

Mucosa associated lymphoid tissue lymphoma translo-
cation gene 1 (MALTI1) or paracaspase-1 (PCASPI)

Abbreviations

[1], plays a central role in nuclear factor-kB (NF-xB)
signaling initiated by several immunoreceptor tyrosine-

BCL10, B-cell ymphoma 10; CARD11, caspase recruitment domain family member 11; CARMA1, CARD-containing MAGUK protein 1; CBM
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based activation motif (ITAM) containing immunore-
ceptors, of which its role in T cell receptor (TCR)
signaling is best described [2]. MALTI1-dependent
TCR signaling is strictly required for the development
of regulatory T cells and effector T cells of the Th17
type. MALTI-deficient mice show impaired T-cell
responses to immunization and are resistant to experi-
mental autoimmune encephalomyelitis [3,4], while
human patients with defective MALT1 expression or
function were recently shown to suffer from combined
immunodeficiency, characterized by severe recurrent
infections and impaired cellular and humoral immune
responses [5-7].

MALTI1-mediated TCR signaling involves the TCR-
induced activation of protein kinase C (PKC)0, which
phosphorylates the adaptor protein CARD-containing
MAGUK protein 1 [CARMAL; also known as caspase
recruitment domain family member 11 (CARDII1)].
This facilitates the recruitment of the CARD-containing
adaptor protein B-cell lymphoma 10 (BCL10) through
homotypic CARD-CARD interactions, which is itself
associated with MALTI, thus forming a CARMAI1-
BCL10-MALT1 (CBM) complex [8-11]. As part of
the BCM complex, MALT]1 recruits the E3 ubiquitin
ligase TRAF6 (tumor necrosis factor receptor associ-
ated factor 6), which mediates the K63-linked polyu-
biquitination of MALT]I, its binding partner BCL10
and TRAFG itself. This provides docking sites for the
recruitment of the kinase transforming growth factor-
B-activated kinase 1 (TAK1) via TAK binding protein
(TAB)2/3 adaptor proteins [12]. The CBM complex
also associates with the linear ubiquitination chain
assembly complex (LUBAC) [13], which consists of the
E3 ubiquitin ligases HOIL-1L (haem-oxidized IRP2
ubiquitin ligase 1L; also known as RBCK1 or RNF54)
and HOIP (HOIL-1L interacting protein; also known
as RNF31), together with the adaptor protein
SHANK-associated RH domain-interacting protein
(SHARPIN). In the case of tumor necrosis factor
(TNF) receptor signaling, catalytic activity of HOIP
mediates the M1-linked (also known as linear) polyu-
biquitination of signaling proteins, which is thought to
form docking sites for the physical recruitment of the
IxB kinase (IKK) complex. The current model is that
this stabilizes the TNF receptor signaling complex and
brings IKKp into close proximity to TAKI, allowing
TAKI1 to phosphorylate and thereby activate IKK,
leading to NF-xB activation [14]. However, the precise
role of LUBAC in TCR signaling is less clear.
Knockdown of HOIP or SHARPIN decreased TCR-
mediated NF-xB activation, but expression of catalyti-
cally inactive HOIP did not influence NF-kB activation,
implying that the role of LUBAC in TCR-mediated
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NF-kB activation is independent of the E3 ligase activ-
ity of HOIP [13,15]. In contrast to HOIP, HOIL-1 does
not directly mediate linear ubiquitination, but binding
of HOIL-1 to the N-terminal region of HOIP is believed
to induce a conformational change that unlocks the C-
terminal catalytic domain of HOIP [16]. In addition,
binding of HOIL-1 is known to stabilize HOIP. HOIL-
1 also acts as a K48 polyubiquitin-specific E3 ligase (re-
viewed in [17]), but a role for HOIL-1-mediated ubiqui-
tination in TCR signaling has not yet been described.

A conceptual breakthrough in the TCR signaling field
was the identification that MALT1 not only promotes
NF-kB activation by acting as a scaffold, but also has
proteolytic activity that is essential for NF-kB signal
amplification and persistence (reviewed in [18]). This is
thought to be mainly achieved by the cleavage of the
NF-kB subunit RelB and the deubiquitinating enzyme
A20 [19,20], two negative regulators of the NF-«B path-
way. Besides these proteins, only a limited number of
other MALT1 substrates have been identified so far,
including BCL10 [21], the deubiquitinating enzyme
CYLD [22], the mRNA-destabilizing proteins Regnase-
1 (also known as MCPIP1 or Zc3h12a), Roquin-1 and
-2 [23,24], and MALT]1 itself [25]. The discovery of
MALTI1 proteolytic activity has stimulated the
development of MALTI inhibitors for therapeutic
targeting, which have already shown promising results
in preclinical models [26-29]. On the other hand, the
recent finding that mice expressing catalytically inactive
MALTI spontaneously develop signs of autoimmunity
[30-33], indicates that MALTI targeting may not be
without risk. It is therefore important to further explore
its molecular function and to identify the full spectrum
of its substrates. Here, we show that TCR stimulation
triggers the rapid cleavage of the E3 ubiquitin ligase
HOIL-1 and identify MALT1 as the protease responsi-
ble. In addition, we show that the C-terminal HOIL-1
cleavage fragment negatively regulates LUBAC-
mediated NF-xB signaling. These data demonstrate a
complex role for MALT1 proteolytic activity in the
regulation of TCR-induced NF-kB signaling.

Results

HOIL-1 is cleaved upon TCR stimulation

During our studies on the role of LUBAC in TCR sig-
naling, we noticed the appearance of an additional fas-
ter running band of approximately 36 kDa in a HOIL-1
immunoblot of anti-CD3 plus anti-CD28 stimulated
Jurkat T cells (Fig. 1A). Similar results were obtained
when Jurkat cells were stimulated with phorbol
12-myristate 13-acetate (PMA) plus ionomycin, which
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Fig. 1. HOIL-1 is cleaved in activated T cells. (A) Jurkat T cells
were stimulated for the indicated times with anti-CD3 plus anti-
CD28 (CD3/CD28) or PMA plus ionomycin (Pl). Cell extracts were
analyzed by immunoblotting for expression of HOIL-1 or actin as a
loading control. HOIL-1C represents the C-terminal cleavage
fragment of HOIL-1. * indicates a non-specific band. (B, C) Jurkat
cells (contr) were treated with PMA plus ionomycin for the times
indicated after pretreatment for 3 h with cycloheximide (CHX) or
MG132 (MG) where indicated. Similar treatments were applied to
cells in which HOIL-1 was stably silenced (HOIL-1 KD). Results are
representative of at least three independent experiments.

mimics TCR signaling downstream of PKC6 (Fig. 1A).
Because we detected HOIL-1 with an antibody raised
against the C-terminal part of HOIL-1, the faster
migrating band must represent the C-terminal part of
HOIL-1 (from now on referred to as HOIL-1C). The
TCR-induced generation of HOIL-1C was already
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detectable within 15 min after stimulation and could
not be prevented by treatment of cells with the protein
translation inhibitor cycloheximide (Fig. 1B), suggest-
ing a role for post-translational processing rather than
de novo synthesis. HOIL-1 and HOIL-1C were no longer
detectable upon siRNA-mediated silencing of HOIL-1,
demonstrating specificity (Fig. 1B). Treatment of Jurkat
T cells with the proteasome inhibitor MG132 did not
affect the levels of HOIL-1C, suggesting it is rather
stable (Fig. 1C). Together, these results indicate that
TCR stimulation leads to the proteolytic processing of
HOIL-1, generating a stable 36 kDa C-terminal
MALTI cleavage product.

TCR-induced HOIL-1 cleavage is dependent on
MALT1 catalytic activity

Because TCR stimulation is known to activate MALT1
proteolytic activity, leading to the processing of a limited
number of substrates, we hypothesized a potential role
for MALTI in the TCR-induced generation of HOIL-
1C. To explore this further we first tested the effect of
siRNA-mediated MALTI1 silencing on TCR-induced
HOIL-1 cleavage in Jurkat T cells. In the absence of
MALTI, anti-CD3 plus anti-CD28-induced HOIL-1
cleavage was completely abolished (Fig. 2A). Similar
results were obtained upon stimulation with PMA plus
ionomycin (Fig. 2A). We next tested if MALT1-depen-
dent HOIL-1 cleavage could also be detected in primary
cells. Indeed, PMA plus ionomycin treatment also
induced the rapid HOIL-1 cleavage in primary mouse
CD4" T cells, which was absent in CD4" T cells iso-
lated from MALT1 knockout mice (Fig. 2B).

To demonstrate that MALTI1-dependent HOIL-1
cleavage also required MALTI1 catalytic activity, we
analyzed the effect of different MALT1 protease inhibi-
tors on TCR-induced HOIL-1 cleavage in Jurkat T cells.
Pretreatment of cells with the tetrapeptide MALTI
inhibitor z-VRPR-fmk [21] decreased PMA plus iono-
mycin- as well as anti-CD3 plus anti-CD28-induced
HOIL-1 cleavage to a similar extent as it decreased
cleavage of the known MALTI substrate CYLD [22]
(Fig. 2C). Almost complete inhibition of HOIL-1
processing was obtained with the more potent MALT1
inhibitor mepazine [27] (Fig. 2D). Together, these data
demonstrate that TCR-induced HOIL-1 cleavage is
dependent on MALTI catalytic activity.

HOIL-1 is directly cleaved by MALT1 between its
UBL and NZF domain

The ability of MALTI to cleave HOIL-1 was further
investigated in HEK293T cells by co-expressing
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Fig. 2. HOIL-1 cleavage requires MALT1 catalytic activity. (A) Jurkat T cells treated with control siRNA (contr) or MALT1-specific siRNA
(MALT1 KD) were stimulated with anti-CD3 plus anti-CD28 (CD3/CD28) or PMA plus ionomycin (PMA/I) for the indicated times. HOIL-1C
represents the C-terminal cleavage fragment of HOIL-1. (B) Primary spleen CD4* T cells isolated from either wild-type (+/+) or MALT1
deficient (—/—) mice were stimulated with PMA plus ionomycin for 30 or 60 min and analyzed as in (A). (C, D) Jurkat cells were treated
with PMA plus ionomycin (PMA/I) or anti-CD3 plus anti-CD28 (CD) for different times after pretreatment with z-VRPR-fmk or mepazine as
indicated. Cell extracts were analyzed by immunoblotting for expression of HOIL-1, CYLD, or actin as a loading control. Results are

representative of at least three independent experiments.

Flag-tagged HOIL-1 with either wild-type MALTI1 or
a catalytic inactive MALTI1(C464A) mutant. MALT1
was activated by either co-expressing BCL10, or by
expressing MALTI1 as a fusion protein with a helix—
loop-helix (HLH) motif that induces MALTI
oligomerization [34]. Immunoblotting of cell lysates
with anti-HOIL-1 showed that overexpression of
BCLI10 plus MALT! or HLH-MALTI1 induced the
generation of a C-terminal HOIL-1 cleavage fragment
with the same size as the fragment generated in PMA
plus ionomycin-treated Jurkat cells (Fig. 3A). Since
cells were transfected with N-terminal Flag-tagged
HOIL-1, anti-Flag immunoblotting also allowed detec-
tion of the 22 kDa N-terminal cleavage fragment of
HOIL-1. Mutation of the active site cysteine in the
catalytic domain of MALTI each time completely
abolished HOIL-1 cleavage. Similar results were
obtained upon expression of an API2-MALTI1 fusion
protein, which results from a chromosomal transloca-
tion that juxtaposes the API2 gene at 11g21 to the
MALTI gene at 18q21 and results in the in-frame
fusion of the N-terminal region of API2 with the C-
terminal region of MALTI. This fusion protein is
found in 50% of MALT lymphomas with cytogenetic
abnormalities and is thought to have an important role
in lymphomagenesis through its impact on survival
and proliferation via the NF-kB-mediated pathway
[35,36].
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HOIL-1 consists of an N-terminal UBL (ubiquitin-
like) domain, followed by a ubiquitin-binding NZF
(Npl4-type zinc finger) domain and a C-terminal
catalytic RING in-between-RING RING (RBR) motif
(Fig. 3B). The generation of an N-terminal 22 kDa
fragment and a C-terminal 36 kDa fragment upon
co-expression of HOIL-1 with activated MALT1 points
to a MALTI cleavage site between the UBL and NZF
domains of HOIL-1. MALTI cleaves its substrates
directly after an arginine in the P1 position, with a fairly
strict requirement for a leucine residue in P4 [37]. This
information together with the alignment of cleavage
sites in known substrates led us to postulate LQPR'®°G
as a potential cleavage site in human HOIL-1 (Fig. 3B),
which is conserved in mouse HOIL-1 (LQSRG). To ver-
ify this, we compared the cleavage of human wild-type
HOIL-1 and mutant HOIL-1(R165A), in which arginine
at position 165 was replaced by alanine, upon co-expres-
sion with MALT1 plus BCL10 or the constitutively
active fusion proteins HLH-MALT1 and API2-
MALTI1 in HEK293T cells. In contrast to wild-type
HOIL-1, HOIL-1(R165A) was no longer cleaved by
MALTI in the above experiments (Fig. 3C). We also
tested the ability of recombinant MALTI1 to cleave
in vitro translated [**S]methionine-labeled HOIL-1 and
HOIL-1(R165A) in vitro. Again, MALT1 induced the
formation of two 36 and 22 kDa products, correspond-
ing to the C-terminal and N-terminal HOIL-1 fragments

FEBS Journal 283 (2016) 403-412 © 2015 FEBS
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Fig. 3. HOIL-1 is directly cleaved by MALT1 at R165. (A) HEK293T cells were transiently transfected with Flag-tagged HOIL-1 together with
either wild-type (WT) MALT1 or mutant MALT1(C464A) plus BCL10, wild-type HLH-MALT1 or mutant HLH-MALT1(C464A), wild-type API2-
MALT1 or mutant API2-MALT1(C464A) as indicated. Cell extracts were analyzed by immunoblotting for expression of HOIL-1 using a HOIL-
1 antibody specifically detecting the C-terminal fragment of HOIL-1 (HOIL-1C), or an anti-flag antibody detecting HOIL-1 and the N-terminal
fragment of HOIL-1 (HOIL-1N). MALT1, HLH-MALT, API2-MALT1 and BCL10 were detected using anti-MALT1 and anti-BCL10 antibodies.
Results are representative of at least three independent experiments. Cell extracts from Jurkat cells stimulated for 6 h with PMA plus
ionomycin were used as a control for HOIL-1 cleavage (last lane). Results are representative of three independent experiments. (B) Domain
structure of HOIL-1 illustrating the UBL domain, the NZF domain and the RBR-domain. Part of the amino acid sequence between the UBL
and NZF domain of human and mouse HOIL-1 is shown, indicating the MALT1 cleavage site. (C) HEK293T cells were transfected with wild-
type (WT) flag-tagged HOIL-1 or mutant flag-tagged HOIL-1(R165A), together with different MALT1 expression constructs as described in
(A). Cell extracts were analyzed by immunoblotting for the proteins indicated. Results are representative of three independent experiments.
(D) In vitro cleavage of *°S-labeled HOIL-1 or HOIL-1(R165A) by increasing concentrations of recombinant MALT1. Processing was analyzed
by SDS/PAGE and autoradiography. Results are representative of two independent experiments.

observed in cells, which was completely abolished in the
case of HOIL-1(R165A) (Fig. 3D). These results
demonstrate that MALTI1 directly cleaves human
HOIL-1 at LQPR'®G, between the UBL and ZNF
domains.

The C-terminal HOIL-1 cleavage fragment
negatively regulates LUBAC-induced NF-kB
signaling

HOIL-1 is best known as a component of the LUBAC
complex, where its N-terminal UBL domain mediates

FEBS Journal 283 (2016) 403-412 © 2015 FEBS

binding to the catalytic component HOIP. Binding of
HOIP to HOIL-1, or SHARPIN, is believed to release
HOIP’s catalytic RBR domain from its auto-inhibitory
interaction with the N-terminal UBA domain and to
promote the ability of HOIP to activate NF-kB signal-
ing [16,38,39]. To test the effect of MALTI-mediated
HOIL-1 cleavage on HOIP-induced NF-kB activation,
we compared the ability of wild-type HOIL-1 and its
N- or C-terminal fragments to promote HOIP-induced
NF-kB activation upon co-expression in HEK293T
cells. Co-expression of HOIP with HOIL-1 or HOIL-
IN enabled HOIP-induced NF-«xB activation (Fig. 4,
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Fig. 4. HOIL-1C inhibits LUBAC-mediated NF-kB activation.
HEK293T cells were transiently transfected with an NF-xB-
dependent luciferase reporter plasmid, an expression plasmid for p-
galactosidase, and expression plasmids for His-tagged HOIP, flag-
tagged wild-type HOIL-1 (WT) or the indicated mutants HOIL-1N
(N), HOIL-1C (C) or HOIL-1(C460A) as indicated. After 24 h cell
lysates were analyzed for luciferase and B-galactosidase activity,
corrected for possible differences in transfection efficiency by
calculating the luciferase/p-galactosidase ratio, and plotted as fold
NF-xB activation. Values are the mean of triplicates &+ SD.
Expression of HOIL-1 and HOIP was verified by immunoblotting
with anti-Flag or anti-His, respectively. Results are representative
of three independent experiments.

upper panel), consistent with their known ability to
bind HOIP via the N-terminal UBL domain, leading
to HOIP stabilization [38]. Co-expression of a HOIL-1
catalytically inactive mutant [HOIL-1(C460A)] pro-
moted HOIP-induced NF-«xB activity more efficiently
compared with wild-type HOIL-1, suggesting a nega-
tive regulatory role for the E3 ubiquitin ligase activity
of HOIL-1. No NF-xB activation could be detected
upon co-expression of HOIP and HOIL-1C, which is
consistent with the inability of HOIL-1C to bind
HOIP due to the absence of a UBL domain. However,
HOIL-1C significantly reduced or completely abolished
NF-xB activation in response to HOIP/HOIL-1 or
HOIP/HOIL-1N expression, respectively, indicating a
dominant-negative effect of the newly generated C-
terminal HOIL-1 fragment. Of note, expression levels
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of HOIP and especially HOIL-1N were lower in the
presence of HOIL-1C, indicating that HOIL-1C leads
to their destabilization, which may also explain the
inhibitory effect of HOIL-IC on HOIP/HOIL-
IN-induced NF-kB signaling. Together, these data
indicate that MALTI1-mediated cleavage of HOIL-1
generates a C-terminal fragment that acts as a domi-
nant-negative inhibitor of LUBAC-mediated NF-xB
signaling, most likely by decreasing the stability of the
LUBAC complex.

Discussion

The identification of HOIL-1 as a novel substrate of
MALTI1 and the oncoprotein API2-MALT]1 generates
a number of interesting perspectives for future studies.
We show that HOIL-1 cleavage at R165 generates an
N-terminal fragment that, similar to full length HOIL-
1, is still able to support HOIP-induced NF-xB activa-
tion. This is also consistent with the presence of the
HOIP-binding UBL domain in the N-terminal HOIL-1
fragment. However, the C-terminal fragment that is
generated behaves as a dominant-negative inhibitor of
HOIP/HOIL-1- or HOIP/HOIL-1N-induced NF-kB
signaling. We did not investigate the effect of HOIL-1
cleavage on LUBAC-mediated linear ubiquitination
because previous findings indicated a catalytic-indepen-
dent role of LUBAC in antigen receptor-induced NF-
kB activation and failed to see linear ubiquitination in
PMA plus ionomycin-treated Jurkat T cells [13]. How
exactly HOIL-1C inhibits LUBAC signaling remains
to be determined, but our finding that HOIP and
HOIL-1N expression levels are reduced in the presence
of HOIL-1C suggests that HOIL-1C decreases the sta-
bility of the LUBAC complex. Since HOIL-1 has been
shown to act as an E3 ubiquitin ligase that is responsi-
ble for the K48-polyubiquitination of multiple signal-
ing proteins [17], targeting them for proteasomal
degradation, it is tempting to speculate that HOIL-1C
affects the levels of HOIP and HOIL-IN by similar
mechanisms. Of note, HOIL-1 shows strong structural
similarities with the E3 ubiquitin ligase Parkin, whose
C-terminal catalytic RBR domain has been reported to
be autoinhibited by its own N-terminal UBL domain
[40]. Tt is therefore tempting to speculate that
MALTI1-mediated cleavage and removal of the UBL
domain also releases HOIL-1 from autoinhibition, thus
activating HOIL-1 catalytic activity. If this is the case,
MALT-mediated HOIL-1 cleavage may affect the
ubiquitination and stability of several other HOIL-1
interacting proteins, including PKC, that have been
shown to be polyubiquitinated by HOIL-1 [17]. Since
many other proteins bind HOIL-1 at the UBL domain
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(e.g. PKC) or near its cleavage site (e.g. NF-«B essen-
tial modulator (NEMO), the viral RNA receptor
retinoic acid inducible gene 1 (RIG-I) and TAB2/3)
[41-44], HOIL-1 cleavage may also directly affect the
HOIL-1 protein—protein interaction network and asso-
ciated activities.

Interestingly, HOIL-1 has also been characterized as
a transcription factor that is regulated by nucleocyto-
plasmic shuttling. Mutational analysis of HOIL-1
indicated an N-terminal nuclear export signal and a
C-terminal nuclear localization signal [45]. MALTI-
mediated cleavage of HOIL-1 physically separates
these two signals and may redirect the N- and C-
terminal protein parts to the cytoplasm and nucleus,
respectively. Interestingly, RBCK2, a splice variant of
HOIL-1 that only contains the N-terminal part (amino
acids 1-240), of which the last 20 amino acids are dif-
ferent from HOIL-1, can repress HOIL-1’s transcrip-
tional activity by tethering HOIL-1 in the cytoplasm
[46]. Tt will therefore be interesting to also investigate
the effect of MALTI on the transcriptional activity of
HOIL-1.

In conclusion, our results reveal a complex role for
MALTI1 proteolytic activity in the regulation of NF-
kB-dependent gene expression. While cleavage of A20
and RelB has been shown to promote NF-«xB signal-
ing, HOIL-1 cleavage seems to have the opposite
effect and could provide a novel negative feedback
mechanism to regulate the dynamics of NF-kB signal-
ing. Moreover, HOIL-1 cleavage may affect other sig-
naling pathways in which HOIL-1 has been
implicated. Studies using cells or mice expressing non-
cleavable HOIL-1 mutant proteins will undoubtedly
be very helpful in elucidating the physiological role of
HOIL-1 cleavage in the context of T cell-mediated
immunity and beyond. As HOIL-1 is also cleaved by
the oncoprotein API2-MALTI, our findings might
also have implications in the context of lymphomage-
nesis.

Materials and methods

Cells and transfection

Spleen CD4" T cells were isolated from wild-type or
MALT]I knockout mice using a MACS CD4" T cell isola-
tion kit II (Miltenyi Biotec, Leiden, The Netherlands),
according to the manufacturer’s instructions. HEK293T
cells and Jurkat T cells were cultured as described before
[19]. HEK293T cells were transiently transfected via the
calcium phosphate DNA coprecipitation method. Transient
silencing MALT1 in Jurkat T cells was obtained by electro-
porating the cells twice (300 V and 1050 mF; Genepulser,
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Bio-Rad, Hercules, CA, USA), once 2 days and once 3 days
before the start of stimulation, with 400 nm specific sSiRNA
(M-005936-02; GE Healthcare Dharmacon, Diegem, Bel-
gium) in 500 pL serum-free medium per S5 million cells.
Stable silencing of HOIL-1 was obtained by electroporating
the cells on two consecutive days with an shRNA specifically
targeting HOIL-1  (Sigma  Mission 1.5 collection,
TRCNO0000007599 Sigma Aldrich, St Gallen, Switzerland) in
500 pL serum-free medium per 5 million cells. Single clones
were isolated by limiting dilution in a 96-well format using
conditional RPMI medium and 1 pgmL~" puromycin.
HOIL-1 silenced clones were analyzed for HOIL-1 expres-
sion by immunoblotting and detection with anti-HOIL-1.

Plasmids, anitbodies and reagents

Constructs in the pcDNA3 vector encoding Flag and
Strep tagged HOIL-1 (F-HOIL-1-S) (LMBP 7317), F-
HOIL-1(R165A)-S (LMBP 7363), F-HOIL-INt-S (LMBP
7390), F-HOIL-1Ct-S (LMBP 7681), F-HOIL-1(C460A)-S
(LMBP 8220), as well as pCD-MK MALTI (LMBP
5536), pCD-MK MALTI1p20mutC464A (LMBP 5541),
pCD-F-HLH-MALTI-MycHis (LMBP 6102), pCD-F-
HLH-MALTI1C464A-MycHis (LMBP 6101), and pCD-F-
BCL10 (LMBP 5535) were obtained from the LMBP/
BCCM plasmid collection, Ghent University, Belgium.
Jurkat T cells were stimulated with 5 pg-mL~! anti-CD3
(UCHT-1; Pharmingen) plus 5 pg-mL~! anti-CD28 (28.2;
Pharmingen, San Diego, CA, USA) or 200 ng-mL~' PMA
(Sigma-Aldrich) plus 1 mm ionomycin (Calbiochem, San
Diego, CA, USA). Where indicated, Jurkat T cells were
pretreated for 3 h with 2.5 pm MG132 (Calbiochem, San
Diego, CA, USA) or 2 pgmL™"' cycloheximide (Sigma-
Aldrich) or for 30 min with 100 pm of the MALT! inhibi-
tors z-VRPR-fmk (Alexis Biochemicals, Lausen, Switzer-
land) or mepazine (Vitas-M Laboratory, Apeldoorn, The
Netherlands). The primary antibodies that were used for
detection on western blot were anti-HOIL-1 recognizing
the C-terminal part (aa 203-237) (sc-365523; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-HOIP (ab85294;
Abcam), anti-MALT1 (H-300; Santa Cruz Biotechnology),
anti-actin (MP 6472); MP Biomedicals, Santa Ana, CA,
USA), anti-CYLD (sc-74435; Santa Cruz Biotechnology),
anti-His6 (Roche-11922416001; Sigma Aldrich) and anti-
flag (F-3165; Sigma Aldrich).

Immunoblot analysis

Cells were lysed in 50 mm Hepes, pH 7.6, 250 mm NaCl,
S mm EDTA and 0.5% (vol/vol) NP-40, plus phosphatase
(2.1 pm leupeptin, 0.15 pum aprotinin and 1 mm pefabloc)
and protease inhibitors (200 pm sodium orthovanadate,
10 mm sodium fluoride and 5 pgmL~' P-glyceropho-
sphate). Proteins were separated by SDS/PAGE and
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analyzed by semi-dry immunoblotting and detection via
enhanced chemiluminescence (Perkin-Elmer Life Sciences,
Waltham, MA, USA) or by Odyssey infrared imaging
(LI-COR, Westburg, Leusden, The Netherlands).

NF-kB-dependent reporter gene assay

NF-kB-dependent luciferase reporter assays were performed
as previously described [47]. To normalize for potential dif-
ferences in transfection efficiency between set-ups, NF-xB
dependent expression of luciferase is expressed relative to
the constitutive expression of B-galactosidase.

In vitro cleavage of HOIL-1

pCDNA3 expression vectors of HOIL-1 and HOIL-1
(R165A) under the control of the T7 promoter were used
for in vitro coupled transcription—translation of [**S]me-
thionine-labeled HOIL-1 using reticulocyte extracts accord-
ing to the manufacturer’s instructions (Promega
Biosystems, Madison, WI, USA). In vitro cleavage was per-
formed with 1.45 pg or 4.35 pg recombinant MALT1 (gift
from M. Baens, Human Genome Laboratory, KULeuven,
Belgium) in a buffer containing 1 M sodium citrate,
150 mm NaCl, 10% glycerol, 50 mm Mes and 10 mm DTT
(pH6.8) for 1.5 h at 37 °C. The resulting cleavage products
were analyzed using SDS/PAGE and autoradiography.
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