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Abstract

The current work investigates the notion that inducible clustering of signaling mediators of the
IKK pathway is important for platelet activation. Thus, while the CARMAL, Bcl10, and MALT1
(CBM) complex is essential for triggering IKK/NF-xB activation upon platelet stimulation, the
signals that elicit its formation and downstream effector activation remain elusive. We demonstrate
herein that IKKp is involved in membrane fusion, and serves as a critical protein kinase required
for initial formation and the regulation of the CARMAL/MALT1/Bcl10/CBM complex in platelets.
We also show that IKK regulates these processes via modulation of phosphorylation of Bcl10 and
IKK-y polyubiquitination.

Collectively, our data demonstrate that IKKB regulates membrane fusion and the remodeling of the
CBM complex formation.
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1. Introduction

Platelets play a very important role in inflammation and thrombosis [1]. Hyperactive
platelets stimulate thrombus formation in response to rupture of atherosclerotic plaques,
thereby promoting coronary artery disease such as myocardial infarction etc [2]. Several
physiological agonists such as thrombin, arachidonic acid, and adenosine diphosphate
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(ADP) are involved in platelet activation [3-5]. This leads to the assembly of signaling
mediators, lipid rafts, as well as the activation of several downstream signaling pathways
that ultimately induce the activation of NFxBJ[6]. The IKK complex consists of two catalytic
subunits (IKKa and IKK) and a regulatory subunit (IKKvy).

The kB kinase (IKK)/NF-xB signaling pathway was first documented by us and others as
an essential player in platelet activation [6, 7]. Moreover, IKK, in response to platelet
activation, phosphorylates SNAP-23 resulting in enhanced Soluble N-ethylmaleimide-
sensitive factor Attachment Protein REceptor (SNARE) complex formation, membrane
fusion and granule release [6]. Also, inhibition of IKKp blocked SNAP-23 phosphorylation
and platelet secretion. Therefore, given the critical regulatory role IKK@ plays in these
processes, delineating upstream pathways that control IKK activation are critical for an
understanding the mechanisms that govern platelet activation.

In T-cells, the physical interaction between CARMAZ1/Bcl10 and Bcl10/MALT1 and
CARMAI1/MALT1 proteins- upon T-cell antigen receptor (TCR) ligation- initiates signals
that control nuclear events, such as induction of immediate early response genes [8-11].
Moreover, CARMAL, which is a membrane-associated guanylate kinase (MAGUK) protein,
acts as a molecular scaffold, ultimately regulating the immunological synapse [11-13]. It has
also been shown that the central linker domain of CARMAL is phosphorylated by PKCa or
PKCP after lymphocyte activation [14-18]. This phosphorylation event seems to control the
assembly of the CBM complex, i.e., association of CARMA1 with Bcl10/MALT1 [18].
Additionally, Bcl10 was found to be highly phosphorylated upon lymphocyte activation
[19], which is dependent on the presence of CARMAL [20], and can be induced by its
overexpression or by PKCa [9, 11, 15]. However, nothing is known regarding how these
signaling events take place in platelets.

The current studies present evidence that the inducible clustering of signaling mediators of
the IKKp pathways and the formation of higher-order multi-protein complexes is important
for platelet activation. While we have previously shown that the CBM complex is essential
for triggering IKK/NF-xB activation in platelets, the signals that elicit CBM complex
formation and downstream effector activation remain elusive. Using a host of biochemical
and genetic (PF4-Cre/IKKBM1oX/flox) approaches, we demonstrate that IKK is a critical
protein kinase required for initial formation and- through phosphorylation of Bcl10 and
IKKy polyubiquitination- is involved in the regulation of the CBM complex. We also
observed defects in membrane fusion in platelets from the IKK deletion mice.

2. Materials and Methods

2.1. Reagents and materials

Thrombin was from Chrono-Log (Havertown, PA). TRAP1 was from Peptides International
(Louisville, KY). Phorbol 12-myristate 13 acetate was from Sigma-Aldrich. Rottlerin and
G066976 was from Biomol (Plymouth, PA). A23187 and RO-31-8220 were from Tocris
(Minneapolis, MN). Bcl10 inhibitor from Novus Biologicals (Littleton, CO). Antibody
against pSer/Thr/Tyr was from ENZO Life Sciences, Inc. NY. Antibodies against TAK1/
TAB2/CARMA1/MALT1/TRAF6/Bcl10/pBcl10 were from Santa Cruz (Santa Cruz, CA),
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whereas IKKa/IKKB/pIKKB/IKKy/pERK were from Abcam (Cambridge, MA). Other
reagents were of analytical grade.

2.2. Mice and genotyping

Platelet factor 4 (PF4)-Cre* [21] and IKK-gfloX/flox mice [22] were genotyped and housed as
described in Karim et al,, [6].

2.3. Preparation of platelets

Washed platelets were prepared as described before [6, 23].

2.4. Immunoprecipitation

Immunoprecipitation was carried out as described in Karim et af., [6, 23].

2.5. Immunoblotting

Immunoblot was carried out as described before [6, 23].

2.6. Transmission electron microscopy

Briefly, mouse platelets were isolated and stimulated with 0.1 U/mL of thrombin for 3 min.
The platelets were then processed for electron microscopy as we described before [6, 24].

2.7. Statistical analysis

All experiments were performed at least three times, and analysis of the data, using t-test,
was performed using GraphPad PRISM statistical software (San Diego, CA), and presented
as mean + SEM. Significance was accepted at P<0.05 (two-tailed P value).

3. Results

3.1. Membrane fusion is defective in PF4-Cre/IKKpflox/flox mice

As part of the platelet secretion process, vesicles dock to the cell membrane and form
heteromeric membrane protein complexes (such as SNARE), which is followed by fusion
between the vesicular membrane and the plasma membrane [25]. The route of membrane
fusion and the role of IKKp in this process is unknown. Moreover, in earlier studies Karim
et al. [6] showed that IKKp regulates SNARE assembly in stimulated platelets. Thus as a
logical extension [6], we sought to investigate whether the granule fusion occurs in the
absence of IKKp or not. Thus, we employed transmission electron microscopy, to examine
the structure of the granules with respect to their shape and size, and their association with
the cell surface, in the PF4-Cre/IKKpBfoX/flox mice/platelets. Platelet membrane fusion was
triggered using a very low dose of thrombin (0.025 U/mL), and granule-to-granule fusion
was found to be absent in the PF4-Cre/IKKpflox/flox platelets (as indicated by arrow),
relative to controls (Figure 1A, data is quantified in Figure 1B). Nonetheless, and
interestingly, granules were still able to dock to the membrane (as indicated by arrow; Figure
1A). These findings suggest that IKKp plays a key role in membrane fusion, whereas it does
not seem to play any role in granule docking.
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Similar to what we have shown before [6], CARMAL, Bcl10, MALT1, TAK1, and TAB2 are
all present in platelets (human and mouse; Figure 2A), and CBM complex forms in these
cells (Figure 2B (Human) and 2C (Mouse)). Herein, we found that TRAF6 is also present in
platelets (Figure 2A). Since Bcl10 is phosphorylated in T-cell activation [26, 27], this was
examined in platelets. Indeed, this was found to be the case in response to various agonists,
such as thrombin, TRAP4, A23187, PMA, and collagen (Figure 3A; and densitiometric
analysis is shown in Figure 3B), in a time-dependent manner. However, whether IKKp is
required for Bcl10 phosphorylation is unknown. As shown in Figure 3C, Bcl10
phosphorylation is blocked in the IKK deletion platelets, in response to thrombin.
Furthermore, we also found that CBM complex formation is defective in the PF4-Cre/
IKKgflox/flox/platelets, i.e., MALT1 does not associate with Bcl10 (Figure 3C). Moreover,
IKKp and phospho-1KKp were found to be present in the CBM complex in the wild-type,
but not knockout activated platelets (Figure 3C). Similar results were obtained when we
immunoprecipitated Bcl10 (Figure 4A and 4B). Thus, the cellular CBM complex is a
dynamic structure that is rapidly formed after platelet activation. Furthermore, these findings
support the notion that IKKB-dependent phosphorylation of Bcl10 is required for CBM
complex formation, and perhaps IKKp signal transduction. Additionally, the association of
IKKB with the CBM complex may be required for Bcl10 phosphorylation. We next
examined whether Bcl10 phosphorylation is required for CBM complex formation. Our
results using a Bcl10 inhibitor (NBP2-29323 [28]) revealed that the phosphorylation of
IKKp and Bcl10 were inhibited (Figure 3D), which suggest that IKKp is involved in CBM
complex formation.

Since Bcl10 contains a PKC phosphorylation consensus sequence [29], and PKC is upstream
of IKKP [6], we sought to investigate whether/which of its isoforms is involved in Bcl10
phosphorylation. It was found that the PKCS6 inhibitor rottlerin [5], does prevent
phosphorylation of Bcl10 (Figure 3E). Furthermore, association of Bcl10 and CARMAL,
and degradation of IkBa. (Figure 3E) in IKKBToX/flox platelets were also impaired with
rottlerin, underscoring the critical role of PKC8 (which we previously shown to be upstream
of IKK/NF-xB signaling [6]). Control experiments revealed that Bcl10 is not phosphorylated
in rottlerin-treated PF4-Cre/IKKBoX/flox platelets (Figure 3E). As for the role of other PKC
isoforms, it was observed that the general PKC inhibitor (Ro-31-8220 [5]) inhibits the
phosphorylation of Bcl10 in both IKKpToX/flox and pF4-Cre/IKKpToX/flox \whereas the
PKCa/B inhibitor (G66976 [5]) does not (Figure 3F). These findings suggest that PKCa/p is
not involved in the phosphorylation of Bcl10. To further confirm the role of PKCS in the
phosphorylation of Bcl10, both IKKfoX/flox and PF4-Cre/IKKpflox/flox platelets were
incubated with the PKCS inhibitor (rottlerin) before being stimulated with PKC activator
PMA. We observed that PKCS inhibition does indeed result in the inhibition of
phosphorylation of Bcl10 in both the wildtype and knockout platelets (Figure 3G).

Together, these data provide evidence that PKC8 regulates IKKB-dependent Bcl10
phosphorylation, and the recruitment of Bcl10/MALT1 heteromers to CARMAL (CBM
complex formation).
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3.3. IKKp deletion impairs Bcl10-induced IKK+y ubiquitination in stimulated platelets

Bcl10 is known to activate IKK/NF-xB through ubiquitination of IKKvy, in a MALT1-
dependent process [30]. The IKK complex contains two catalytic subunits, IKKa and IKKp
[31-35], and a regulatory subunit, IKKy [36-38], with the former being serine/threonine
protein kinases, and the latter containing several protein interaction motifs [39]. The
regulatory relationship between these subunits is not well-understood in platelets. Thus, it
was found that, in the absence of IKKP (and impaired phosphorylation of Bcl10), IKK+y
does not associate with Bcl10/pBcl10 and its polyubiquitination is inhibited, relative to wild-
type controls, in response to thrombin (Figure 4C). Taken together, these data indicate that
IKKP is required for: 1. phosphorylation of Bcl10, 2. Bcl10/MALT1 and Bcl10/IKKy
interactions, and 3. IKKy polyubiquitination.

Furthermore, considering the possibility that IKKy might be a bridge between Bcl10 and
IKKB, we asked whether IKK-y has a ubiquitinated binding partner [40]. We found that
Bcl10 ubiquitination was readily apparent in PMA-stimulated IKKB*/* platelets (Figure
4D), but interestingly not in the IKKB ™~ platelets (Figure 4D). Together, these data suggest
that the assembly of the complete CBM complex is required for both Bcl10 ubiquitination
and IKK/NF-xB activation [41-43].

4. Discussion

We have recently shown that IKK plays an important role in platelet membrane fusion [6],
via controlling molecular complex formation (CBM complex). However, the regulatory role
of IKKB in CBM complex formation is still unknown. These issues were investigated herein,
by employing a genetic/knockout mouse model system, namely the PF4-Cre/IKK gflox/flox
mice. Firstly, we found that IKKp plays a key role in membrane fusion, but not in granule
docking. Secondly, we found that IKK is required for the phosphorylation of Bcl10, for
Bcl10/MALT1 and Bcl10/IKK-y interactions, and for IKK-y polyubiquitination. Finally, the
assembly of the CBM complex is required for both Bcl10 ubiquitination and IKK/NF-xB
activation, in stimulated platelets.

Despite the progress that we and others have made regarding IKK/NF-xB activity in
platelets [6, 23, 44, 45], a mechanistic understanding of the IKK upstream signaling, and
its regulatory role in the context of CBM complex formation remains unknown. Our findings
revealed that IKKp deletion disrupted the formation of the CBM complex, e.g., MALT1
association with CARMAL1, and that IKKp is required for IxB phosphorylation. This
indicates, for the first time, that IKKp is essential for the formation (remodeling) of the
CBM complex. To this end, Paul ef al. [46] showed that TCR signals are transduced from the
membrane-associated CBM complex to the cytosolic IxBa-NF-xB complex. On this basis,
we believe that the assembly of distinct cytosolic signalosomes is emerging as a common,
and perhaps essential, mechanism for transmitting activating signals to the IKK complex
[46]. Notably at baseline, MALT1 IP brought down CARMAL and Bcl10, whereas Bcl10 IP
did not bring down CARMAL. This raises the possibility of two component complexes at
baseline, namely MALT1/CARMAL and MALT1/Bcl10. The fact that these baseline
complexes do not occur in IKKp deletion platelets indicates a role for IKKp prior to platelet
activation.
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While PKC has been shown to be a key downstream regulator of CBM complex formation,
the specific isoform, in platelets, remains “ill” defined. To this end, it has been shown that
CARMAL is phosphorylated by PKC8 in T-cells, which induces CBM complex formation
and IKKp activation [17, 18]. Nonetheless, phosphorylation of CARMAL in T- and B cells
was found to be mediated by PKCO [47] and PKCP [16], respectively, and is essential for
CARMAI1-MALT1 association [16]; whereas our previous platelet studies showed that PKC
is upstream of IKK, and that PKCS is involved in the regulation of SNAP23
phosphorylation [6]. The present studies revealed that PKC8 phosphorylates Bcl10 and
regulates CBM complex formation (association of CARMAL and Bcl10).

In T-cells, it was previously reported that IKKy binds to ubiquitin-modified Bcl10 in the
CBM complex and that disruption of Bcl10 ubiquitination markedly inhibits IKK activation
[48]. This notion supports our results that IKKp interferes with Bcl10-induced IKKry
ubiquitination in stimulated platelets.

In conclusion, we establish for the first time in platelets that IKK is involved in remodeling
of CBM complex formation. Furthermore, this “remodeling” unveils a new platelet signaling
pathway that modulates an array of responses from several receptors that engage the SNARE
machinery, ultimately leading to cargo release. Collectively, our findings underscore IKKf
as dual function player, namely in the regulation of the CBM complex, as well as SNARE
complex formation and membrane fusion. These data also indicate that clustering of proteins
around the CBM complex promotes nonlinear and nonhierarchical signal propagation by
facilitating complex interactions between protein networks. Future studies are required to
better-understand how this signaling cascade regulates platelet function and contributes to
thrombogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. IKKp is involved in membrane fusion
. IKKP is required for initial formation and the regulation of the CBM complex
. IKKp regulates CBM complex via phosphorylation of Bcl10 and IKK~y

polyubiquitination.
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Figure 1. PF4-Cre/IKKﬁﬂ°X/ﬂ°X mice have defects in platelet in membrane fusion
(A) IKKpflox/flox or pE4-Cre/IKKIoX/flox platelets were stimulated with 0.1 U/mL thrombin

for 3 min. Platelet samples were fixed and processed for electron microscopy (EM) analysis.
The samples were analyzed by transmission EM and images were obtained using Gatan
software, with the scale bars indicated (n=3). (B) Individual platelet granules in the resting
and stimulated (IKKpflox/flox or pE4-Cre/IKK@floX/flox) platelets were counted and presented
as a bar diagram.
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Figure 2. CBM complex forms in activated platelets
(A) Extracts from resting human and mouse platelets were subjected to immunoblotting with

anti-CARMAL1, anti-MALT1, anti-Bcl10, anti-TAK1, anti-TAB2 and TRAF6 antibodies
(n=3). Human (B) and mouse (C) platelets were stimulated with thrombin (0.025 U/mL) for
3 min. Platelet lysates were precleared and then incubated with anti-MALT1.
Immunoprecipitates were separated by SDS-PAGE and immunoblotted using antibodies to

MALT1, Bcl10 and CARMAL (n=3).
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Figure 3. Bcl10 is phosphorylated, and IKKp plays a critical role in CBM complex formation, in
platelets

(A) Mouse platelets were stimulated with thrombin (0.1 U/mL), collagen (2 pg), TRAP4 (1
M), A23187 (1 uM) and PMA (100 nM) in a time-dependent manner, before being
subjected to immunoblotting with anti-pBcl10 antibody (n=3). (B) Phosphorylated Bcl10
bands were denstiometrically analyzed. (C) Washed IKK@flox/flox or pF4-Cre/IK K flox/flox
platelets were activated by 0.1 U/mL thrombin and lysed. Lysates were precleared and then
incubated with anti-MALT1. Immunoprecipitates were separated by SDS-PAGE and
immunoblotted using antibodies to CARMAL, Bcl10, pBcl10, IKK, and pIKKp as
indicated (n=3). (D) Washed IKK@1oX/flox pjatelets were preincubated with the Bcl10
inhibitor (NBP2-29323, 10 uM for 5 min), before being activated by 0.1 U/mL thrombin and
subjected to immunoblotting using antibodies IKKP and pIKKB (n=3). (E) Washed
IKK@flox/flox or pE4-Cre/IKKBToX/flox platelets were preincubated with the PKCS inhibitor
(rottlerin, 10 uM for 5 min), before being activated by 0.1 U/mL thrombin and lysed. Platelet
lysates were precleared and then incubated with anti-Bcl10. Immunoprecipitates were
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separated by SDS-PAGE and immunoblotted using antibodies to Bcl10, pBcl10, CARMAL
and IKKa as indicated (n=3). (F) Washed IKKpToX/flox or pF4-Cre/IKK@flox/flox platelets
were preincubated with a general PKC inhibitor (RO-31-8220, 1 uM for 5 min), and a
PKCal/ inhibitor (G66976, 1 uM, for 5 min), before being activated by 0.1 U/mL thrombin
and subjected to immunoblotting using antibodies against B¢l10 and pBcl10 (n=3). (G)
Washed IKKpflox/flox o pr4-Cre/IKK@flox/flox patelets were preincubated with a PKC8
inhibitor (Rottlerin, 10 uM for 5 min) and, before being activated with 100 nM PMA, and
subjected to immunoblotting using antibodies against Bcl10 and pBcl10 (n=3).
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Figure 4. CBM complex formation, Bcl10 phosphorylation and Bcl10-induced IKKy
ubiquitination are defective in the absence of IKKP, in stimulated platelets

Washed IKKpflox/flox or pF4-Cre/IKK@floX/flox platelets were activated by 0.1 U/mL
thrombin and lysed. Platelet lysates were precleared and then incubated with anti-MALT1
(A) or anti-Bcl10 (B). Immunoprecipitates were separated by SDS-PAGE and
immunoblotted using antibodies to MALT1, CARMAL, IKKp, pIKKp and pERK as
indicated (A; n=3) or antibodies to MALT1, CARMAL, Bcl10 and pBcl10 as indicated (B;
n=3). (C) Washed IKKpfoX/flox or pF4-Cre/IKK@flox/Tlox patelets were activated by 0.1
U/mL thrombin and lysed. Platelet lysates were precleared and then incubated with anti-
IKK-y. Immunoprecipitates were separated by SDS-PAGE and immunoblotted using
antibodies to ubiquitin, IKKy, Bcl10, and pBcl10 as indicated (n=3). (D) Washed
IKKgflox/flox or pE4-Cre/IKKBToX/flox platelets were activated by 0.1 U/mL thrombin and
lysed. Platelet lysates were precleared and then incubated with anti-Bcl10.
Immunoprecipitates were separated by SDS-PAGE and immunoblotted using antibodies to
ubiquitin, and Bcl10 as indicated (n=3).
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