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Abstract
PKC, β-arrestin 2, CARMA3, BCL10, MALT1, TRAF6 and MEKK3 are signaling proteins that
have a key role in G protein-coupled receptor (GPCR)-mediated activation of nuclear factor-κB (NF-
κB) pathway in nonhematopoietic cells in response to lysophosphatidic acid (LPA) stimulation. The
PKC, β-arrestin 2, CARMA3-BCL10-MALT1-TRAF6 signalosome, and MEKK3 functions as a link
between GPCR signaling and proinflammatory IKK-NF-κB activation. Here we briefly summarize
recent progress in the understanding of the molecular and biological functions of these proteins in
GPCR-mediated NF-κB activation in nonhematopoietic cells.
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Introduction
Lysophosphatidic acid (LPA) is a potent bioactive phospholipid derivative that is capable of
inducing diverse cellular responses, such as cell proliferation, migration, and cytokine release
[1]. In vertebrate, significant amounts of LPA can be detected in various biological fluids,
including serum, saliva, and bronchoalveolar lavage fluid. LPA exerts its biological effect
through activation of three high-affinity G protein-coupled receptors (GPCRs), called LPA1,
LPA2, and LPA3 (also known as EDG2, EDG4, and EDG7). Additional, three GPCRs have
been identified newly as LPA receptors include LPA4 (p2y9/GPR23), LPA5 (GPR92) and
LPA6 (GPR87). LPA-mediated signal transduction pathways regulate gene expression through
activation of several transcriptional factors, such as nuclear factor-κB (NF-κB) and AP-1.

GPCRs transduce environmental signals across the plasma membrane by stimulating guanine
nucleotide exchange by heterotrimeric G proteins [2]. Exchange of GDP for GTP results in
activation of the Gα subunits and dissociation of the Gβγ subunits. The Gα subunits contain
several subgroups, including Gi, Gs, Gq, G16, and G12/13. These G proteins can independently

© 2010 Elsevier Inc. All rights reserved.
*Corresponding author. Texas Children's Cancer Center, Department of Pediatrics, Dan L. Duncan Cancer Center, Baylor College of
Medicine, One Baylor Plaza - BCM320, 6621 Fannin St., MC 3-3320, Houston, TX 77030, United States. Tel.: +1-832-824-4572; fax:
+1-832-825-4732. jianhuay@bcm.edu (J. Yang).
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cell Signal. Author manuscript; available in PMC 2011 December 1.

Published in final edited form as:
Cell Signal. 2010 December ; 22(12): 1799–1803. doi:10.1016/j.cellsig.2010.05.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activate their downstream signaling cascades that lead to activation of various transcription
factors, including NF-κB [3]. Previous studies have shown that the stimulation of GPCR
ligands, such as LPA, endothelin-1 (ET-1), and angiotensin-II (Ang-II), induces NF-κB
activation [4,5].

Recent studies have revealed PKC, β-arrestin 2, CARMA3 (caspase recruitment domain,
CARD, membrane-associated guanylate kinase, MAGUK, protein 3), BCL10 (B-cell
lymphoma 10), MALT1 (mucosa-associated lymphoid tissue lymphoma translocation protein
1), TRAF6 (the tumor necrosis factor (TNF) receptor-associated factor 6), and MEKK3 (MAP
kinase kinase kinase 3) as signaling components that have crucial and specific roles in LPA-
GPCR-induced NF-κB activation. This review summarizes the presently available knowledge
on the molecular and biological function of these proteins in LPA-induced NF-κB activation
in nonhematopoietic cells.

NF-κB activation
A major challenge in the NF-κB field is to understand how distinct upstream stimuli activate
IKK in a signal-specific manner [6,7]. GPCRs-mediated NF-κB activation has been shown to
be involved in the regulation of expression of genes that are essential for nonhematopoietic
cells activation and the cellular responses. The NF-κB family comprises five mammalian
members NF-κB1 (p50 and its precursor p105), NF-κB2 (p52 and its precursor p100), c-Rel,
RelA (p65), and RelB [8–12]. In its active DNA-binding form, NF-κB exists as a heterogeneous
collection of dimers composed of various combinations of members of the NF-κB/Rel family.
In unstimulated cells, NF-κB is sequestered in the cytoplasm bound to inhibitory proteins,
which are members of the IκB family. NF-κB activation is triggered by the activated IκB kinase
(IKK) complex, which contains two catalytic subunits, IKKα and IKKβ, and a regulatory
subunit, IKKγ (also known as NEMO). IKK complex is the convergence point for many NF-
κB signaling pathways and its activity is regulated by phosphorylation [13,14]. Activation of
the IKK complex leads to phosphorylation and subsequent ubiquitination and proteolytic
degradation of IκBα, and allows NF-κB to translocate to the nucleus and activate gene
transcription and expression [11,15,16]. Various cell surface receptors, including receptors for
proinflammatory cytokines such as TNFα and Interleukin-1 (IL-1β), Toll-like receptors
(TLRs), antigen receptors, and GPCRs, activate NF-κB pathway using specific sets of signaling
molecules.

A recent breakthrough in our understanding of GPCR-mediated NF-κB activation is the
identification of several physically and functionally interacting proteins known as PKC, β-
arrestin-2, CARMA3, BCL10, MALT1, TRAF6 and MEKK3 that act as crucial signaling
compounds downstream of the GPCR and upstream of the IKK complex [17–23].

PKC family
PKC is a superfamily of kinases that phosphorylates protein substrates on serine and threonine
residues and transduces the cellular signals. PKC was originally identified as a phospholipids
and calcium-dependent protein kinase [24,25]. The subsequent classification of the isoforms
is based on structural and activational characteristics. There are ten PKC genes that encode for
isozymes in mammals divided into 3 subgroups: classical or conventional PKCs (cPKCs;
PKCα, PKCβI, PKXβII and PKCγ), which are calcium-dependent and activated by
diacylglycerol and phospholipids; novel PKCs (nPKCs; PKCδ, PKCε, PKCη and PKCθ),
which are calcium-independent and regulated by diacylglycerol and phospholipids; and
atypical PKCs (aPKCs; PKCζ and PKCι (known as PKCλ in mice)), which are calcium
independent and do not require diacylglycerol for activation [24,26–29]. PKC isoforms differ
in their structure, tissue distribution, subcellular localization, and substrate specificity, as well
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as biological functions, although some of these PKCs show overlapping substrate specificities
[24,29].

GPCR-mediated signaling leads to phosphorylation and activation of different PKC isoforms,
followed by activating IKK-NF-κB. It has been shown that PKC is involved in LPA-induced
NF-κB activation. PKCδ mediates NF-κB activation/IL-8 secretion in response to LPA
stimulation in bronchial epithelial cells [30]. PKCβ and PKCθ mediate B- and T-cell antigen
receptor-induced NF-κB activation, respectively [31,32]. PKCζ is required for IL-1-induced
NF-κB activation in articular chondrocytes [33]. LPA also activates PKCα and induced RAS-
PKCα interaction, causing NF-κB activation via CARMA3-BCL10-MALT1 signaling
complex in ovarian cancer cells [34].

CARMA3
CARMA3 belongs to the CARMA family that contains three proteins, CARMA1, CARMA2,
and CARMA3 [35–37]. CARMA family proteins share similar structural regions, with a CARD
domain at N terminus, followed by a coiled-coil (CC) domain, a PDZ domain, a SH3 domain,
and a guanylate kinase-like (GUK) domain at C terminus. However, these CARMA proteins
show different expression pattern with CARMA1 (CARD11) expressed in hematopoietic cells,
CARMA2 (CARD14/Bimp2) in the placenta and CARMA3 (CARD10/Bimp1) in all
nonhematopoietic cells [35–38]. Recent studies have shown CARMA1 plays an essential role
in antigen receptor-induced NF-κB activation [39–45]. The overexpression of CARMA2 and
CARMA3 could induce NF-κB activation in HEK293 cells [37,38]. Furthermore, ~50% of
Carma3-deficient mice have the neural tube defect (NTD) phenotype known as anencephaly
before embryonic day 10.5 (E10.5) resulting in perinatal mortality of the mice due to either
bleeding out from the skull or infanticide by the mother [22]. As CARMA3 associates with
BCL10, when overexpressed in HEK293 cells, indicating CARMA3 and BCL10 may function
in the same signal transduction pathway [36,37].

CARMA3 is specifically required for GPCR-induced NF-κB activation in Carma3-deficient
cells with LPA and ET-1 stimulation, while its defect does not effect NF-κB activation by other
stimuli such as TNFα, lipopolysaccharide (LPS), and extracellular matrix proteins [22].
Although CARMA3 is required for LPA-induced IKK-NF-κB activation, it is not required for
the LPA-induced IKK phosphorylation. The deficiency of either Carma1 or Carma3 impairs
IKK activation without affecting the signal-induced IKKα/β phosphorylation after TCR, LPA,
or PKC agonist stimulation, suggesting that the signal-induced phosphorylation of IKKα/β is
not sufficient to activate the IKK complex, and other modifications such as ubiquitination may
be required to do so [22,46].

Defective NF-κB activation in Carma1/3, Bcl10 or Malt1-deficient T/B cells or murine
embryonic fibroblasts (MEFs) show that CARMA1/3, BCL10 and MALT1 function as part of
a signaling complex to bridge PKC to IKK-mediated NF-κB activation in both lymphocytes
and nonhematopoietic cells [7,21,22,31,32]. CARMA3/BCL10/MALT1 complex has also
been shown to act downstream of G(i) mediated RAS-PKCα interaction and upstream of NF-
κB activation in LPA-induced urokinase plasminogen activator (uPA) upregulation in ovarian
cancer cells [34,47,48].

β-arrestin 2
There are four members in the arrestin family in human genome. Visual arrestin (arrestin 1) is
localized to retinal rods and cones, whereas X-arrestin (arrestin 4) is found exclusively in retinal
cones, both arrestin 1 and arrestin 4 regulate opsin [49]. Arrestins 2 and 3, also named β-arrestin
1 and β-arrestin 2, respectively, are ubiquitously expressed in most tissues, and play important
roles in regulating signal transduction by numerous GPCRs [49–52]. The amino acid sequences
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of the two β-arrestin isoforms are ≈70% identical, most of the coding differences appear in the
C termini [53]. Genetics deficiency studies show that mice with either β-arrestin 1 or β-arrestin
2 deficiency are viable [53–55], whereas the double-knockout mice is embryonic lethal [56],
indicating that each β-arrestin partially function as a substitute for the other isoform. Recent
studies suggest that they have different functions in GPCR-induced signaling pathways [20,
57–72].

Several studies suggest that β-arrestins may function as negative regulators to suppress NF-
κB activation [64–66,73]. β-arrestins has been shown to regulate NF-κB activation by
interacting with TRAF6 and preventing its autoubiquitination and activation of NF-κB [64].
Furthermore, GPCRs associate with β-arrestins upon stimulation by their ligands such as LPA
[20,57–63,74]. Genetic evidence demonstrates that β-arrestin 2, but not β-arrestin 1, is required
for LPA-induced NF-κB activation through recruiting CARMA3 to LPA receptor, functions
as a positive regulator for LPA-induced IKK-NF-κB activation and cytokine production [20].
Proteomic study suggests that β-arrestin 2 is associated with the TAK1 and IKKα complexes
in response to Ang-II stimulation [75].

BCL10 and MALT1
Molecular cloning of the breakpoint identified a novel gene, Bcl10, in MALT B lymphoma
[76,77]. The human Bcl10 encodes a protein of 233 amino acids with residues 13–101 forming
an N-terminal CARD, whereas the C-terminal 132 amino acids contain no known motifs, is
rich in serine and threonine residues, and can be phosphorylated [76–82]. The BCL10 CARD
domain alone is sufficient and necessary for NF-κB activation [76,78–80].

The human paracaspase MALT1 has been identified as a caspase-like BCL10-binding protein
involved in NF-κB activation [83–85]. MALT1 contains an N-terminal death domain (DD),
two immunoglobulin (Ig)-like domains, a caspase-like domain and a C-terminal region that
contains another Ig-like domain [83,84,86]. Similar to BCL10, MALT1 has been found to be
recurrently rearranged in chromosomal translocation in some MALT lymphomas, resulting in
a chimeric fusion protein between the MALT1 C-terminal region and the N-terminal portion
of cIAP2 (an anti-apoptotic protein), which activates NF-κB [84]. MALT1 contains three
potential binding sites for TRAF6, by which MALT1 may regulate in coordination the
recruitment and activation of TRAF6. TRAF6 then ubiquitinates itself and MALT1 on its
multiple C-terminal lysine residues that can in turn recruit the IKK complex [83,84,86–92].

Using genetic deficiency mice, BCL10 and MALT1 were revealed have critical roles in both
TCR and BCR-mediated NF-κB signaling pathway [16,93–97]. BCL10 and MALT1
physically and functionally cooperate to relay antigen receptor-induced PKC signaling (PKC-
θ in T cells or PKC-β in B cells) to IKK-NF-κB activaction [7,31,32,93,95,96]. Similar to
Carma3-deficient mice, 40% of Bcl10-deficeint mice show the NTD phenotype [93].

By using MEF cells from Bcl10- or Malt1-deficient mice as a genetic model, BCL10 and
MALT1 are identified critically required for NF-κB activation and cytokine production in
response to LPA stimulation in nonhematopoietic cells. BCL10 and MALT1 collaborate with
PKCs specifically for LPA-induced NF-κB activation but are not required for the activation
of the JNK, p38, ERK MAP kinase, and AKT signaling pathways [7,21].

Therefore, the PKC-CARMA-BCL10/MALT1 module may constitute a common axis to
transduce signals from PKC to IKK downstream of antigen receptors and GPCRs in multiple
cell types and functions in a similar mechanism.
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TRAF6
TRAFs are a family of adaptor proteins that couple the TNF receptor family to signaling
pathways, and they are also shown to be signal transducers of Toll/IL-1 family members. Seven
members of the TRAF family have been identified. All TRAF proteins share a conserved C-
terminal TRAF-C domain that can interact with the cytoplasmic domain of receptors and other
TRAF proteins, a CC TRAF-N domain, in additional, TRAFs 2–7 have RING and zinc finger
motifs that are important for signaling downstream events [98–104].

TRAF6 was initially identified as a signal transducer for IL-1 [100]. Overexpression of TRAF6
activates NF-κB, and a dominant negative mutant of TRAF6 inhibits NF-κB activation by IL-1
but not TNF. The RING finger domain of TRAF6 can function as an E3 ubiquitin ligase, which,
together with the Ubc13/Uev1A complex mediates another unidentified protein
polyubiquitination involved in IKK activation [103,105].

Using genetic deficiency mice model, Traf6-deficient mice show predominant abnormal
phenotype relating to defective bone formation [106,107]. CD40-mediated NF-κB activation
and proliferation in splenic B cells, and IL-1-induced activation of both NF-κB and JNK/SAPK,
and IL-1 induced thymocyte proliferation were all abolished in Traf6-deficient mice model
[106].

TRAF6 and MALT1 may function as E3 ligases to induce lysine 63 (K63)-linked
polyubiquitination of IKKγ, leading to activation of the IKK complex and subsequently NF-
κB [88,108,109]. In addition, Traf6 deficiency also displays a similar defect of the neural tube
closure as Carma3 deficiency does [22,110]. TRAF6 is required for GPCR-induced NF-κB
activation [22]. The activation of NF-κB induced by LPA or PKC agonist was completely
defective in Traf6-deficient MEF cells, while similar to the role of CARMA3/BCL10/MALT1
in IKK activation, deficient of TRAF6 expression does not effect LPA- or PKC agonist-induce
IKKβ phosphorylation. These studies indicate that CARMA3, BCL10, MALT1 and TRAF6
mediate LPA-induced NF-κB activation through an IKKβ phosphorylation-independent
mechanism.

MEKK3
MEKK3 cDNA was first isolated from NIH3T3 cells [111]. MEKK3 is a member of the
mitogen-activated protein kinase kinase kinase (MAP3K) family, it activates IKK and MAPK
when overexpressed [111,112].

The genetic inactivation of MEKK3 in mice gives rise to an embryonic lethal phenotype
characterized by defects in angiogenesis and early cardiovascular development [113].
Endothelial cells from Mekk3-deficient embryos defects in cell proliferation, apoptosis, and
interactions with myocardium in the heart [114]. In addition, MEKK3 is required for TCR-
mediated IKK-NF-κB activation [115].

In Mekk3-deficient MEF cells, LPA and PKC-induced IKK phosphorylation and NF-κB
activation is significantly impaired [23]. Phosphorylation of MEKK3 at Thr-516 and Ser-520
within the kinase activation loop is essential for LPA-induced MEKK3- mediated IKK-NF-
κB activation [116]. Together, these data suggest that MEKK3 plays an essential role in LPA-
induced NF-κB activation.

Perspectives
The data discussed here suggest that GPCR signaling are relayed to the NF-κB activating IKK
complex by a pathway that depends on PKC, β-arrestin 2, CARMA3, BCL10, MALT1, TRAF6
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and MEKK3. However, still much remains to be learned about how these signaling proteins
are connected to GPCR, on the one hand, and to the downstream components controlling IKK-
NF-κB activation, on the other hand.

PKC family has been identified including many members, actually which isoform(s) involved
in LPA-induced NF-κB activation are still needs to be clearly defined. An intriguing question
concerns the physical and functional relationship between PKC and CARMA3/BCL10/
MALT1/TRAF6 complex and MEKK3. It remains to be determined whether these proteins
are substrates or physical interaction partners of PKC to transduce the GPCR signals to the
downstream IKK complex, and activate NF-κB signaling pathway.

Although MEKK3 has been identified as a relay to mediate upstream GPCR-PKC signals and
downstream IKK complex activation, it remains obscure how MEKK3 plays this role in the
whole GPCR-NF-κB signaling pathway. MEKK3 is a kinase with a PB1 domain. PB1 domain
is a scaffold module that has been shown to adopt the topology of ubiquitin-like β-grasp fold
that interacts with each other in a front-to-back mode to arrange heterodimers or homo-
oligomers of PB1-containing proteins [117]. Human genome encodes several PB1-domain-
containing proteins, including p62, aPKC, MEKK2/MEKK3, MEK5, and Par-6. The PB1
domain has been proposed to provide specificity for PB1-containing kinases to ensure the
effective transmission of cellular signals. p62 specifically binds to PKCλ/ι through its PB1
domain to modulate aPKC activation and p62/aPKC cassette regulates TRAF6-mediated NF-
κB activation [118]. PB1-containing MEKK2 and MEKK3 are involved in the regulation in
different phases of IKK activation and MEK5 activation through their PB1 domain [119,120,
121]. The aPKCs induce MEK5 activation through their PB1 domain interaction [122]. Recent
studies have shown that p62-MEKK3 interaction through their PB1 domain is involved in the
regulation of TRAF6-mediated ubiquitination of IKK complex and downstream NF-κB
activation [123]. Base on these observations, it is likely that these PB1-containing molecules
are involved in LPA-mediated MEKK3 activation, as well as MEKK3-mediated IKK-NF-κB
activation. Therefore, more studies are needed to clarify the association among these PB1
domain molecules in GPCR-induced NF-κB signaling pathway, to determine whether PB1
domain is the essential region for the functional and physical interaction of these PB1 domain-
containing proteins, in the LPA signal-induced NF-κB activation.

Although significant progress has been made on the mechanism of the LPA-induced NF-κB
activation, it is unclear how LPA-induced NF-κB activation is negatively regulated. As the
data discovered so far, IKKβ has been shown to be required for LPA-induced NF-κB activation
[23]. Two protein serine/threonine phosphatases, PPM1A and PPM1B, have been identified
as IKKβ phosphatases to dephosphorylate IKKβ and downregulate IKK-mediated NF-κB
activation [124,125]. Therefore, it is highly likely that PPM1A and PPM1B are involved in the
downregulation of LPA-induced NF-κB activation by targeting on IKKβ. However, the identity
of the protein serine/threonine phosphatases that dephosphorylate MEKK3 and inhibit its
activity in LPA-induced NF-κB activation remains to be clearly defined.

Finally, an important issue that needs to be addressed is how CARMA3/BCL10/MALT1/
TRAF6 complex-mediated IKK complex ubiquitination is coordinated with MEKK3-mediated
IKK phosphorylation to activate IKK-NF-κB in LPA-induced NF-κB activation.

Based on the data reported thus far, we draw a working model (Fig. 1), in which binding of its
cognate GPCR by LPA induces PKC activation that leads to MEKK3-mediated
phosphorylation of IKKβ and β-arrestin 2-CARMA3-BCL10-MALT1-TRAF6-mediated
ubiquitination of IKK complex that result in optimal IKKβ-mediated NF-κB activation.
PPM1A and PPM1B phosphatases bind to the phosphorylated IKKβ and terminate NF-κB
activation through dephosphorylation of IKKβ at Ser-177 and Ser-181 residues.
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Figure 1.
A working model for LPA-induced NF-κB activation. LPA binding to its cognate GPCR
induces PKC activation that leads to MEKK3-mediated phosphorylation of IKKβ and β-
arrestin 2-CARMA3-BCL10-MALT1-TRAF6-mediated ubiquitination of IKK complex that
result in optimal IKKβ-mediated NF-κB activation. PPM1A and PPM1B phosphatases bind
to the phosphorylated IKKβ and terminate NF-κB activation through dephosphorylation of
IKKβ at Ser-177 and Ser-181 residues
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