
�-Arrestin 2 is required for lysophosphatidic
acid-induced NF-�B activation
Jiyuan Sun and Xin Lin1

Department of Molecular and Cellular Oncology, University of Texas, M.D. Anderson Cancer Center, Houston, TX 77030

Edited by Vishva Dixit, Genentech, Inc., and accepted by the Editorial Board August 28, 2008 (received for review March 20, 2008)

Lysophosphatidic acid (LPA) is a bioactive phospholipid and binds to
its receptors, a family of G protein-coupled receptors (GPCR), which
initiates multiple signaling cascades and leads to activation of several
transcription factors, including NF-�B. Although LPA-induced signal-
ing pathways have been intensively investigated, the molecular
mechanism by which LPA activates NF-�B is not fully defined. In this
work, we found that �-arrestin 2, but not �-arrestin 1, is required for
LPA-induced NF-�B activation and interlukin-6 expression. Mechanis-
tically, we found that �-arrestin 2 associated with CARMA3, a scaffold
protein that plays an essential role in GPCR-induced NF-�B activation,
suggesting that �-arrestin 2 may recruit CARMA3 to LPA receptors.
Although �-arrestin 2 deficiency did not affect LPA-induced IKK�/�
phosphorylation, it impaired LPA-induced IKK kinase activity, which is
consistent with our previous findings that CARMA3 is required for
IKK�/� activation but not for the inducible phosphorylation of
IKK�/�. Together, our results provide the genetic evidence that
�-arrestin 2 serves as a positive regulator in NF-�B signaling pathway
by connecting CARMA3 to GPCRs.

CARMA3 � G protein-coupled receptor � IKK

Lysophosphatidic acid (LPA) is a major active constituent of
serum and exerts hormone- and growth factor-like activities for

proliferation, differentiation, survival, and chemotaxis on various
types of cells (1). LPA induces its biological function by binding to
its receptors on the cell surface. LPA receptors belong to the family
of G protein-coupled receptors (GPCRs). GPCR is the largest
family of cell surface receptors, and its members are expressed
throughout the body and activated by a diverse array of ligands (2).
Upon stimulation, GPCRs associate with the trimeric G protein
complex, which consists of �, �, and � subunits. The complexity of
the signaling pathways initiated by various GPCR ligands results
from the presence of numerous G proteins, including 18 � subunits
that can be classified into four groups (Gs, Gi, Gq, G12/13), 12 �
subunits, and 5 � subunits (3). These G proteins independently or
cooperatively activate their downstream signaling cascades. Stim-
ulation of cells with LPA initiates a series of signaling cascades
through these trimeric G proteins and leads to activation of several
transcription factors, including nuclear factor �B (NF-�B) (2).

NF-�B is a family of transcription factors that exist as various
homo- and heterodimers. Activation of NF-�B is through post-
translational mechanisms (4). In unstimulated cells, NF-�B is
associated with a family of inhibitor protein, I�B, which masks the
nuclear localization signal of NF-�B, thereby sequestering NF-�B
in the cytoplasm. NF-�B can be activated by various receptors
through the classical or the nonclassical pathway. Various stimu-
lation signals activate the IKK complex, which phosphorylates I�B�
and rapidly triggers a ubiquitination-mediated degradation of I�B�.
The degradation of I�B� releases NF-�B, which translocates into
the nucleus and binds to the cognate sequences in the promoter of
its target genes (4), leading to the modulation of various biological
responses, including cell survival and proliferation, immunity, and
inflammation (5).

It has been shown that stimulation of cells with several GPCR
ligands, such as LPA, can effectively induce the activation of NF-�B
(2). However, the molecular mechanism of GPCR-induced NF-�B
activation is not fully defined. Recently, we and others reported that

GPCR-induced NF-�B is mediated through a CARMA3 [caspase
recruit domain (CARD) and membrane-associated guanylate ki-
nase homologs (MAGUK) domain-containing protein 3]-depen-
dent signaling pathway (6), in which CARMA3 associates with its
downstream components, Bcl10 and MALT1 (7–9), leading to
activation of IKK. However, the signaling components/pathways,
which link CARMA3 to GPCRs, remain to be identified. It has
been shown that, in addition to the association with the trimeric G
protein complex, GPCRs also associate with �-arrestins upon
stimulation by their ligands such as LPA. �-Arrestins belong to a
family of adaptor proteins that were initially considered as com-
ponents to desensitize GPCR activation. However, more recent
studies indicate that �-arrestins are also involved in mediating
GPCR-induced signal transduction (10–17).

�-Arrestins are the members of the arrestin proteins. There are
four isoforms of arrestin. Arrestin 1 and arrestin 4 regulate opsin,
whereas arrestin 2 and 3, also named �-arrestin 1 and �-arrestin 2,
respectively, regulate the function of most GPCRs and are ex-
pressed ubiquitously. Although �-arrestin 1 and 2 share �70%
similar sequence and may be functionally redundant, it has been
shown that these two isoforms may regulate different biological
functions. It has been reported that �-arrestins are involved in
various signaling pathways, leading to activation of ERK and JNK
(17–19). Interestingly, several recent studies suggest that �-arrestin
may also function as an inhibitory molecule to suppress NF-�B
activation (20–23). However, the role of �-arrestin in GPCR-
induced NF-�B has not been determined.

In this work, we have investigated the role of �-arrestins in NF-�B
activation induced by a GPCR ligand, LPA. Surprisingly, we found
that �-arrestin 2, but not �-arrestin 1, functions as a positive
regulator for LPA-induced NF-�B activation, which is different
from its negative role in NF-�B activation induced by other
signaling pathways (20–23). Our results suggest that �-arrestin 2
mediates NF-�B activation through recruiting CARMA3 to LPA
receptor. Together, our studies reveal a function of �-arrestin 2 in
GPCR-induced signal transduction.

Results
Specific Requirement of �-Arrestin 2 for LPA-Induced NF-�B Activa-
tion. Earlier studies indicate that �-arrestins associate with
GPCRs, which mediates receptor endocytosis, and also function
as adaptors linking GPCRs to intracellular signaling pathways
(10–16). More recently, it has been shown that �-arrestins can
bind to I�B�, leading to suppressed NF-�B activation induced by
TNF�, IL-1�, and UV light (20–23). Although various GPCR
ligands such as LPA, angiotensin II (AngII), and endothelin-1,
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can recruit �-arrestins to their receptors and can also induce
NF-�B activation, the role of �-arrestins in the NF-�B activation
induced by these GPCRs has not been investigated. To address
this question, we stimulated the mouse embryonic fibroblast
(MEF) cells from �-arrestin 1/�-arrestin 2-double knockout
(�arr1/2 dKO) mice with LPA and then examined NF-�B
activation. Interestingly, we found that LPA stimulation failed to
induce NF-�B activation in �arr1/2 dKO MEF cells (Fig. 1A),
which contradicts the role in which �-arrestins functioned as a
negative regulator of NF-�B.

Because earlier studies indicated that PKC is involved in the
NF-�B activation induced by LPA and other GPCR ligands (6), we
also used the pharmacological PKC agonists, phorbol 12-myristate
13-acetate (PMA) plus Ionomycin (Iono), to stimulate these cells.
Consistent with the role of �-arrestins in LPA-induced NF-�B
activation, PMA/Iono-induced NF-�B activation was also signifi-
cantly impaired in �arr1/2 dKO MEF cells (Fig. 1A). In contrast,
TNF� effectively induced NF-�B activation in �arr1/2 dKO MEF
cells (Fig. 1A), indicating that �-arrestins are selectively involved in
GPCR-, but not TNF�-induced signal transduction.

To determine further which �-arrestin isoform is involved in
LPA-induced NF-�B activation, we examined NF-�B activation in

�-arrestin 1-knockout (�arr1 KO) or �-arrestin 2-knockout (�arr2
KO) MEF cells. Interestingly, we found that LPA-induced NF-�B
activation was selectively impaired in �arr2 KO, but not in �arr1
KO cells (Fig. 1B). Similarly, NF-�B activation induced by PMA/
Iono was also defective in �arr2 KO but not in �arr1 KO cells (Fig.
1B), whereas TNF�-induced NF-�B activation in both �arr1 KO
and �arr2 KO cells was comparable with that in wild-type MEF
cells (Fig. 1B). Together, these data provide the genetic evidence
that �-arrestin 2 is specifically involved in GPCR-induced NF-�B
activation.

�-Arrestin 2 Is Required for LPA-Induced Cytokine Production. It has
been shown that LPA-induced cytokine expression depends on
NF-�B activation (7, 8). With our findings that LPA-induced
NF-�B activation depends on �-arrestin 2, we next examined
whether �-arrestin 2-dependent NF-�B activation is required for
LPA-induced cytokine expression. Because IL-6 is one of the major
cytokines that are induced after LPA stimulation, we examined IL-6
production in wild-type and �arr2 KO MEF cells after the stimu-
lation of LPA, PMA/Iono, and TNF� at different time points. Our
results showed that IL-6 expression induced by LPA or PMA/Iono
was significantly reduced in �arr2 KO cells (Fig. 1C), indicating that
the �-arrestin 2-mediated NF-�B activation plays an essential role
for LPA-induced cytokine production.

�-Arrestin 2 Functions Upstream of IKK. To determine whether
�-arrestin 2 functions upstream of IKK, we examined LPA-induced
I�B� phosphorylation. Consistent with the essential role of �-ar-
restin 2 in LPA-induced NF-�B activation, LPA-induced I�B�
phosphorylation was defective in �arr2 KO, but not in �arr1 KO
cells (Fig. 2A Top). Similarly, PMA/Iono-induced I�B� phosphor-
ylation was defective in �arr2 KO, but not in �arr1 KO cells (Fig.
2B Top). In contrast to the role of �-arrestin 2 in the LPA-induced
signaling pathway, TNF�-induced I�B� phosphorylation and deg-
radation in �arr2 KO cells were comparable with those in wild-type
and �arr1 KO cells (Fig. 2C Top). Interestingly, although LPA- and
PMA/Iono-induced I�B� phosphorylation was defective in �arr2
KO cells, the signal-induced IKK phosphorylation was intact,
indicating that the signal-induced IKK phosphorylation in �arr2
KO cells was not sufficient to activate IKK kinase activity (Fig. 2 A
and B).

To confirm further the requirement of �-arrestin 2 for IKK
activity, we examined the kinase activity of the IKK complex in
wild-type or �arr2 KO cells after the stimulation with LPA,
PMA/Iono, or TNF�. Although LPA or PMA/Iono could induce
IKK activity in wild-type cells, they failed to activate IKK in �arr2
KO cells (Fig. 2D). In contrast, TNF� could effectively activate IKK
activity in both wild-type and �arr2 KO cells (Fig. 2D). In contrast
to IKK activation, we found that ERK and JNK MAP kinases were
effectively induced with a similar kinetics after the treatment of
LPA [supporting information (SI) Fig. S1A] or PMA/Iono (Fig.
S1B) in all of these cells. Together, these results indicate that
�-arrestin 2 is specifically involved in regulation of IKK but not
MAP kinase activation in LPA-induced signaling pathway.

�-Arrestin 2, but Not �-Arrestin 1, Can Rescue the Defect of LPA-
Induced NF-�B Activation in Cells Deficient in Both �-Arrestin 1 and 2.
The specific defect of �-arrestin 2, but not �-arrestin 1, in LPA-
induced NF-�B activation surprised us because �-arrestin 1 and
�-arrestin 2 are structurally very similar. Therefore, we decided to
verify further the functional requirement of �-arrestin 2 for LPA-
induced NF-�B activation. �arr1/2 dKO cells were reconstituted
with either �-arrestin 1 (Fig. 3, lanes 5–8) or �-arrestin 2 (Fig. 3,
lanes 9–12). Consistent with above results, only �-arrestin 2, but
not �-arrestin 1, could rescue the defect for LPA- and PMA/
Iono-induced NF-�B activation (Fig. 3, lanes 10 and 11), whereas
this reconstitution did not affect TNF�-induced NF-�B activa-
tion (Fig. 3, lanes 4, 8, and 12). Together, these results further

Fig. 1. �-Arrestin 2 is required in LPA- and PMA/Iono-induced NF-�B activation
and in cytokine production. (A) Wild-type and �arr1/2 dKO MEF cells were
stimulated with or without LPA (10 �M) or PMA (40 ng/ml) plus Ionomycin (100
ng/ml) for 60 min or TNF� (10 ng/ml) for 30 min. Nuclear extracts were prepared
andsubjectedtoEMSAbyusing 32P-labeledNF-�BorOCT-1probes. (B)Wild-type,
�arr1 KO, or �arr2 KO MEF cells were stimulated as in A. Nuclear extracts were
prepared and subjected to EMSA by using 32P-labeled NF-�B or OCT-1 probes. (C)
Wild-type or �arr2 KO MEF cells were serum-starved for 4 h and stimulated with
or without LPA (10 �M), PMA (40 ng/ml) plus Iono (100 ng/ml) (P/I), or TNF� (10
ng/ml) for the indicated time points. Supernatants were collected, and IL-6
concentrations in the supernatants were measured by ELISA. All data were
normalized to the value of unstimulated control in respective cells as the fold
induction. Error bars indicated �SD between triplicate experiments.

17086 � www.pnas.org�cgi�doi�10.1073�pnas.0802701105 Sun and Lin

http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF1


confirm that �-arrestin 2 is selectively involved in LPA-induced
NF-�B activation.

Association of �-Arrestins with CARMA3. Our recent studies show
that CARMA3, a scaffold protein, is required for GPCR-induced
NF-�B activation (6). However, how CARMA3 is linked to GPCR
complexes remains to be determined. Because previous data indi-
cate that �-arrestin 2 is associated with GPCR, we hypothesize that
�-arrestin 2 may link CARMA3 to GPCR complexes. Consistent
with our hypothesis, we found that CARMA3 associated with
�-arrestin 2 when they were coexpressed in human embryonic
kidney 293T (HEK293T) cells (Fig. 4A and Fig. S2). However,
although �-arrestin 1 was functionally not required for LPA-
induced NF-�B activation (Fig. 1B), it also associated with
CARMA3 under this condition (Fig. 4A and Fig. S2).

To confirm these associations further, we examined the subcel-
lular localization of �-arrestin 2 and CARMA3 by fusing CARMA3
to green fluorescent protein (GFP) while fusing �-arrestin 2 to red
fluorescent protein (RFP) and then expressed these proteins in
different combinations in HeLa cells. Consistent with their physical

association, we found that GFP-CARMA3 and RFP-�-arrestin 2
were colocalized in the cytoplasm (Fig. S3). In contrast, GFP-
CARMA3 did not colocalize with RFP alone, whereas RFP-�-
arrestin 2 did not colocalize with GFP alone (Fig. S3).

To determine whether endogenous CARMA3 and �-arrestins
associate in a signal-dependent manner, we immunoprecipitated
endogenous CARMA3 from wild-type or �-arrestin 2 KO MEF
cells. We found that CARMA3 coprecipitated with both �-arrestin

Fig. 2. LPA- and PMA/Iono-induced I�B� phosphorylation and IKK kinase
activity are dependent on �-arrestin 2. (A–C) Wild-type, �arr1 KO, and �arr2 KO
MEF cells were stimulated with LPA (10 �M) (A), PMA (40 ng/ml) plus Ionomycin
(100 ng/ml) (B), or TNF� (10 ng/ml) (C) for indicated time points. Phosphorylation
of I�B� and/or IKK was examined by Western blotting with the indicated anti-
bodies. (D) Wild-type or �arr2 KO MEF cells were stimulated with or without LPA
(10 �M), PMA (40 ng/ml) plus Ionomycin (100 ng/ml) (P/I), or TNF� (10 ng/ml) for
the indicated time points. The IKK complex was immunoprecipitated by using
a mixture of IKK� and IKK� antibodies and protein A–agarose. The immuno-
precipitated complex was subjected to an in vitro kinase assay with GST-I�B�

(1–62) as substrates. Parts of the lysates of the immunoprecipitated IKK
complex and GST-I�B� (1–62) substrates were subjected to Western blotting
as loading controls.

Fig. 3. �-Arrestin 2, but not �-arrestin 1, can rescue the defect of LPA-induced
NF-�B activation in �arr1/2 dKO cells. �Arr1/2 dKO MEF cells were reconstituted
with a retroviral vector encoding FLAG-tagged �-arrestin 1, �-arrestin 2, or empty
vector, respectively. The resulting cells were stimulated with or without LPA,
PMA/Iono, or TNF�. The nuclear extracts from these cells were subjected to EMSA
with 32P-labeled NF-�B and OCT-1 probes. Cytosolic extracts were subjected to
SDS/PAGE and Western blotting with the indicated antibodies.

Fig. 4. Interaction of CARMA3 with �-arrestins. (A) HEK293T cells were trans-
fected with expression vectors encoding HA-tagged CARMA3, FLAG-tagged
�-arrestin1,orFLAG-tagged�-arrestin2atdifferentcombinations.Twentyhours
after transfection, cell lysates were subjected to immunoprecipitation (IP) with
anti-FLAG antibody-conjugated beads, and immunoprecipitated proteins and
cell lysates were subjected to SDS/PAGE and analyzed by immunoblotting with
the indicated antibodies. (B) Wild-type or �-arrestin 2 KO MEF cells (15-cm plate,
80%confluent)werestimulatedwithorwithoutLPAfordifferentperiodsoftime
and then scraped off and lysed. The resulting lysates were subjected to immu-
noprecipitation with CARMA3 antibody-conjugated beads. The obtained immu-
nocomplexes were subjected to SDS/PAGE and Western blotting with �-arrestin
1 and �-arrestin 2 antibodies or CARMA3 antibodies as indicated. For detection
of coimmunoprecipitated �-arrestins, rabbit IgG TrueBlot was used as secondary
antibody.
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2 and �-arrestin 1 (Fig. 4B). Although this interaction was weak, it
is specific because IgG control bead did not pull down �-arrestin 2
(Fig. S4). However, LPA stimulation slightly enhanced the inter-
action between CARMA3 and �-arrestin 2 (Fig. 4B and Fig. S4).
Together, these data suggest that CARMA3 forms a complex with
�-arrestins.

To identify the interacting domains of CARMA3 and �-arrestin
2, we constructed a series of CARMA3 deletion mutants (Fig. 5A).
They were expressed in HEK293T cells together with �-arrestin 2.
We found that deletion of the CARD domain resulted in complete
loss of its binding to �-arrestin 2 (Fig. 5B), suggesting that the
CARD domain is involved in the interaction. Reciprocally, we also
constructed a set of �-arrestin 2 deletion mutants (Fig. S5A) and
expressed these mutants with CARMA3 in HEK293T cells. We
found that �-arrestin 2 deletion mutants containing amino acids
1–320 and 60–410 associate with CARMA3 with a high affinity
(Fig. S5B). However, �-arrestin 2 mutants 1–240 and 240–410
interacted with CARMA3 with a low affinity, suggesting that
residues 60–320 of �-arrestin 2 contribute to CARMA3 binding.

�-Arrestin 2 Enhances the Interaction between CARMA3 and LPA
Receptor. Because previous studies indicate that �-arrestin 2 is
associated with GPCR after the ligand stimulation, we hypothesized
that �-arrestin 2 might recruit CARMA3 to LPA receptors. To test
this hypothesis, we coexpressed CARMA3 and LPA receptor
LPA1, with or without �-arrestin 2 (Fig. 6A). Although the asso-
ciation of CARMA3 with LPA1 was not detectable when they were
coexpressed (Fig. 6A, lane 4), this association was significantly
enhanced in the presence of �-arrestin 2 (Fig. 6A, lane 6). Together,
these results suggest that the role of �-arrestin 2 in GPCR-induced
NF-�B activation is to recruit CARMA3 into GPCR complexes.

Discussion
LPA binds to its receptors, a family of GPCRs, leading to
activation of NF-�B. Although the signaling pathways induced by
LPA and other GPCRs have been intensively investigated, the
mechanism by which LPA and other GPCRs activates NF-�B has
not been fully defined. Recent studies from our group and others
have demonstrated that CARMA3 (6) and its downstream
components, Bcl10 and MALT1, are required for LPA- and
GPCR-induced NF-�B activation (7–9). However, how
CARMA3 is linked to the GPCRs and mediates this signaling
pathway has not been defined. In this work, we demonstrate that
�-arrestin 2, but not �-arrestin 1, mediates LPA-induced NF-�B
activation likely by recruiting CARMA3 to LPA receptors (Fig.
6B). Therefore, our results reveal a pathway that links GPCRs to
NF-�B.

Previous studies suggest that �-arrestin 1 and �-arrestin 2 can
bind to I�B�, the inhibitor of NF-�B (22, 23). The association of
�-arrestins with I�B� may play negative roles in inhibiting TNF�-,
UV light-, and TLR/IL-1 receptor-induced NF-�B activation (20–
23). However, the role of �-arrestins in GPCR-induced NF-�B
activation has not been investigated. Our findings that LPA-induced
NF-�B activation is inhibited in cells deficient in �-arrestin 2
indicates that �-arrestin 2 plays a positive role in GPCR-induced
NF-�B activation. Of note, a recent proteomic study suggests that
�-arrestin 2 is associated with complexes containing TAK1 and
IKK�, two positive regulators of NF-�B activation, after AngII
stimulation (24). These data are consistent with our findings
because AngII, like LPA, can induce NF-�B activation (7, 9).

Previous studies show that stimulation of �2-adrenergic receptor
(�2AR), another GPCR family member, inhibits TNF�-induced

Fig. 5. The domain of CARMA3 interacted with �-ar-
restin 2. (A) Schematic diagram of full-length and dele-
tion mutants of CARMA3. CC, coil-coiled domain; SH3, Src
homology 3 domain; PDZ, PDZ domain; GUK, guanylate
kinase domain. (B) FLAG-tagged full-length or deletion
mutants of CARMA3 together with HA-tagged �-arrestin
2 was transfected into HEK293T cells. Twenty hours after
transfection, cell lysates were subjected to immunopre-
cipitation (IP) with anti-FLAG antibody-conjugated
beads, and immunoprecipitated proteins and cell lysates
were subjected to SDS/PAGE and analyzed by immuno-
blotting with the indicated antibodies.

17088 � www.pnas.org�cgi�doi�10.1073�pnas.0802701105 Sun and Lin

http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0802701105/DCSupplemental/Supplemental_PDF#nameddest=SF5


NF-�B activation (23). This work suggests that �2AR induces I�B�
stabilization through �-arrestin 2, which is opposite to its role in
LPA signaling pathway. Currently, it is not clear why �-arrestin 2
functions differently for NF-�B activation in these two GPCR
pathways. However, it should be pointed out that different GPCRs
activate different G� subunits and downstream effectors (2, 3).
�2AR signals through a G�s–PKA signaling cascade, which may
inhibit NF-�B activation (2), whereas LPA receptors trigger a
G�q–PKC-mediated signaling cascade, leading to activation of
NF-�B (6). One possibility is that these pathways may induce
different posttranslational modifications of �-arrestin 2. Therefore,
�-arrestin 2 serves as a positive regulator in LPA-induced NF-�B
activation, whereas in other pathways, it serves as a negative
regulator. Future investigation of signal-dependent posttransla-
tional modification of �-arrestin 2 may provide the molecular
mechanism of �-arrestin 2-mediated functions.

It has been shown that PKC is involved in LPA-induced NF-�B
activation (25, 26). Our results, showing that NF-�B activation is
defective in �-arrestin 2-deficient cells with stimulation of PMA
plus Ionomycin, the pharmacological agonist of PKC, indicate that
�-arrestin 2 is also required for PKC-induced NF-�B activation (6).
Earlier studies indicate that PKC-mediated phosphorylation of
CARMA1 (27, 28) is required for antigen receptor-induced NF-�B
activation. Because CARMA3, the nonhematopoietic homolog of
CARMA1, associates with �-arrestin 2 and is required for PKC-
induced NF-�B activation (6), we hypothesize that �-arrestin 2 may
recruit CARMA3 to the proximity of PKC in GPCR signaling

pathways and facilitate PKC-mediated phosphorylation of
CARMA3, leading to NF-�B activation. This hypothesis will be
tested in the future studies.

The current model for IKK activation is that a signal-induced
IKK�/� phosphorylation is required for the activation of the IKK
complex. However, our recent studies indicate that the deficiency
of either CARMA1 or CARMA3 impairs IKK activation without
affecting the signal-induced IKK�/� phosphorylation after TCR,
LPA, or PMA/Iono stimulation, suggesting that the signal-induced
phosphorylation of IKK�/� is not sufficient to activate the IKK
complex, and other modifications such as ubiquitination may be
required to do so (6, 29). Therefore, we have proposed that
GPCR-induced IKK activation is controlled through two signaling
events: a CARMA3-independent IKK phosphorylation and
CARMA3-dependent IKK ubiquitination (6). Consistent with our
model that �-arrestin 2 recruits CARMA3 in the GPCR signaling
pathway, we find that, although �-arrestin 2 is required for LPA-
induced IKK activation, it is not required for the LPA-induced IKK
phosphorylation.

Although �-arrestin 1 and �-arrestin 2 share 70% of homologous
sequence with similar expression pattern and are involved in
desensitizing GPCR-induced signaling pathways, recent studies
suggest that they have different functions (10–16, 20, 21, 23, 30–35).
Our data further support that these two proteins play different roles
in GPCR-induced signaling pathways. Of note, although only
�-arrestin 2 is functionally required for LPA-induced NF-�B acti-
vation, both �-arrestin 1 and �-arrestin 2 associate with CARMA3.

Fig. 6. �-Arrestin 2 links CARMA3 to LPA receptor.
(A) Expression vectors encoding HA-�-arrestin 2, HA-
LPA1, and FLAG-CARMA3 at different combinations
were transfected into HEK293T cells. Twenty hours
after transfection, cell lysates were subjected to im-
munoprecipitation (IP) with anti-FLAG antibody-
conjugated beads, and immunoprecipitated pro-
teins and cell lysates were subjected to SDS/PAGE and
analyzed by immunoblotting with the indicated an-
tibodies. (B) Working model for �-arrestin 2-medi-
ated NF-�B activation. GPCR (LPA receptor)-induced
NF-�B activation involves in the �-arrestin-depen-
dent recruitment of CARMA3 to the receptor. The
recruitment of CARMA3 leads to the formation of a
complex containing Bcl10, MALT1, and TRAF6. This
complex may regulate polyubiquitination or un-
known modification of the IKK complex, whereas a
�-arrestin 2- and CARMA3-independent, but PKC-
dependent signal induces IKK phosphorylation by an
unknown kinase in the GPCR signaling pathway. In the
absence of �-arrestin 2, CARMA3 is not recruited into
the LPA receptor complex. Therefore, CARMA3-
dependent regulation of IKK complex is impaired,
which results in the defect of IKK and NF-�B activation.
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One possible explanation is that �-arrestin 1 and �-arrestin 2 can
form heterodimeric complexes in cells (24), whereas only �-arrestin
2 is required for association with other key components for acti-
vation of NF-�B. Another possibility is that �-arrestin 1 associates
with CARMA3 and mediates other unknown functions, which
remains to be investigated further.

In summary, our studies reveal a signaling pathway in which
�-arrestin 2 recruits CARMA3 to LPA receptors (Fig. 6B), thereby
functioning as a positive regulator, leading to NF-�B activation.
Because the signaling pathways around the membrane-proximal
region of LPA receptor and GPCRs are quite conserved, our results
not only provide the genetic evidence that �-arrestin 2 is required
for LPA-induced NF-�B activation, but also provide a possible link
between other GPCRs and CARMA3-mediated NF-�B activation.
However, it remains to be determined whether PKC phosphory-
lates CARMA3 and how IKK�/� is phosphorylated in the �-
arrestin 2/CARMA3-independent pathway (Fig. 6B).

Materials and Methods
Cell Lines. Wild-type, �arr1 KO, �arr2 KO, and �arr1/2 dKO MEF cells were
provided by Robert Lefkowitz (Duke University, Durham, NC) and maintained in
DMEM containing 10% FCS at 37°C with 5% CO2. HEK293T cells were cultured in
the same condition.

Antibodies, Plasmids, and Reagents. Antibodies to IKK�/� (H470), IKK� (H744),
IKK� (FL419), I�B� (C21), ERK2 (C14), HA (7392), FLAG (M2), phospho-ERK1/2
(9101S), phospho-I�B� (9246L), phospho-JNK1/2 (9251L), and JNK1/2 (9252) were
purchased from Santa Cruz Biotechnology, Sigma, or Cell Signaling. Rabbit IgG
TrueBlotwaspurchasedfromBioscience(18-8816-31).�-Arrestinantibodieswere
provided by Robert Lefkowitz. CARMA3 antibody was generated as described in
ref. 6.

FLAG-tagged �-arrestin 1 and �-arrestin 2 expression vectors were kindly
provided by Robert Lefkowitz. HA-tagged LPA1 was provided by Shuang Huang
(Medical College of Georgia, Augusta, GA). HA-tagged full-length �-arrestin 2
and FLAG-tagged deletion mutants of �-arrestin 2 were generated by PCR and
subcloned into pCMVtag4 in-frame with an epitope tag at the C terminus.
Full-length HA-CARMA3, FLAG-CARMA3, and FLAG-CARMA3 mutants with C-
terminal tags were similarly constructed.

LPA(18:1)was fromAvantiPolarLipids. PMAand Ionomycinwere fromSigma.
TNF� was from Endogen.

Immunoprecipitation and Western Blotting. Various epitope-tagged constructs
were transfected into HEK293T cells by calcium phosphate precipitation. After a
16-h incubation, HEK293T cells were detached by manual scraping, collected by
centrifugation, and lysed in lysis buffer [250 mM NaCl, 50 mM Hepes (pH 7.4), 1
mM EDTA, 1% Nonidet P-40, protease inhibitors]. Each sample was incubated
with anti-HA antibodies and protein A–agarose beads (Roche Applied Science) or
anti-FLAG beads (Sigma) at 4°C overnight. Agarose beads were washed three
times in cold lysis buffer. Then, the precipitates were boiled for 5 min in SDS
loading buffer, loaded onto 10% SDS/polyacrylamide gels, transferred to nitro-
cellulose membrane, and immunoblotted with corresponding antibodies.

EMSA. NF-�B and OCT-1 oligonucleotide probes were purchased from Promega
and labeled with [�-32P]ATP. MEF cells (1 � 106) were starved for 4 h and
stimulated for 30–60 min. Nuclear extracts were prepared from these cells and
then incubated with 32P-labeled probes in 10 mM Hepes (pH 7.9), 40 mM NaCl, 1
mM EDTA, 4% glycerol, 3 �g of poly(dI�dC), and 0.5 mM DTT for 15 min at room
temperature. The samples were then run on a nondenaturing polyacrylamide gel
and exposed to x-ray film at �80°C.

In Vitro Kinase Assay. IKK proteins were immunoprecipitated from cells by using
IKK�andIKK�antibodiesandproteinA–agarosefor4h.The immunoprecipitates
were washed and mixed with kinase buffer [10 mM Hepes (pH 7.4), 1 mM MnCl2,
5 mM MgCl2, 12.5 mM glycero-2-phosphate, 0.05 mM Na3VO4, 2 mM NaF, 0.5 mM
DTT, 10 �M ATP] plus 0.5 �Ci of [�-32P]ATP in the presence of 1 �g of recombinant
GST-tagged I�B�. Samples were incubated for 30 min at 30°C. The kinase reaction
was terminated by adding 20 �l of 2� SDS loading buffer. The reaction mixtures
were then subjected to SDS/PAGE and autoradiography.

ELISA. Wild-type or �-arrestin 2-deficient MEF cells were serum-starved for 4 h
and then stimulated with LPA (10 ��), PMA (40 ng/ml) plus Ionomycin (100
ng/ml), or TNF� for different time points. The media from these cultures were
collected and subjected to IL-6 ELISA analysis according to the manufacturer’s
instructions (Quantikine kit; R&D Systems).

�-Arrestin 1- or 2-Reconstituted MEF Cells. Phoenix cells were transfected with
pLPC vector encoding either FLAG-tagged �-arrestin 1 or 2 by using calcium
phosphate precipitation. After 2 days, supernatants were collected to infect
�arr1/2 dKO MEF cells for 1 day. Then, the infected cells were selected under
puromycin for 2 days. The puromycin-resistant cells were used for EMSA or
Western blot analysis.
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