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G protein-coupled receptors (GPCRs) play pivotal roles in cell
proliferation, differentiation, and survival. Although many studies
indicate that the stimulation of GPCRs leads to NF-�B activation,
the molecular mechanism by which GPCRs induced NF-�B activa-
tion remains largely unknown. Bcl10 is an essential adaptor mol-
ecule connecting antigen receptor signaling cascades to NF-�B
activation in lymphocytes. However, the function of Bcl10 in
nonlymphoid cells remains to be determined. In this study, we
demonstrated that the deficiency of Bcl10 resulted in the defect in
NF-�B activation induced by either expressing the constitutively
active mutant of G protein or stimulation of cells with lysophos-
phatidic acid or endothelin-1, which activate their GPCR. In con-
trast, TNF-�-, LPS-, and integrin-induced NF-�B activation was not
affected in Bcl10-deficient cells. Together, our results provide
genetic evidence showing that Bcl10 is a key signaling component
mediating NF-�B activation induced by GPCRs in nonlymphoid cells.

lysophosphatidic acid � signal transduction � endothelin-1

G protein-coupled receptors (GPCRs) constitute a large
family of cell surface receptors and play important roles in

regulating cell migration, differentiation, proliferation, and sur-
vival (1). GPCRs transduce environmental signals across the
plasma membrane through their ability to stimulate guanine
nucleotide exchange by heterotrimeric G proteins (2). Exchange
of GDP for GTP results in activation of the G� subunits and
dissociation of the G�� subunits. The G� subunits contain
several subgroups, including Gi, Gs, Gq, G16, and G12/13. These G
proteins can independently activate their downstream signaling
cascades composed of scaffold/adaptor molecules and effector
enzymes, leading to activation of various transcription factors,
including NF-�B (3).

The NF-�B family of transcription factors plays critical roles
in controlling expression of survival factors, cytokines, and
proinflammatory molecules (4). Stimulation of various cell
surface receptors, including receptors for proinflammatory cy-
tokines, Toll-like receptors, antigen receptors, and GPCRs,
induces different signaling pathways, leading to activation of the
I�B kinase (IKK) complex. The activated IKK phosphorylates
the inhibitory molecules, I�Bs, triggering the rapid ubiquitina-
tion and proteolysis of I�Bs, which unmasks the nuclear local-
ization sequence of NF-�B. NF-�B is then rapidly translocated
from the cytoplasm into the nucleus, where it regulates the
transcription of its target genes (5). Although many GPCRs, such
as the receptors for lysophosphatidic acid (LPA), endothelin-1
(ET-1), and angiotensin-II, are shown to effectively activate
NF-�B, the molecular mechanism by which GPCRs activate
NF-�B remains largely unknown.

LPA is a potent bioactive lipid that elicits a wide variety of
biological actions, particularly as an inducer of cell proliferation,
migration, and survival. It regulates tissue remodeling, neuro-
genesis, myelination, olfactions, immunity, and reproductive
functions (6). In addition to its physiological functions, LPA is
involved in pathophysiological processes such as would healing,
cancer, and atherosclerosis (7). LPA binds to its cognate GPCRs,

LPA1–4, on the cell surface. These GPCRs initiate several
signaling pathways through Gq, Gi, and G12/13, leading to the
activation of various transcription factors, including NF-�B (8).
It has been shown that NF-�B is the key transcription factor
mediating LPA-induced expression of cytokines and prosurvival
factors (9). Although the molecular mechanism by which LPA
induces NF-�B activation remains to be determined, earlier
studies on signaling pathways induced by LPA receptors and
other GPCRs suggest that PKC mediates GPCR-induced NF-�B
activation (9, 10). However, how PKC activates the IKK complex
after the stimulation of GPCRs has yet to be determined.

Recent studies on antigen receptor signaling pathways have
demonstrated that a scaffold protein, CARMA1, is required for
antigen receptor-induced NF-�B activation and functions down-
stream of PKC (11–13). After the stimulation of T cell receptor,
it induces activation of PKC�, a novel isoform of PKC family
members. The activated PKC� phosphorylates CARMA1 (14,
15), which, in turn, recruits Bcl10 and MALT1 to form a
CARMA1–Bcl10–MALT1 (CBM) complex. The formation of
the CBM complex has been shown to activate IKK through an
ubiquitination-dependent pathway (16–19), leading to activation
of NF-�B. Because the CBM complex functions downstream of
PKCs in antigen receptor signaling pathways, we postulated that
the CBM complex may also play an important role downstream
of PKCs in GPCR-induced signaling pathways. In this study, we
have tested this hypothesis and demonstrated that Bcl10 is
required for GPCR-induced NF-�B activation after stimulation
by LPA and ET-1.

Results
To examine whether Bcl10 is required for NF-�B activation
induced by GPCRs, we first expressed the constitutively active
mutants of G�q and G�12, which have been shown to mediate
GPCR-induced NF-�B activation (20), in human embryo kidney
293T cells together with or without siRNA for Bcl10 (Fig. 1A).
We found that expression of G�q and G�12 effectively activated
NF-�B, whereas the transfection of Bcl10 siRNA reduced the
expression of Bcl10 (Fig. 1B) and inhibited G�q- and G�12-
induced NF-�B activation (Fig. 1 A). Together, these results
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suggest that Bcl10 may be involved in G protein-mediated NF-�B
activation.

To further investigate whether Bcl10 is required for GPCR-
induced NF-�B activation after a physiological stimulation, we
made mouse embryonic fibroblasts (MEFs) from Bcl10�/� and
Bcl10�/� mice. These cells were stimulated with or without LPA,
and the nuclear extracts were prepared. LPA-induced NF-�B
activation was examined by EMSA. Although LPA effectively
induced NF-�B activation in Bcl10�/� MEF cells, this induction
of NF-�B activation was significantly impaired in Bcl10�/� MEF
cells (Fig. 2A). This defect was specific for LPA-induced NF-�B
pathway, because TNF�-induced NF-�B activation was not
affected in Bcl10�/� cells (Fig. 2 A). In the same experiment, we
observed that activator protein-1 (AP-1) activation was not
defected in Bcl10�/� cells, although the constitutive level of
AP-1 activity was much higher in Bcl10�/� cells than in Bcl10�/�

cells (Fig. 2 A), which may be because NF-�B can negatively
regulate AP-1 activity (21, 22). We next examined the degrada-
tion of I�B� after LPA or TNF-� stimulation. As shown in Fig.
2B, LPA stimulation slightly induced some degradation of I�B�
in Bcl10�/� MEF cells (Fig. 2B Upper). In contrast, the I�B�
level remained almost unchanged after LPA stimulation in
Bcl10�/� MEF cells (Fig. 2B Upper), whereas TNF-� effectively
induced I�B� degradation in both Bcl10�/� and Bcl10�/� MEF
cells (Fig. 2B). Of note, LPA induced only a very small amount
of I�B� degradation in comparison to TNF-� even in Bcl10�/�

MEF cells, which is consistent with the fact that NF-�B activa-
tion induced by LPA is much weaker than that induced by TNF-�
(Fig. 2 A). However, LPA-induced degradation of I�B� is nec-
essary for NF-�B activation, because inhibition of LPA-induced
and proteasome-mediated I�B� degradation by proteasome
inhibitor (MG132) completely abrogated LPA-induced NF-�B
activation (data not shown). Together, these results indicate
that although LPA induces significantly weaker NF-�B activa-
tion than TNF-�, Bcl10 is required for LPA-induced NF-�B
activation.

To further confirm that the defect of NF-�B activation
induced by LPA in Bcl10�/� MEF cells is caused by the
disruption of the Bcl10 gene, we constructed a retroviral vector
encoding Bcl10 cDNA. In this construct, a GFP gene is under the
control of an internal ribosome entry site (IRES) cassette
downstream of Bcl10 gene (Fig. 3A) and is used to monitor the
infection rate. These vectors were transfected into packaging cell
lines to generate virus particles that were used to infect Bcl10�/�

MEF cells. Although �30% of cells were infected (data not
shown), Bcl10 expression was readily detected in the infected
cells (Fig. 3B). Importantly, the expression of Bcl10 restored
LPA-induced NF-�B activation in Bcl10�/� MEF cells (Fig. 3C).
These results confirmed that Bcl10 is indeed a critical signaling
molecule for LPA-induced NF-�B activation.

Previous studies also suggest that activation of phosphatidyl-
inositol 3-kinase (PI3K) contributes to the activation of NF-�B
induced by GPCRs (20). To investigate whether PI3K is involved
in LPA-induced NF-�B activation, we pretreated MEF cells with
or without a potent PI3K inhibitor, Wortmannin, which inhibits
PI3K activation. LPA-induced activation of NF-�B and AP-1
was examined by EMSA. Interestingly, we found that NF-�B
activation induced by both LPA and TNF-� was not inhibited
with this inhibitor (Fig. 4A) in Bcl10�/� MEF cells, although this
inhibitor significantly reduced the basal level of Akt phosphor-
ylation (Fig. 4B). In contrast, LPA-induced NF-�B activation
was significantly defected in Bcl10�/� MEF cells (Fig. 4A),
Together these data indicate that the Bcl10-mediated, but not
PI3K-Akt-mediated, pathway is required for LPA-induced
NF-�B activation.

To investigate whether the requirement of Bcl10 in LPA-
induced signaling pathways is specific for NF-�B activation, we

Fig. 1. Effect of Bcl10 siRNA on G�-induced NF-�B activation. Human embryo
kidney 293T cells were treated with transfection reagent alone or siRNA
against Bcl10 (50 nM) for 48 h, then cells were transfected with NF-�B-
dependent luciferase reporter together with G�q(Q209L), G�12(Q229), or
pCMV5 vector DNA. At 6 h after transfection, the cells were starved for
�16–18 h. Whole-cell lysates were prepared from these cells. (A) Luciferase
activities were determined by dual-luciferase reporter assay. Data are the
mean of triplicates from a representative experiment. (B) Cell lysates were
subjected to 10% acrylamide SDS/PAGE followed by Western blot using the
indicated antibodies.

Fig. 2. Bcl10 is required for LPA-induced NF-�B activation. (A) Bcl10�/� or
Bcl10�/� MEF cells were stimulated with LPA or TNF-� for 30 or 60 min. Nuclear
extracts were prepared from these cells and used for EMSA with 32P-labeled
NF-�B or AP-1 probes. Med, Medium. (B) Bcl10�/� or Bcl10�/� MEF cells were
pretreated with cycloheximide for 30 min and then stimulated with LPA or
TNF-� for the indicated time points. Cell lysates were prepared from these cells
and subjected to SDS/PAGE and Western blot analysis with the antibodies as
indicated.

146 � www.pnas.org�cgi�doi�10.1073�pnas.0601894104 Wang et al.



determined MAP kinase activation after the stimulation of
Bcl10�/� and Bcl10�/� MEF cells with LPA. The activation of
JNK and ERK in these cells was examined by Western blotting
analyses using antibodies against phospho-JNK or phospho-
ERK. We found that LPA and phorbol-12-myristate-13-acetate

(PMA)/ionomycin stimulation induced the phosphorylation of
JNK and ERK in both Bcl10�/� and Bcl10�/� MEF cells (Fig.
4C). Therefore, these results indicate that the deficiency of Bcl10
does not affect the activation of MAP kinases induced by LPA.

To examine whether Bcl10 is required for other GPCR-
induced NF-�B activation, we stimulated Bcl10�/� and Bcl10�/�

MEF cells with ET-1, another GPCR ligand, which also induces
NF-�B activation. Similar to LPA, ET-1 effectively induced
NF-�B activation in Bcl10�/� MEF cells, but it failed to do so in
Bcl10�/� MEF cells (Fig. 5A). Consistent with the requirement
of PKC isoforms in GPCR-induced NF-�B activation, although
stimulation of Bcl10�/� MEF cells with PMA plus ionomycin,
which activates PKCs, effectively activated NF-�B (Fig. 5A), this
stimulation failed to induce NF-�B activation in Bcl10�/� MEF
cells (Fig. 5A), suggesting that PKC-induced NF-�B activation
depends on Bcl10. Because earlier studies suggest that PKC is
also involved in integrin-induced NF-�B activation (23), we
hypothesized that integrin-induced NF-�B also depends on
Bcl10. Surprisingly, we found that osteopontin and fibronectin,
which activate �v�3 and �v�1 integrin, respectively, effectively
induced NF-�B activation in both Bcl10�/� and Bcl10�/� MEF
cells (Fig. 5B). In addition, we examined whether Toll-like
receptor-induced NF-�B depends on Bcl10 and found that LPS
induced comparable levels of NF-�B activation in both Bcl10�/�

and Bcl10�/� MEF cells (Fig. 2B). Together, these results
indicate that Bcl10 is selectively involved in GPCR-induced
NF-�B activation.

IL-8 is the major chemoattractant and activator for neutro-
phils and is a key component of innate immunity. Recently, it was
reported that LPA-induced IL-8 production depends on NF-�B
in human bronchial epithelial cells (10). Because Bcl10 mediates
LPA-induced NF-�B activation, we examined whether LPA-
induced IL-8 production would be defected in Bcl10�/� MEF
cells. To test this hypothesis, supernatants from LPA-stimulated
Bcl10�/� and Bcl10�/� MEF cells were analyzed for the pro-
duction of macrophage inflammatory protein-2 (MIP-2), the

Fig. 3. Retroviral-transduced Bcl10 rescues the defect in Bcl10�/� cells. (A)
Schematic presentation of retroviral vectors encoding GFP or Bcl10–IRES–GFP.
(B) Bcl10�/� MEF cells were infected with retrovirus encoding GFP (Mock) or
Bcl10–IRES–GFP (Bcl10). Cell lysates were prepared and subjected to immu-
noblot with anti-Bcl10 antibodies. (C) Nuclear extracts were prepared from
the retroviral-infected Bcl10�/�MEFs or Bcl10�/� MEF cells after LPA stimula-
tion. NF-�B and Oct-1 activities were examined by EMSA with 32P-labeled
NF-�B and AP-1 probes. N/A, noninfected.

Fig. 4. LPA-induced NF-�B activation depends on Bcl10, but not PI3K activation. (A) Bcl10�/� or Bcl10�/� MEF cells were stimulated with LPA and TNF-� in the
absence or presence of Wortmannin (WM). Nuclear extracts and cell lysates were prepared for EMSA with 32P-labeled NF-�B, AP-1, or Oct-1 probes. Med, medium.
(B) Lysates of these cells were subjected to Western blot analysis with the antibodies indicated. (C) Bcl10�/� or Bcl10�/� MEF cells were stimulated with LPA or
PMA plus ionomycin (P/I) for various time points. Cell lysates were prepared and subjected to Western blot analysis with the antibodies indicated.
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murine homolog of human IL-8. Although LPA stimulation
induced a significant increase of MIP-2 production in Bcl10�/�

MEF cells, this induction was significantly reduced in Bcl10�/�

MEF cells (Fig. 6A). Thus, the defect in LPA-induced NF-�B
activation resulted in impaired production of MIP-2 in Bcl10�/�

MEF cells after LPA stimulation.

Discussion
GPCRs play pivotal roles in cell proliferation, differentiation,
and survival. Although many studies indicate that stimulation of
GPCRs leads to NF-�B activation, the molecular mechanism by
which GPCRs induce NF-�B activation remains largely un-
known. Bcl10 is an adaptor protein that mediates antigen
receptor-induced NF-�B in lymphocytes. However, the physio-
logical role of Bcl10 in nonlymphoid cells is completely un-
known. In this study, we demonstrate that Bcl10 is required for
GPCR-induced NF-�B activation. We have found that NF-�B

activation induced by LPA or ET-1 is significantly defective in
Bcl10�/� MEF cells (Figs. 2–5). This defect of NF-�B activation
is very specific, because Bcl10 deficiency neither affects TNF-�-,
LPS-, or integrin-induced NF-�B activation, nor GPCR-induced
MAP kinase activation (Figs. 4 and 5). Although we only
investigated NF-�B activation induced by two GPCRs, we were
able to show that NF-�B activation induced by constitutively
active mutants of G� subunits was defective when endogenous
Bcl10 expression was inhibited by Bcl10 siRNA (Fig. 1), sug-
gesting that other GPCRs may also use the Bcl10-dependent
pathway to activate NF-�B. Together, our results provide genetic
evidence that GPCR-induced NF-�B activation depends on
Bcl10.

Because Bcl10 forms a complex with MALT1 to activate the
IKK complex through ubiquitination of the IKK�/NEMO sub-
unit of the IKK complex in antigen receptor signaling pathways,
it is likely that Bcl10 also regulates IKK activation through

Fig. 5. Bcl10 is required for NF-�B activation induced by ET-1, LPA, and PMA/ionomycin, but not by LPS, TNF-�, and integrins. (A) Bcl10�/� or Bcl10�/� MEF cells
were stimulated with or without ET-1, LPA, PMA (20 ng/ml) plus ionomycin (PMA�Iono; 200 ng/ml), or TNF-� (10 ng/ml). Nuclear extracts were prepared from
these cells and subjected to EMSA with 32P-labeled NF-�B or Oct-1 probes. Med, medium. (B) Bcl10�/� or Bcl10�/� MEFs were plated onto dishes precoated with
poly-L-Lys (PLL), osteopontin (OPN), or fibronectin (FBN) for 2 h. For TNF-� and LPS stimulation, cells were plated onto PLL-coated dishes for 1.5 h and then
stimulated with TNF-� (10 ng/ml) or LPS (10 ng/ml) for 30 min. Nuclear extracts were prepared from these cells and subjected to EMSA with 32P-labeled NF-�B
or Oct-1 probes.

Fig. 6. LPA-induced MIP-2 production depends on Bcl10. (A) Bcl10�/� or Bcl10�/� MEF cells were subcultured into 10-cm dishes in DMEM supplemented with
10% FCS and antibiotics for 48 h. The cell cultures were stimulated with or without LPA for another 24 h. Cultured media were collected and cleared by
centrifugation for ELISA analysis. MIP-2 level was determined by using the MIP-2 Quantikine kit from R&D Systems. Med, medium. (B) A schematic model of
GPCR-induced and T cell receptor (TCR)-induced signaling cascades. In the GPCR pathway, proximal signaling events lead to activation of PKC, which, in turn,
may regulate CARMA3 and Bcl10. The activated CARMA3 and Bcl10 may directly or indirectly regulate the IKK complex. In contrast, in the TCR pathway, PKC
phosphorylates CARMA1, which induces the formation of the CARMA1–Bcl10–MALT1 complex, leading to activation of the IKK complex.
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forming a complex with MALT1 in GPCR-induced signaling
pathways. Consistent with this hypothesis, Bcl10 has been shown
to associate with MALT1 in nonlymphoid cells (24). When the
expression level of MALT1 was partially inhibited by expressing
MALT1 siRNA, we found that NF-�B activation induced by the
constitutively active mutant of G�q was also partially defective
[supporting information (SI) Fig. 7], suggesting that MALT1 is
also involved in GPCR-induced NF-�B activation. Nevertheless,
additional studies, using cells deficient in MALT1, will be
needed to definitely demonstrate whether MALT1 is required
for GPCR-induced NF-�B activation.

Recent studies indicate that TAK1 is required for NF-�B
activation induced by TNF receptor and Toll-like receptor family
members (25, 26). Interestingly, it has been shown that TAK1 is
inducibly associated with Bcl10 in B cells after the stimulation of
BCR. Therefore, it is possible that TAK1 is also involved in
GPCR-induced NF-�B activation through forming a complex
with Bcl10. Consistent with this hypothesis, we found that
suppressing the expression of TAK1 using TAK1 siRNA inhib-
ited G�q-induced NF-�B activation (data not shown), suggesting
that TAK1 is required for GPCR-induced NF-�B activation.
However, we will need to use TAK1�/� cells to confirm this
finding.

Previous studies suggest that PI3K may play a role in GPCR-
induced NF-�B activation. However, our data show that inhibi-
tion of the PI3K pathway has no effects on LPA-induced nuclear
localization of NF-�B (Fig. 4), suggesting that the PI3K pathway
is not involved in LPA-induced IKK activation. However, it
remains to be determined whether PI3K signaling is involved in
the regulation of NF-�B transcriptional activity inside nuclei
after LPA stimulation. In addition, it will be important to
investigate whether NF-�B activation induced by other GPCRs
depends on the PI3K pathway.

Although it remains to be determined how GPCRs regulate
Bcl10, previous studies in antigen receptor-induced signaling
pathways have provided a potential mechanism by which Bcl10
is regulated by upstream signaling components. In lymphocytes,
the stimulation of antigen receptors activates PKCs, which
phosphorylate CARMA1. The phosphorylated CARMA1 fur-
ther recruits Bcl10 into the antigen receptor complexes. The
recruitment of Bcl10 activates MALT1 and TRAF6, leading to
activation of IKK. Previous studies have shown that PKC is also
involved in LPA-and other GPCR-induced NF-�B activation.
Therefore, it is likely that Bcl10 may also be regulated in a similar
manner in the GPCR signaling pathway. Because CARMA1 only
expresses in lymphocytes, CARMA3, the CARMA1 homolog in
nonlymphoid cells, may function downstream of PKC in GPCR
signaling pathways. Therefore, the PKC–CARMA–Bcl10 mod-
ule may constitute a common axis to transduce signals from PKC
to IKK downstream of antigen receptors and GPCRs (Fig. 6B).
Consistent with this model, we recently generated CARMA3-
knockout mice and found that CARMA3 is required for GPCR-
induced NF-�B activation (B. Grabiner and X.L., unpublished
work). Together, these results provide genetic evidence that the
PKC–CARMA–Bcl10–IKK signaling axis exists in multiple tis-
sues and functions in a similar mechanism.

Materials and Methods
Reagents. L-�-LPA (C18:1Cis-9) was from Sigma–Aldrich (St.
Louis, MO). PMA was from Calbiochem (San Diego, CA).
TNF-� was from Upstate Biotechnology (Lake Placid, NY).
Antibodies against I�B� was a kind gift from Shao-Cong Sun
(Pennsylvania State University, State College, PA). Antibodies
against JNK, Erk, Akt, and their phosphorylated forms were
from Cell Signaling (Beverly, MA). Antibodies specific for
Bcl10, G�q, and Actin were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Bcl10 siRNA and relative trans-
fection reagents were obtained from Dharmacon (Lafayette,

CO). The target sequences for Bcl10 gene silencing are:
GAAAUUUCUUGUCGAACAUUU (sense sequence) and 5�-
PAUGUUCGACAAGAAAUUUCUU (antisense sequence).
The plasmids encoding G�q(Q209L) and G�12(Q229L) were
kindly provided by Richard D. Ye (University of Illinois, Chi-
cago, IL).

Cell Culture and Transfection. Mouse Bcl10�/� and Bcl10�/� MEF
cells were cultured in DMEM supplemented with 10% FBS,
penicillin (100 units/ml), and streptomycin (100 units/ml). Cells
were grown in 8% CO2 at 37°C. For all experiments, 1–2 � 106

cells were plated into 10-cm tissue culture plates. After 24–48 h,
cells were starved in DMEM with 1% FBS and antibiotics for an
additional 12–18 h. LPA (prepared as a stock of 1 mg/ml) in PBS
containing 10 mg/ml essentially fatty acid-free BSA (Sigma) and
other reagents or vehicles were added to achieve the concen-
trations specified. Wortmannin treatment was carried out by
adding Wortmannin (Biosource, Inc., Camarillo, CA) to a final
concentration of 8 �M for 1 h before LPA stimulation.

Human embryo kidney 293T cells were maintained in DMEM
supplemented with 10% FBS, penicillin (100 units/ml), and
streptomycin (100 units/ml). Cells were grown in 5% CO2 at 37°C
and passed every 3 days. Cells (0.1 � 106 per well) were plated
in 12-well plates the day before transfection. Bcl10 siRNA
transfection was performed according to the manufacturer’s
instructions (Dharmacon, Inc.). Forty-eight hours after siRNA
tranfection, cells were transfected with reporter plasmid encod-
ing 5� NF-�B-luc (60 ng) and pEF-Renilla-luc (10 ng) together
with active mutants of G�, G�q(Q209L), and G�12(Q229L), or
pCMV5 vector DNA (80 ng per sample) by using the calcium
phosphate precipitation method. Six hours later, cells were
serum-starved for 16–18 h. Cell lysates prepared for luciferase
activities were measured with dual-luciferase assay kits (Pro-
mega, Madison, WI). NF-�B activities were determined by
normalization of NF-�B-dependent Firefly luciferase to Renilla
luciferase activity.

EMSA. Nuclear extracts were prepared from stimulated MEF cells.
Nuclear extracts (10 �g) were mixed with 32P-labeled NF-�B, AP-1,
or Oct-1 probes (Promega) and incubated at room temperature for
15 min. The mixtures were then subjected to electrophoresis on a
6% polyacrylamide gel and autoradiography.

Integrin-Induced NF-�B Activation. Six-well dishes were coated with
recombinant mouse osteopontin (2 �g/ml), fibronectin (10 �g/
ml), or poly-L-Lys (5 �g/ml) in PBS overnight at 4°C. The dishes
were washed with PBS. A total of 2 � 106 serum-starved MEF
cells were plated onto the dishes for 2 h. For TNF-� and LPS
stimulation, 10 ng/ml TNF-� or 10 ng/ml LPS was added to
poly-L-Lys-plated cells 30 min before harvest. After stimulation,
the cells were collected and lysed, and nuclear extracts were
prepared. Nuclear extracts were then subjected to EMSA for the
detection of NF-�B activation.

Western Blot. After different stimulations, MEF cells were rinsed
with PBS and then lysed in ELB buffer (10 mM Hepes, pH
7.4/250 mM NaCl/1 mM EDTA/1% Nonidet P-40 and supple-
mented with the mixture of protease inhibitors (Roche, India-
napolis, IN). Cell lysates were then subjected to SDS/PAGE,
transferred onto nitrocellulose, and probed with individual
antibodies.

Retroviral Infection. Cell lines, transfected with a retroviral vector
that encodes Bcl10 or the empty retroviral vector, were provided
by Demin Wang (The Blood Center of Southeastern Wisconsin,
Milwaukee, WI). These virus-producing cells were kept in
DMEM supplemented with 10% FCS and antibiotics. After 90%
confluence, cultured media were collected every 24 h. For
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infections of MEF cells, 1 � 106 MEF cells were resuspended in
freshly collected supernatant from retrovirus-generating cell
lines and kept in culture, and culture medium was replaced with
freshly collected retroviral supernatant every 24 h. At 48 h, MEF
cells were starved in DMEM/1% FCS for 12–18 h, and LPA
stimulation was carried out as described above.

ELISA. A total of 1 � 106 MEF cells were plated into 10-cm dishes
for 24 h in DMEM supplemented with 10% FCS and antibiotics.
The medium was then replaced with DMEM/0.1% FCS and
antibiotics for 18 h. LPA was then added to a final concentration
of 10 �M. The cells were then cultured for another 24 h. Culture
supernatants were collected and cleared by centrifugation and

stored at �80°C for ELISA analysis. The MIP-2 level was
determined by using the MIP-2 Quantikine kit from R&D
Systems (Minneapolis, MN) according to the manufacturer’s
instruction manual.
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