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Abstract

Lysophosphatidic acid (LPA) is a potent agonist that exerts various cellular functions on many cell
types through binding to its cognate G protein-coupled receptors (GPCRs). Although LPA induces
NF-«B activation by acting on its GPCR receptor, the molecular mechanism of LPA receptor-
mediated NF-xB activation remains to be well defined. In the present study, by using MEKK3-,
TAK1-, and IKKp-deficient murine embryonic fibroblasts (MEFs), we found that MEKK3 but not
TAK1 deficiency impairs LPA and protein kinase C (PKC)-induced IxB kinase (IKK)-NF-xB
activation, and IKKp is required for PKC-induced NF-kB activation. In addition, we demonstrate
that LPA and PKC-induced IL-6 and MIP-2 production are abolished in the absence of MEKK3 but
not TAK1. Together, our results provide the genetic evidence that MEKK3 but not TAK1 is required
for LPA receptor-mediated IKK-NF-xB activation.
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1. Introduction

The nuclear factor-xB (NF-xB) family of transcription factors plays an important role in
regulating the expression of genes responsible for innate and adaptive immunity, stress
responses, anti-apoptosis, cell proliferation, and differentiation (1-4). In resting cells, NF-xB
is retained in the cytosol in an inactive form through interaction with IxB inhibitory proteins.
Release of NF-kB for translocation to the nucleus and activation of NF-xB dependent genes
is accomplished through a signal-induced phosphorylation of 1kB by IxB kinase (IKK) and
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subsequent IkBo degradation (5-8). Upon binding to their agonist ligands, various cell surface
receptors, including receptors for proinflammatory cytokines such as TNFo and IL-1, Toll-like
receptors (TLRs), antigen receptors, and GPCRs, induce distinct signaling pathways that
eventually converge on IKK complex to activate NF-xB (9). A major challenge in the NF-«B
field is to understand how these distinct receptor-mediated signaling effectors activate IKK/
NF-«B in a signal-specific manner (10).

Lysophosphatidic acid (LPA) is a naturally occurring, water-soluble glycerophospholipid that
exerts hormone- and growth factor-like activities on many cell types including fibroblasts,
endothelial cells, and smooth muscle cells (11-12). LPA is involved in the regulation of various
cellular responses such as cell proliferation, chemotaxis and survival through binding to its
cognate G protein-coupled receptors (GPCRs) and activating LPA receptor-mediated multiple
effector molecules, including NF-xB (11). Recently, the adaptor and scaffold proteins B-
arrestin2, Bcl10, MALT1 and CARMA3 were identified as essential signal transducers to
mediate LPA-induced NF-«B activation (13-17). Two members of MAP3K serine/threonine
kinase family, MEKK3 and TAK1 have been demonstrated to be involved in regulating NF-
kB activation through IKK (18-22). Surprisingly, it has been suggested that TAK1 is not
essential in the LPA-mediated NF-kB activation (15). We therefore tested whether MEKK3 is
required for LPA-induced NF-kB activation. Using MEKK3- and TAK1-deficient MEF cell
lines, we demonstrate that MEKK3 but not TAK1 is required for LPA receptor-mediated IKK-
NF-xB activation. These results reveal that MEKKS3, but not TAK1, preferentially mediates
GPCR-induced NF-«kB activation.

2. Materials and methods

2.1. Antibodies, plasmids and reagents

Antibodies against ERK1/2, phospho-ERK1/2, INK, phospho-JNK, IkBa, phospho-lxBa,
IKKB, phospho-IKKa/B, TAKL, and secondary antibodies conjugated to horseradish
peroxidase were purchased from Cell Signaling Technology (Beverly, MA). Antibodies
against PCNA (PC-10), NF-xB-p65 were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Antibody against MEKK3 was from BD Biosciences Pharmingen (San Diego, CA).
Antibody against -actin were from Sigma (St. Louis, MO). pBabe-vector and pBabe-HA-
MEKKS expression vector has been described previously (20). The NF-xB-dependent firefly
luciferase reporter plasmid and pCMV promoter-dependent Renilla-luciferase reporter were
purchased from Clontech (Mountain View, California). LPA, phorbol-12-myristate-13-acetate
(PMA\) and ionomycin (lono) were purchased from Sigma. Mouse IL-6 and MIP-2 ELISA kits
were purchased from BD Biosciences and R & D Systems (Minneapolis, MN), respectively.
The ECL-Plus Western blotting system was purchased from GE Healthcare Bio-sciences Corp.

2.2. Cell Culture and transfection

MEKK3"-, TAK17-and IKKB~as well as the reconstituted MEF cell lines have been described
previously (20;22;23). These cells are maintained in DMEM containing 10% FCS at 37°C with
5% CO», and transfected with Lipofectamine 2000 (Invitrogen) following the manufacturer's
protocol.

2.3. Luciferase reporter gene assay

Luciferase reporter gene assay was performed using a dual luciferase reporter assay system
(Promega, Madison, WI) and a Monolight 3010 luminometer (BD Pharmingen) as described
previously (Yang et al., 2001). Briefly, targeted cells were transiently cotransfected with
specific vectors and an NF-kB-dependent firefly luciferase reporter construct as well as a
Renilla-luciferase control construct. Cellular extracts were prepared 36 h post-transfection and
the luciferase activities were determined. Relative NF-«xB luciferase activity was normalized
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to Renilla-luciferase activity. Changes in luciferase activity with respect to control were
calculated. Each experiment was conducted in triplicate.

2.4, Preparation of nuclear and cytosolic fractions

Nuclear and cytosolic extracts were made as described (20). In brief, cells were harvested in
ice-cold PBS (pH 7.4) and were pelleted by centrifugation at 500 xg for 3 min and then lysed
for 30 min on ice in buffer B (10 mM HEPES buffer, pH 7.9, containing 0.1 mM EDTA, 10
mM KCI, 0.4% (v/v) IGEPAL, 0.5 mM dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl
fluoride (PMSF)). Lysates were centrifuged at 15,000 xg for 10 min. The resulting supernatants
constituted cytosolic fractions. The pellets were washed three times with buffer B and
resuspended in buffer C (20 mM HEPES buffer, pH 7.9, containing 400 mM NaCl, 1 mM
EDTA, 1 mM DTT and 1 mM PMSF) and incubated for 30 min on ice and centrifuged at
15,000 xg for 10 min. The supernatants were used as nuclear extracts.

2.5. Electrophoretic mobility shift assay (EMSA)

NF-«B oligonucleotide probes were labeled with [y-32P]ATP. MEF cells (1 x 105) were starved
for 12 h and stimulated for the indicated time points. Nuclear extracts isolated from these cells
were then incubated with 32P-labeled probes in 10 mM HEPES (pH 7.9), 40 mM NaCl, 1 mM
EDTA, 4% glycerol, 3 pg of poly(dl-dC), and 0.5 mM DTT for 15 min at room temperature.
The samples were then resolved in a nondenaturing polyacrylamide gel and exposed to X-ray
film at -80°C.

2.6. Enzyme-linked immunosorbent assay (ELISA)

MEKKS3-deficient MEF cell lines stably transfected with vector control or MEKK3 were
treated with or without LPA (30 uM) or PMA (40 ng/ml) plus lono (100 ng/ml), the
supernatants were collected at different time points. Mouse IL-6 or MIP-2 concentrations in
the medium were determined by ELISA according to the manufacturer's instructions.

2.7 Immunoblotting

Cells were harvested in ice-cold PBS (pH 7.4) and spun down. The pellet was dissolved in
lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% IGEPAL, 0.25% Na-
deoxycholate, 1 mM PMSF, 1 mM DTT, 10 pg/ml aprotinin, 10 ug/ml leupeptin, 1 mM
Benzamidine, 20 mM disodium p-nitrophenylphosphate (pNPP), 0.1 mM sodium
orthovanadate (OV), 10 mM sodium fluoride (NaF), phosphatase inhibitor cocktail A and B
(Sigma Aldrich)). The cell lysates were subjected directly to 10% SDS-PAGE and probed for
the specific antibody for immunoblotting analysis.

3. Results

3.1. MEKK3 is required for LPA-induced IKK/NF-kB activation

Previous study suggests that TAK1 is not required for LPA-induced NF-«xB activation (15).
Therefore, we hypothesized that MEKK3, another NF-«xB activating MAP3K, is playing an
essential role in LPA-mediated NF-kB activation. To test this hypothesis, we used MEF cells
isolated from day 9.5 embryos of MEKK3 wild type (MEKK3*/*) and MEKK3-deficient
(MEKK3") mice. We first established MEKK3"- MEF stable cell lines reconstituted with
empty vector or HA-MEKK3 expression vector, respectively. The expression of HA-MEKK3
in the reconstituted MEF cell lines were verified by immunoblotting (Fig. 1A). Then
MEKK3*"* and MEKK3"- MEF cell lines reconstituted with vector control or HA-MEKK3
were treated with LPA at different time points and nuclear translocation of NF-«xB in these
cells were examined by EMSA and immunoblotting of the nuclear extracts with anti-NF-«xB-
p65 antibody (Figs. 1A and B). In this assay, LPA stimulation effectively induced NF-«xB
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nuclear translocation in the wild type and HA-MEKKS3-reconstituted MEFs, whereas LPA
stimulation failed to induce nuclear translocation of NF-kB in MEKK3"- MEFs (Figs. 1A and
B). These results suggest that MEKK3 is required for LPA-induced NF-«xB nuclear
translocation in the cells.

MEKKS has been shown to be involved in the regulation of IKK/NF-«B activation (18;20;
23;24). To further characterize the physiological role of MEKK3 in LPA-mediated NF-«xB
activation, MEKK3- MEF cell lines reconstituted with vector control or HA-MEKK3 were
treated with LPA at different time points and subsequently lysed. The cell lysates were
immunoblotted with the indicated antibodies to examine the LPA-induced IKK and IxBa
phosphorylation. In this assay, LPA-induced IKK and IxBa phosphorylation were significantly
impaired in the vector control MEKK3”- MEF cells compared to the MEKK3 reconstituted
cells (Fig. 1C).

Previous studies have shown that MEKK3 is involved in JNK activation (25-27). We found
that LPA failed to induce JNK2 phosphorylation in the MEKK3"~ MEF cells with vector
control compared to the MEKK3 reconstituted cells whereas LPA-induced JNK1
phosphorylation was only slightly inhibited in the vector control MEKK37- MEF cells at later
time points. Interestingly, LPA-induced-ERK phosphorylation was comparable in both cell
lines (Fig. 1C).

Consistent with these results, luciferase analysis with NF-«xB reporter showed that LPA failed
to induce the luciferase reporter gene expression in MEKK3- MEF cells with the vector control
whereas LPA induced higher level of reporter gene expression in the wild type and/or MEKK3
reconstituted MEF cells (Fig. 1D). Taken together, these results indicate that MEKKS3 is
required for LPA-induced optimal IKK/NF-kB activation.

3.2. MEKK3 is required for PMA/lono-induced IKK/NF-kB activation

Protein kinase C (PKC) members have been reported to be involved in LPA-induced NF-xB
activation (15). We therefore tested the role of MEKK3 in PKC-mediated NF-«xB nuclear
translocation in MEF cells. In our assays, the wild type, vector control and HA-MEKK3-
reconstituted MEKK37- MEF cells were treated with or without PKC pharmacological
agonists, PMA plus lono at the indicated time points and nuclear translocation of NF-xB in
these cells were examined by EMSA and immunoblotting of nuclear extracts with anti-NF-
kB-p65 antibodies. We found that PMA plus lono (PMA/lono) co-stimulation effectively
induced nuclear translocation of NF-kB in the wild type MEFs and MEKK3”- MEFs
reconstituted with HA-MEKK3 whereas PMA/lono stimulation failed to induce NF-«B nuclear
translocation in MEKK3- MEFs with vector control (Figs. 2A and B). These results suggest
that MEKKS is required for PMA/lono-induced NF-kB nuclear translocation.

We further studied the role of MEKK3 in PMA/lono-induced IKK-NF-«B activation and found
that PMA/lono-induced IKK and IxBo phosphorylation were significantly impaired in
MEKK37- MEF cells with the vector control compared to the HA-MEKK3 reconstituted cells
(Fig. 2C). We also found that PMA/lono-induced JNK2 phosphorylation was completely
blocked in MEKK37- MEF cells with the vector control and rescued in MEKK3 reconstituted
MEF cells, whereas PMA/lono-induced-JNKZ1 activation was only slightly inhibited in
MEKK37- MEF cells with the vector control at later time points (Fig. 2C). However, PMA/
lono-induced-ERK phosphorylation was comparable in both cell lines (Fig. 2C). Consistent
with these results, PMA/Iono failed to induce the NF-xB-responsive luciferase reporter gene
expression in the vector control MEKK37- MEF cells whereas PMA/Iono induced high level
of reporter gene expression in the wild type and MEKK3 reconstituted MEF cells (Fig. 2D).
Taken together, these results indicate that MEKKS is required for PKC-mediated IKK/NF-xB
activation.
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The IKKs and IKK-related kinases (IKKe/IKK-i and TBK1/NAK/T2K) play important roles
in activation of the host defense system (28;29). IKKp is essential for rapid NF-«xB activation
by proinflammatory signaling cascades, such as those triggered by TNFa. or lipopolysaccharide
(LPS), whereas IKKe/IKK-i and TBK1/NAK/T2K have been suggested to be involved in PKC-
induced NF-«B activation (29-34). We therefore tested the role of IKKp in PKC-mediated NF-
B activation in MEF cells. In our assays, IKKp wild type (IKKB*/*) and IKKB-deficient
(IKKp") MEF cells were treated with or without PMA plus lono at the indicated time points
and nuclear localization of NF-«B in these cells were examined. We found that PMA/lono co-
stimulation effectively induced nuclear localization of NF-«B in IKKB*/* MEFs whereas PMA/
lono stimulation failed to induce nuclear localization of NF-xB in IKKp”- MEFs (Fig. 2E).
Consistent with this result, PMA/lIono induced a higher NF-xB dependent luciferase activity
in the IKKB*/* MEF cells compared to IKKB”- MEF cells (Fig. 2F). These results suggest that
IKK is required for PMA/lono-induced NF-«xB activation in the MEF cells.

not required for LPA and PMA/lono-induced IKK/NF-kB activation

To further explore the role of TAK1 in the LPA and PMA/lono-mediated NF-«B activation,
we treated the TAK1-deficient (TAK17") MEF cell lines reconstituted with vector control or
TAK1 with LPA and PMA/lono for the time points indicated. We found that LPA and PMA/
lono effectively induced IKK and IkBY phosphorylation as well as nuclear translocation of
NF-«B in both vector control and TAK1 reconstituted TAK1"- MEF cells (Figs. 3A-3D). Thus,
these results suggest that TAK1 is not required for the LPA and PMA/lono-induced NF-xB
activation.

3.4. MEKK3 is required for LPA and PMA/lono-induced IL-6 and MIP-2 production

NF-«kB activation has been shown to be required for LPA-induced IL-6 and macrophage
inflammatory protein-2 (MIP-2) production in MEF cells (13;15;16). To determine the role of
MEKKS in LPA-induced IL-6 and MIP-2 production, the vector control and MEKK3-
reconstituted MEKK3~ MEF cell lines were treated with or without LPA and then analyzed
for the IL-6 and MIP-2 production in the cells by ELISA (Fig. 4A). In this assay, LPA induced
IL-6 and MIP-2 production in a time-dependent manner only in MEKK3”- MEF cells
reconstituted with MEKK3 whereas LPA completely failed to induce IL-6 and MIP-2
production in the MEKK3”- MEFs with vector control (Fig. 4A). Consistent with this result,
we also found that PMA/lono-induced IL-6 and MIP-2 production in the cells were completely
blocked in MEKK3- MEF cells with the vector control (Fig. 4B). In addition, we found that
LPA and PMA/Iono effectively induced IL-6 production in both the vector control TAK1-
and the TAK1 reconstituted cells (data not shown). These results demonstrate that MEKK3
but not TAK1 is essential for the LPA-induced physiological effects in the MEF cells.

4. Discussion

LPA elicits its biological actions through its cognate G protein-coupled receptors. Binding of
LPA to its GPCR receptor leads to NF-«xB activation. However, the molecular regulation of
GPCR-mediated NF-xB activation remains to be better defined. We report here that MEKKS3,
a member of MAP3K family, is a critical signaling component in LPA-induced NF-xB signal
transduction pathway. Taking advantage of MEKK3 and TAK1-deficient MEF cell lines, we
provide a genetic evidence that MEKK3 but not TAK1 is required for GPCR-mediated

IKKB and IxBa phosphorylation as well as NF-xB nuclear translocation and activation. In
addition, we also show that LPA fails to induce production of the pro-inflammatory cytokine
IL-6 and MIP-2 only in MEKK3-deficient but not TAK1 deficient MEF cell lines. These results
suggest that MEKK3 but not TAK1 plays an essential role in LPA-induced cellular responses.
In addition, we also found that IKK is required for PKC-mediated NF-xB activation in the
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MEF cells. These results suggest that MEKK3-mediated IKK@ activation is required for LPA
and PKC-induced NF-«kB activation.

Previous studies using knockout MEF cells demonstrated that B-arrestin 2, CARMAS3, Bcl10
and TRAF6 are required for LPA-induced IKK-NF-xB activation whereas these proteins are
not required for LPA-induced IKKp phosphorylation (15;17). These results suggest that these
proteins may be not required for LPA-mediated MEKK3 activation. However, further studies
are needed to determine how MEKK3 is activated by LPA and PKC-mediated signaling events
in non-hematopoietic cell types.

Interestingly, in our studies, we failed to observe an obvious LPA-induced IkBo degradation
eventhough LPA induced IxBa phosphorylation. Consistent with our results, Qin et al reported
that MEKKS is required for TLR8-mediated NF-«B activation and TLR8-mediated signaling
only causes IkBa phosphorylation but not degradation (26). Therefore, it is highly likely that
the MEKK3-mediated IkBa phosphorylation might lead to dissociation of 1kBo from NF-«xB
without IkBa degradation (26).

In conclusion, our data provide evidence that MEKK3 but not TAK1 is required for LPA and
PKC-induced IKKB/NF-«B activation in MEF cells. In view of the data presented here and in
previous reports, we propose a working model (Fig. 5), in which LPA binding to its cognate
GPCR induces PKC activation that leads to MEKK3-mediated phosphorylation of IKKf and
B-arrestin 2-CARMA3-Bcl10-MALT1-mediated ubiquitination of IKK complex that
coordinately lead to IKKB-mediated NF-kB activation in MEF cells.
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Fig. 1. MEKKS3 is required for LPA-induced IKK-NF-kB activation
(A) MEKK3** and MEKK3- MEF cells reconstituted with empty vector or HA-MEKK3
were either untreated or treated with LPA (30 uM) for 0, 30, and 60 min, then harvested. Nuclear
extracts were prepared and subjected to EMSA by using 32P-labeled NF-kB probes. Whole

cell lysates (WCL) were subjected to SDS-PAGE and immunoblotting with antibodies
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indicated. PCNA was used as a loading control for nuclear extracts and p-actin was detected
as a loading control for WCL. (B) MEKK3*/* and MEKK37- MEF cells reconstituted with
empty vector and MEKKS3 were stimulated as in A. Then nuclear extracts were prepared and
subjected to the immunoblotting analysis as indicated. (C) MEKK37- MEF cells reconstituted
with empty vector and MEKKS3 were either untreated or treated with LPA (30 uM) for 0, 5,
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15, 30, and 60 min, then harvested. WCL were subjected to SDS-PAGE and immunoblotting
analysis as indicated. (D) One nug of NF-«xB luciferase reporter and 20 ng of Renilla-Luc
plasmids were cotransfected into MEF cells indicated. Twenty-four hours after transfection,
cells were starved for 12 h followed by the addition of LPA (30 uM) for 8 h. The relative
luciferase activity was measured and normalized with the Renilla activity. Error bars indicate
+ standard deviation in triplicate experiments.
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Fig. 2. MEKKS3 is required for PKC-induced IKK/NF-kB activation

(A) MEKK3** and MEKK3- MEF cells reconstituted with empty vector and MEKK3 were
either untreated or treated with PMA (40 ng/ml) plus lono (100 ng/ml) for 0, 30, and 60 min.
Nuclear extracts were prepared and subjected to EMSA by using 32P-labeled NF-kB probes.
(B) MEKK3** and MEKK3- MEF cells reconstituted with empty vector and MEKK3 were
stimulated as in A. WCL and nuclear extracts isolated from the cells were subjected to SDS-
PAGE and immunoblotting analysis as indicated. (C) MEKK3- MEF cells reconstituted with
empty vector and MEKKS3 were either untreated or treated with PMA (40 ng/ml) plus lono
(100 ng/ml) for 0, 5, 15, 30, and 60 min, then harvested. WCL were subjected to SDS-PAGE
and immunoblotting analysis as indicated. (D) One pg of NF-xB luciferase reporter and 20 ng
of Renilla-Luc plasmids were cotransfected into MEF cells indicated. Twenty-four hours after
transfection, cells were starved for 12 h followed by the addition of PMA (40 ng/ml) plus lono
(100 ng/ml) for 8 h. The relative luciferase activity was measured and normalized with the
Renilla activity. Error bars indicate + standard deviation in triplicate experiments. (E)
IKKPB** and IKKB"- MEF cells were either untreated or treated with PMA (40 ng/ml) plus
lono (100 ng/ml) for O, 30, and 60 min, then harvested. WCL and nuclear extracts were
subjected to SDS-PAGE and immunoblotting analysis as indicated. (F) One pg of NF-xB
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luciferase reporter and 20 ng of Renilla-Luc plasmids were cotransfected into MEF cells
indicated. Twenty-four hours after transfection, cells were starved for 12 h followed by the
addition of PMA (40 ng/ml) plus lono (100 ng/ml) for 8 h. The relative luciferase activity was
measured and normalized with the Renilla activity. Error bars indicate + standard deviation in
triplicate experiments.
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Fig. 3. TAK1 is not required for LPA and PMA/lono-induced IKK-NF-kB activation

(A'and C) TAK17- MEF cells reconstituted with empty vector and TAK1 were either untreated
or treated with LPA (A) or PMA/lono (C) for 0, 30, and 60 min, then harvested. WCL and
nuclear extracts were subjected to SDS-PAGE and immunoblotting analysis as indicated. (B
and D) TAK17- MEF cells reconstituted with empty vector and TAK1 expression plasmid were
either untreated or treated with LPA (B) or PMA/lono (D) for 0, 5, 15, 30, and 60 min, then
harvested. WCL were subjected to SDS-PAGE and immunoblotting analysis as indicated.
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Fig. 4. MEKKS3 is required for the LPA and PKC-induced IL-6 and MIP-2 production
(A and B) MEKK3”" MEF cells reconstituted with empty vector and MEKK3 were untreated
or treated with LPA (A) or PMA/lono (B) for the time points indicated. The supernatants from

these cultures were collected and subjected to the mouse IL-6 and MIP-2 ELISA analysis
according to the manufacturer's instructions.
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Fig. 5. A working model for MEKKS3 function in the LPA-induced IKK-NF-kB activation

LPA induces PKC activation which in turn induces B-arrestin 2 and CARMA3-mediated
ubiquitination of IKK complex via TRAF6/Bcl10/MALT1, as well as MEKK3-mediated
IKKP phosphorylation. IKK complex ubiquitination and phosphorylation coordinatively lead
to optimal NF-«B activation.
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