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Peroxisome proliferator-activated receptors (PPAR) are ligand-activated transcription factors that form a
subfamily of the nuclear receptor gene family. Since both flow and PPARy have atheroprotective effects and
extracellular signal-regulated kinase 5 (ERKS) kinase activity is significantly increased by flow, we investigated
whether ERKS kinase regulates PPARYy activity. We found that activation of ERKS induced PPARY1 activation
in endothelial cells (ECs). However, we could not detect PPARy phosphorylation by incubation with activated
ERKS in vitro, in contrast to ERK1/2 and JNK, suggesting a role for ERKS5 as a scaffold. Endogenous PPARYy1
was coimmunoprecipitated with endogenous ERKS in ECs. By mammalian two-hybrid analysis, we found that
PPARv1 associated with ERK5a at the hinge-helix 1 region of PPARYy1. Expressing a hinge-helix 1 region
PPARY1 fragment disrupted the ERK5a-PPARY1 interaction, suggesting a critical role for hinge-helix 1 region
of PPARY in the ERKS-PPARY interaction. Flow increased ERKS and PPARvy1 activation, and the hinge-helix
1 region of the PPARvY1 fragment and dominant negative MEKS5[ significantly reduced flow-induced PPARYy
activation. The dominant negative MEK5[ also prevented flow-mediated inhibition of tumor necrosis factor
alpha-mediated NF-kB activation and adhesion molecule expression, including vascular cellular adhesion
molecule 1 and E-selectin, indicating a physiological role for ERKS and PPARYy activation in flow-mediated
antiinflammatory effects. We also found that ERKS kinase activation was required, likely by inducing a
conformational change in the NH,-terminal region of ERKS that prevented association of ERKS and PPARYy1.
Furthermore, association of ERK5a and PPARvy1 disrupted the interaction of SMRT and PPARvy1, thereby
inducing PPARYy activation. These data suggest that ERKS mediates flow- and ligand-induced PPARYy acti-

vation via the interaction of ERKS with the hinge-helix 1 region of PPARYy.

Peroxisome proliferator-activated receptors (PPAR) are li-
gand-activated transcription factors that form a subfamily of
the nuclear receptor gene family. Among PPAR family mem-
bers, the expression of PPARa and PPARYy has been reported
in endothelial cells (ECs). Recently, Pasceri et al. reported that
PPARY activators inhibit expression of vascular cellular adhe-
sion molecule 1 (VCAM-1) and intercellular adhesion mole-
cule 1 (ICAM-1) in activated ECs and significantly reduce
monocyte/macrophage homing to atherosclerotic plaques (23).
Mitogen-activated protein (MAP) kinase signaling pathways
have been shown to phosphorylate PPARy and to decrease
PPARYy transcriptional activity (7, 13). The NH,-terminal do-
main of PPAR~y contains a consensus MAP kinase site in a
region conserved between PPAR+y1 and PPAR«y2 isoforms (7,
13). Phosphorylation of PPARYy2 Ser112 (13) and PPARvy1
Ser82 (7) significantly inhibits both ligand-independent and
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ligand-dependent transcriptional activation by PPARYy. Phos-
phorylation-mediated transcriptional repression is due to a
diminished ability of PPAR~y to become transcriptionally acti-
vated by ligand rather than to a reduced capacity of the
PPARYy-retinoid X receptor complex to heterodimerize its
DNA binding site (7).

ERKS5/BMKI1 is a member of the MAP kinase family which
is activated by redox and hyperosmotic stress, growth factors,
and pathways involving certain G-protein-coupled receptors
(12). Extracellular signal-regulated kinase 5 (ERKS5) has a
TEY sequence in its dual phosphorylation site, like ERK1/2,
but it has unique carboxyl-terminal and loop-12 domains, sug-
gesting that its regulation and function may be different from
that of ERK1/2. The upstream kinase that phosphorylates
ERKS has been identified as MEKS (17, 39). Like many MAP
kinase family members, ERKS plays a significant role in cell
growth and differentiation, although emerging evidence sug-
gests unique functional characteristics. Redox activation of
ERKS is documented to have an antiapoptotic effect (30), and
ERKS knockout mice have impaired cardiac and vascular de-
velopment (28). It was reported that ERKS regulates MEF2A,
MEF2C, and MEF2D transcriptional activity (1, 16), but there
are no reports on the regulation of nuclear receptors by ERKS.
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Since both flow and PPAR<y have atheroprotective effects
and ERKS kinase activity is significantly increased by flow, we
investigated whether ERKS kinase regulates PPARwy activity.
In the present study, we show that activation of ERKS induces
PPARYy activation in ECs. PPARv1 activation was induced by
the association of activated ERK5a with the hinge-helix 1 re-
gion of PPARvyI1 in a phosphorylation-independent manner,
suggesting a role for ERKS as a scaffold. ERKS kinase activa-
tion was critical to reduce the inhibitory effect of the NH,-
terminal region of ERKS on the association of ERKS and
PPARYy (see Fig. 9, below). Thus, activation of ERKS is a
positive regulator for PPARY1 activation via the interaction of
the hinge-helix 1 domain of PPARvy1 and ERK5a.

MATERIALS AND METHODS

Cell culture and transfection. Human umbilical vein endothelial cells
(HUVEC:) were purchased from Cascade Biologics (Portland, Oreg.) and main-
tained in 2% low-serum growth supplement (Cascade Biologics) as described in
the manufacturer’s protocol. Cos7 and CHO cells were maintained in Dulbecco’s
modified Eagle’s medium and Ham’s F-12 medium (Invitrogen), respectively,
and were supplemented with 10% fetal bovine serum as described previously.
For transient-expression experiments, HUVECs and Cos7 cells were transfected
with Lipofectamine Plus (Invitrogen) as described previously (37). It has been
reported that flow decreases the expression of PPARYy in human-endothelial-
cell-like (ECV304) cells (4). We used primarily cultured HUVECs in the present
study. ECV304 is a cell line and has very different characteristics compared with
our primary cell-cultured ECs, especially in response to flow. Very recently,
another lab also reported that flow could induce PPAR'y activation in HUVECs
(Y. Liu, F. Rannou, K. Formentin, L. Zeng, T.-S. Lee, Y. Zhu, and J. Y. Shyy,
abstr., Circulation 108:1V-133, 2003). Therefore, the difference between our data
and previous data may be due to the nature of the different cell lines. BLMECs
are bovine lung microvascular endothelial cells. These cells have an endothelial
morphology similar to that of bovine aortic endothelial cells and share similar
signaling transduction pathways, such as vascular endothelial growth factor,
tumor necrosis factor (TNF), and platelet-derived growth factor. BLMECs at
passage 3 to 8 were grown in MCDB-131 medium supplemented with 10% fetal
bovine serum, heparin (15,300 U/liter; Sigma), hydrocortisone (2.76 wmol/liter;
Sigma), bovine pituitary extract, epidermal growth factor (1.64 nmol/liter;
Sigma), L-glutamine, and antibiotics (100 U of penicillin/ml and 68.6 mol of
streptomycin/liter) in flasks precoated with 2% gelatin. For transient-expression
experiments, cells were transfected with plasmids 1 day after plating.

For short-term flow experiments, HUVECs were plated on 60-mm dishes and
cultured in Medium 200. The next day, the cells were transfected using the
Lipofectamine Plus reagent method (Invitrogen). Transfection medium con-
tained 2 pg of PPRE reporter plasmid, 1 pg of pSG5-PPARYy, and vector to
provide equal amounts of transfected DNA with or without plasmid expressing
the VP16-PPARY1 amino acid 195 to 227 (aa 195-227) fragment. To control for
variations in cell number and transfection efficiency, 20 ng of PRL-TK was
cotransfected with a luciferase control reporter vector. After 24 h of transfection,
the cells were stimulated with ciglitazone (5 wM). Three hours later, the cells
were exposed for 20 min to flow (12 dynes/cm?) or no flow in flow buffer (Hank’s
balanced salt solution containing 5.5 mM glucose and 1.3 mM CaCl,) as de-
scribed previously (34). After 16 h of ciglitazone stimulation, luciferase PPARy
transcriptional activity was assayed using a dual-luciferase reporter assay system
(Promega), and luciferase luminescence was counted in a Luminometer (TD-
20/20; Turner Design) and then normalized to cotransfected luciferase activity.
For chronic flow experiments, a Large React angular parallel flow chamber (5 by
14 cm; Glyco Tech) was used for transfections and stimulated the cells by a
constant flow. HUVECs or BLMECs were plated in the four wells (1.9 by 6.9 cm)
of the chamber in full-serum medium. For the PPARv1 reporter gene assay, the
cells were transfected with 1 pg of (PPRE);-tk-luc plasmid, 0.5 pug of pSGS5-
PPARYI, 20 ng of PRL-TK with or without 1 pg of pACT-PPARY]1(aa 195-227)
in OPTI-MEM, using Plus reagent and Lipofectamine. The total transfected
DNA amount was normalized with no-insert vector plasmid DNA. For the
Gal4-ERKS5a reporter gene assay, the cells were transfected with 1 pg of pG5-luc
plasmid and 0.5 pg of pBIND-ERKSa. After 24 h of transfection, flow was
applied for the HUVECs at 5 dynes/cm? using an Econo pump (model EP-1;
Bio-Rad) for 6 to ~9 h and then the cells were harvested for the reporter gene
assay.
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Plasmid construction. pPCMV-DN-SMRT was a kind gift from M. L. Privalsky
(36). Mouse ERK5a, ERKS5b, and the constitutively active form of MEK5a
(CA-MEKS5a) were cloned as described previously (33). Gal4-SRC-1 was con-
structed by inserting an EcoRV-EcoRV fragment, generated by PCR, into the
pBIND vector (Promega). Gal4-SMRT was constructed by inserting Sall (blunt)-
Mull (blunt) fragments, generated by PCR, into the pBIND vector. CA-MEKK1
was purchased from Stratagene. Gal4-PPAR«l1, various deletions of Gal4-
PPARy]1, and Gal4-ERK5a were created by cloning PCR-amplified DNA frag-
ments corresponding to the different mouse PPAR+y1 or ERK5a regions into the
Sall and NotI sites of the pBIND vector. VP16-PPAR«y1 and various deletions of
VP16-ERKS5a were created by cloning PCR-amplified DNA fragments corre-
sponding to the different PPARy or ERKS5a regions into the Sall and NotI sites
of the pACT vector (Promega). Gal4-ERKS5a and VP16-ERKSa were created by
inserting the mouse ERKSa isolated from pcDNA3.1-ERK5a into BamH1 and
Notl sites of the pBIND and pACT vectors, respectively.

Glutathione S-transferase (GST)-PPARvyl-truncated mutations (GST-
PPARvyl-activation function 1 [AF-1] [aa 1-110], GST-PPARy1-DNA binding
domain [DBD] [aa 109-175], GST-PPARvl-ligand binding domain [LBD] [aa
163-475]) were created by cloning PCR-amplified DNA fragments corresponding
to the different PPARY]1 regions into the EcoRI and Xhol sites of the pPGEX-KG
vector (Amersham). The single or double mutations of PPARy1 and ERKS5a
were created with the QuikChange site-directed mutagenesis kit (Stratagene).
All constructs were verified by DNA sequencing.

In vitro phosphorylation of PPARY1 by activated ERKS5. GST-PPAR~y1-trun-
cated mutant proteins were expressed in Escherichia coli and purified using
glutathione-Sepharose 4B as described by the manufacturer (Pharmacia Biotech
Inc.).

ERKS activity was measured as previously described (2, 16). To determine
whether PPARY1 can be phosphorylated by activated ERKS, we performed an
ERKS in vitro kinase assay with GST-PPARy1-AF-1, GST-PPARy1-DBD, and
GST-PPARY1-LBD as the substrates.

Relative quantitative RT-PCR. Total RNA isolation, first-strand cDNA syn-
thesis, and relative quantitative reverse transcription-PCR (RT-PCR) using Am-
bion’s Competimer technology were performed as described previously (3). Am-
bion’s Competimer technology allowed us to modulate the amplification of 18S
rRNA in the same linear range as the RNAs under study when amplified under
the same conditions. The following primers were used for PCR analysis:
VCAM-1, 5'-GAGCCTCAGATGTACTTTGGATGG-3' (sense) and 5'-TAGA
GAAAGAGTAGATCTCC-ACTCGG-3' (antisense); E-selectin, 5'-TCTCACT
TTTGTGCTTCTCC-3' (sense) and 5'-TGGAGCCCAGTTTGTGGCT-3’ (an-
tisense).

Mammalian one- or two-hybrid analysis. HUVECs and Cos7 cells were plated
in 12-well dishes at 2 X 10° cells/well and 24 h later transfected in Opti-MEN
(Invitrogen) with the pGS5-luc vector and various pBIND and pACT plasmids
(Promega). The pGS5-luc vector contains five Gal4 binding sites upstream of a
minimal TATA box which, in turn, is upstream of the firefly luciferase gene.
pBIND and pACT contain Gal4 and VP16, respectively, and were fused with
PPARvy1, ERKS, silencing mediator of retinoid and thyroid hormone action
(SMRT), or SRC-1 as indicated. Since pBIND also contains the Renilla lucif-
erase gene, the expression and transfection efficiencies were normalized with the
Renilla luciferase activity. Cells were collected 40 h after transfection except as
indicated, and the luciferase activity was determined. Luciferase activity was
assayed with a luciferase kit (Promega). Transfections were performed in trip-
licate, and each experiment was repeated at least two times.

Immunoprecipitation and Western blot analysis. The cells were washed with
phosphate-buffered saline and harvested in 0.5 ml of lysis buffer as described
previously (37). Immunoprecipitation was performed as described previously
with anti-ERKS antibody (1) or anti-PPARy antibody (Santa Cruz). Western
blot analysis was performed as previously described (37). In brief, the blots were
incubated for 4 h at room temperature with the anti-ERKS (1), SMRT (Santa
Cruz), VCAM-1 (Chemicon), or Xpress (Invitrogen) antibody, followed by in-
cubation with horseradish peroxidase-conjugated secondary antibody (Amer-
sham). Immunoreactive bands were visualized using enhanced chemilumines-
cence (Amersham).

Materials. Ciglitazone (GR-205) and 15-deoxy-A'>!*-prostaglandin J, (PG-
050) were from BIOMOL.

Statistical analysis. Data are reported as means * standard deviations (SD).
Statistical analysis was performed with the StatView 4.0 package (ABACUS
Concepts, Berkeley, Calif.). Differences were analyzed with a one-way or a
two-way repeated-measures analysis of variance as appropriate, followed by
Schéffe’s correction.
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FIG. 1. MEKS5-ERKS activation increases PPARyl-mediated transactivation of the (PPRE);-tk-luciferase reporter construct in HUVECs,
which is independent of PPARyl S82 phosphorylation. (A and B) MEKS-ERKS activation induced PPAR«y1 transcriptional activity, but
DN-ERKS did not inhibit CA-MEKS5«-mediated PPAR'y activity. PPARy1 transcriptional activity was measured by transfection of full-length
PPARvy1 and the (PPRE);-tk-luciferase reporter construct in HUVECs. PPARy-mediated transactivation was determined with the transfection
of wild-type ERKS (ERKSa, lane2), empty vector (lane 3), or ERKS mutants (DN-ERKS [lane 4] or ERKS5Db [lane5]) with vehicle (A) or 10 pM
ciglitazone (B). Results are the mean * SD of three to six independent experiments. Luciferase activity of the (PPRE);-tk-luc construct with
CA-MEKS5«a and ERKS5a in the absence of transfected PPARY at ciglitazone concentrations of 0 and 10 uM were 0.8 = 0.2 and 1.1 *+ 0.2 (relative
PPARYy luciferase activity), respectively. Luciferase activity of the TK promoter alone with CA-MEKS5a and ERKS5a was below 0.1 relative PPARy
luciferase activity. (C) Activation of MEKK1 inhibited PPARY activation. CA-MEKKI, as indicated, was transfected in Cos7 cells, and pcDNA3.1
vector was used to provide equal amounts of transfected DNA. Results are the mean * SD of three independent experiments. (D) ERKS did not
phosphorylate PPARy1 in an in vitro kinase assay. CHO cells were transfected with vector or CA-MEKS«, and ERKS was immunoprecipitated
with ERKS antibody. An immune complex kinase assay was then performed with GST or GST-PPARyl mutants (GST-PPARYy1-AF-1,
GST-PPARy1-DBD, and GST-PPARy1-LBD). (E) CA-MEKS5«a- and/or ciglitazone-induced full-length PPAR+y1 wild type or mutants
(PPARY1S82A or PPARY1S82D) mediated transactivation of the (PPRE);-tk-luciferase reporter construct in HUVECs. Results are the mean +
SD of three independent experiments.

RESULTS PPAR response element (PPRE) linked to a thymidine kinase
(tk) promoter.

As shown in Fig. 1A, addition of CA-MEKS5« significantly
increased full-length PPARv1 transcriptional activity (1.24 *

0.34 versus 2.86 = 0.31; P < 0.05) (lane 1 versus lane 3).

MEKS-ERKS enhanced PPARvY1 transcriptional activity in
ECs. To test the hypothesis that ERKS regulates PPARy1
transcriptional activity, we examined the effect of CA-MEK5«
and ERK5 on PPARwl transcriptional activity. We coex-

pressed PPARy1, CA-MEK5«, and ERKS in HUVECs and
examined PPARyl-mediated transcriptional activity, as as-
sayed by a luciferase reporter gene driven by three copies of a

Interestingly, cotransfection of CA-MEKSa and wild-type
ERKS (ERKS5a) significantly enhanced PPARYy transcriptional
activity to a greater extent than CA-MEKSa transfection alone
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(2.86 = 0.31 versus 4.04 = 0.34; P < 0.05) (lane 3 versus lane
2). We also found that CA-MEKS5a expression enhanced tran-
scriptional activity of a PPARvy1 ligand binding domain-trun-
cated mutant (aa 162 to 475) in a ligand-dependent manner,
suggesting that the NH, terminal of the PPARy1 region is
likely not involved in the MEKS-ERKS-mediated effect on
PPARwvI activity (data not shown). PPARY expression levels
were not significantly different among the samples based on
Western blot analyses (data not shown).

Because transfection of ERKS5a increased PPARy1 activity,
we examined the role of ERKS kinase activity in PPAR+y1
transcriptional activation. We cotransfected a dominant nega-
tive form of ERKSa (DN-ERKS [dual phosphorylation site
mutant T219A/Y221P]) or ERK5b (ATP binding site deleted,
alternative splicing form [aa 78 to 806 of ERK5a]) (33) with
CA-MEKS5a and measured ciglitazone activation of PPARvy
(Fig. 1A and B). Compared with cotransfection of CA-MEKS5«a
and ERKS5a, cotransfection of DN-ERKS or ERK5b with CA-
MEKSa significantly reduced ligand-mediated PPARy1 activ-
ity (Fig. 1B, lane 2 versus lanes 4 and 5). These data suggested
that ERKS kinase activity is required for full stimulation of
PPARy1 transcriptional activity. However, DN-ERKS5 or
ERKS5D did not inhibit CA-MEKSa-induced PPAR«y1 activity
(Fig. 1A and B, lane 3 versus lanes 4 and 5), suggesting that an
ERKS5 function besides endogenous kinase activity may be
important. The scaffold function of ERKS has previously been
reported for MEF2, because the association of ERKS with
MEF2, but not MEF2 phosphorylation by ERKS, was regu-
lated by MEF2 transcriptional activity (15). Therefore, associ-
ation of ERKS with PPARYy in addition to ERKS kinase activ-
ity may regulate PPARy1 transcriptional activity.

In contrast to ERKS, it has been reported that ERK1/2 and
JNK inhibit PPARY transcriptional activity through phosphor-
ylation of Ser82 on PPARy1 (6). Therefore, we investigated
whether this inhibition by ERK1/2 and JNK could be observed
in our cell system. For this purpose, we cotransfected full-
length PPARY1 and the luciferase reporter gene containing
PPRE with or without CA-MEKKI (as an upstream activator
of ERK1/2 and JNK). We found that ciglitazone-induced
PPARw1 transcriptional activity was significantly inhibited by
CA-MEKKI1 transfection (Fig. 1C), demonstrating that
ERK1/2 and JNK behaved as anticipated. We confirmed that
CA-MEKKI1 induced ERK1/2 and the JNK signaling pathway
(8) (data not shown). These data support our finding that
ERKS differs from ERK1/2 and JNK with respect to PPARYy
transcriptional activity.

ERKS kinase did not phosphorylate PPARY1 in vitro. Since
activation of ERKS regulated PPARYy activity, as shown in Fig.
1A, we asked whether ERKS could phosphorylate PPARYy in
vitro. We cotransfected CA-MEKSa and Xpress-tagged
ERKS5a in Cos7 cells to activate ERKS5a constitutively. Acti-
vated ERK5a was immunoprecipitated with an anti-ERKS an-
tibody, and an in vitro kinase assay was performed with GST,
GST-PPARvY-AF-1 (aa 1 to 110, including Ser82, which is the
ERK1/2 and JNK phosphorylation site), GST-PPARy-DBD
(aa 109-175), and GST-PPARy-LBD(aa 163-475) as sub-
strates. We did not use GST-PPARv1 wild type, containing the
complete sequence, because it was difficult to dissolve in lysis
buffer and was easily degraded. As shown in Fig. 1D, transfec-
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tion of CA-MEKS5a activated ERKS kinase, as shown by ERKS
autophosphorylation (Fig. 1D, bottom). However, ERK5 did
not phosphorylate any PPARYy substrate (Fig. 1D, top).

Since ERKS, ERK1/2, and JNK phosphorylate similar pro-
line-targeted consensus sequences, we mutated Ser82, which is
the ERK1/2 and JNK phosphorylation site in PPARy1, to
alanine (S82A) or aspartate (S82D) and determined the effect
of CA-MEK5a on PPARY1 activity. As shown in Fig. 1E, we
did not find any significant differences in ciglitazone-stimulated
and/or CA-MEKS5a-stimulated PPARy1 activity between the
wild type and PPARy1 mutants. These data further suggest
that the regulation of PPARvyI1 activity by ERKS is different
from that of ERK1/2 and JNK.

Endogenous ERKS associates with endogenous PPARY in
ECs. To investigate the potential interaction between ERKS
and PPARY1, we analyzed their interaction by using coimmu-
noprecipitation. Since PPARy is a nuclear receptor and ERKS
needs to be activated for its nuclear translocation, as our in-
vestigators previously described (33), we stimulated the cells
with 10% serum for 30 min and immunoprecipitated with an
anti-PPARvy antibody or rabbit immunoglobulin G (IgG) as a
control. We found that endogenous PPAR+y coimmunoprecipi-
tated with endogenous ERKS in ECs, but control rabbit IgG
did not (Fig. 2A).

To investigate the binding site of PPARy1 with ERKS, we
utilized a mammalian two-hybrid assay. A plasmid expressing
the GAL4A-DBD and the PPARY (full-length or deletion mu-
tants) was constructed by inserting PPARy (including mutants)
isolated from pSG5-PPARYy1 in frame into the pBIND vector.
The plasmid expressing VP16-ERKS (including mutants) was
constructed by inserting the fragment of ERKS into the VP16
activation domain containing plasmid pACT vector. As shown
in Fig. 2B, hinge-helix 1 (aa 202 to 231) was required for the
ERKS5a-PPARYy1 interaction. To confirm the role of hinge-
helix 1 region in the ERK5a-PPAR«1 interaction, we gener-
ated a truncated mutant form of PPARvy1 (Aaa202-231) and
the PPAR«yl(aa 195-227) fragment. As shown in Fig. 2C, de-
letion of hinge-helix 1 region completely inhibited the ERKS5a-
PPARYI interaction, but PPARy1(aa 195-227) could associate
with ERKS5a, suggesting the critical role of hinge-helix 1 re-
gions for the ERK5-PPARvI interaction.

Disruption of the ERK5-PPARY1 interaction induced by the
hinge-helix 1 fragment inhibited CA-MEKS5a-induced PPARYy1
activity. It is possible that the deletion mutant of the hinge-
helix 1 region of PPARy1 may change the tertiary structure of
PPARv1. To demonstrate the critical role of the hinge-helix 1
region for the ERK5-PPARY1 interaction without mutating
and destroying PPAR«y1 structure, we determined whether the
hinge-helix 1 fragment, which is the binding site of ERKS5a,
could disrupt the association of wild-type ERKSa and wild-type
PPARYy. For this purpose, we generated six different hinge-
helix 1 fragments. Our experimental approach was to fuse
these peptide fragments with the VP16 active domain (which
contains 46 aa). Since the VP16 active domain has a nuclear
localization signal, fragments are able to translocate to the
nucleus efficiently with this domain, and the fusion with the
VP16 active domain will prevent degradation of these small
peptide fragments in the cells. In addition, evaluation of the
expression of small peptide fragments by Western blotting
analysis is difficult, but we could easily detect the fused pro-
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FIG. 2. Endogenous ERKS associates with endogenous PPARYy at the hinge-helix 1 region of PPAR«yI1, and the hinge-helix 1 region of the
PPARy1 fragment inhibited the ERKS5-PPARYy interaction and CA-MEKSa-mediated PPAR«y transcriptional activity. (A) HUVECs were
stimulated with 10% serum for 30 min, whole-cell extract was immunoprecipitated with anti-PPARy antibody or an equal amount of rabbit IgG,
and Western blot analysis was performed with anti-ERKS antibody (top). No difference in the amount of ERKS5 (middle) or PPARY (bottom) was
observed in samples by Western blot analysis with anti-ERKS (middle) or anti-PPARy (bottom) antibody. (B and C) Association of activated
ERKS5a with PPARv1 hinge-helix 1 was tested in a mammalian two-hybrid assay. The activation domain VP16 was fused to wild-type ERK5a and
the PPARY1 deletion mutants. Luciferase activity was normalized relative to the mean luciferase activity of the empty VP16 transfection (white
bar; set as 1-fold). Constructs fused to the Gal4 binding domain were cotransfected with the Gal4-responsive luciferase reporter pG5-luc with or
without cotransfection of CA-MEKSa in Cos7 cells for 40 h. The total transfected DNA amount was normalized with empty VP16 vector. Results
are the mean *= SD of three independent experiments (B). (C) Association of activated ERK5a with PPARy1 hinge-helix 1 was tested with
PPAR~1 hinge-helix 1 truncated deletion mutant (PPAR+y1 Aaa202-231) or small fragment of PPARvy1 (aal95-227) with or without CA-MEKS5a
or VP16-ERKSa, in a mammalian two-hybrid assay. The total transfected DNA amount was normalized with empty VP16 vector. (D) The
VP16-PPARvyl(aa 195-227) fragment inhibited coimmunoprecipitation of ERKS with PPARy (top). No difference in the amount of PPARYy
(middle) or ERKS5 (bottom) was observed in samples by Western blot analysis with anti-PPAR+y (middle) or anti-ERKS (bottom) antibody.
(E) Cells were transfected with plasmids expressing VP16 or the VP16-PPARy1(aa 195-227) fragment and 1 pg of (PPRE);-tk-luciferase, 0.5 pg
of pSG5-PPARY, and vector to provide equal amounts of transfected DNA, as described for Fig. 1. After 16 h of stimulation with or without
ciglitazone, luciferase PPARy1 transcriptional activity was assayed as described in the legend for Fig. 1. The total transfected DNA amount was
normalized with empty VP16 vector. Results are the mean * SD of three to six independent experiments. (F) Cotransfection of plasmid expressing
the VP16-PPAR~y1(aa 195-227) fragment did not inhibit CA-MEKS5a-induced PPAR«y1 activation in HUVECs. The total transfected DNA amount
was normalized with empty VP16 vector.

teins by immunostaining with anti-VP16 antibody. We cotrans-
fected cells with pcDNA-CA-MEK5Sa, pcDNA-ERKSa, or
pSGS5-PPARY1 with empty VP16 construct. Cell lysates were
tested for the effects of six different hinge-helix 1 fragments on
ERKS coprecipitation, and we immunoprecipitated with rabbit
IgG or anti-rabbit PPARy antibody and immunoblotted with
anti-ERKS antibody. As shown in Fig. 2D, ERKS was coim-
munoprecipitated by the anti-PPARy antibody, but not by IgG.
We found that cotransfection of the VP16-PPARvyl(aa 195-
227) fragment, but not VP16 alone, significantly inhibited the
coimmunoprecipitation of ERKS with PPARy. Among the
tested fragments, the VP16-PPARyl(aa 195-227) fragment
had the most significant disrupting effect on the ERKS5a-

PPARyl1 interaction (data not shown). The expression levels of
ERKS and PPARYy were equal among the samples (Fig. 2D,
lower). Since the VP16-PPARyl(aa 195-227) fragment is too
small to be detected by Western blotting, we confirmed the
expression of the VP16 and VP16-PPARvy1(aa 195-227) frag-
ment by immunostaining with anti-VP16 antibody (data not
shown). We did not see any inhibitory effect with this VP16-
PPARvyl(aa 195-227) fragment on the MEKS5-ERK5a interac-
tion, also suggesting the specific inhibitory effect of this frag-
ment on PPARy-ERKS association (data not shown). These
data support our findings from the mammalian two-hybrid
assay that the hinge-helix 1 region of PPARYy is critical for
ERKS5a-PPARY interaction.
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Next, to demonstrate the critical role of the ERK5-PPARYy1
interaction for PPAR«y1 activity, we determined whether the
VP16-PPARvyl(aa 195-227) fragment could inhibit CA-
MEKS5a~—ciglitazone-induced PPARy1 activation. As shown in
Fig. 2E, we found that VP16-fused PPARvyl(aa 195-227), but
not VP16 alone or PPARvyl(aa 195-227) alone (data not
shown), inhibited ciglitazone and/or CA-MEKSa-induced
PPARv1 activation. Of note, we did not observe significant
inhibition of ciglitazone (alone)-induced PPARY1 activation
with the VP16-fused PPARvyl1(aa 195-227) fragment, suggest-
ing the specific effect of this fragment on the ERKSa-PPARYy
interaction. To determine whether the inhibitory effect of
VP16-PPARyl(aa 195-227) is specific for CA-MEKSa-in-
duced PPARY1 activation, we investigated the effect of the
VP16-PPARvy1(aa 195-227) fragment on CA-MEKS5a-induced
MEEF?2 activation. CA-MEKS5a significantly induced MEF2 ac-
tivation. In contrast to PPARv1 activity, the VP16-PPAR«y1(aa
195-227) fragment did not inhibit CA-MEKS5a-induced MEF2
activation (Fig. 2F), suggesting the specific effect of VP16-
PPARvyl(aa 195-227) on CA-MEKS5a-induced PPAR«y1 acti-
vation.

Flow enhances ciglitazone-induced PPARvy transcriptional
activity via association of ERKS5a kinase with the hinge-helix 1
region of PPARy1. In conduit arteries, steady laminar flow and
physiological shear stress are atheroprotective, whereas turbu-
lent flow and low shear stress are atherogenic (32). Previously,
our group found that 20 min of steady flow significantly in-
creased ERKS activation in ECs (34).

Since PPARY activation has been reported to be atheropro-
tective (19, 20, 26), we studied the effect of flow on PPARYy
transcriptional activity to determine the physiological rele-
vance of the ERKS5a-PPARwyl interaction. We transfected
(PPRE);-tk-luciferase, pSG5-PPARY, and vector to provide
equal amounts of transfected DNA in HUVECs. As shown in
Fig. 3A, flow (20 min) enhanced ciglitazone-induced PPARvy1
transcriptional activity (Fig. 3A), and cotransfection of the
VP16-PPARyl(aa 195-227) fragment significantly inhibited
flow- and ciglitazone-induced PPARYy 1 transcriptional activity
(Fig. 3B). To confirm the importance of ERKS5, we utilized
DN-MEKS5B to inhibit ERKS activation (5). Of note, DN-
MEKSB inhibits ERKS kinase activation but does not change
ERKS expression, which is different from that with DN-ERKS
or the ERKSb construct (5). As shown in Fig. 3C, DN-MEKS5B
could not inhibit ciglitazone-induced PPARy activation but
significantly inhibited flow-enhanced ciglitazone-mediated
PPARY activation. Furthermore, we found that 9 h of flow and
the combination of flow and ciglitazone significantly increased
PPARyl1 transcriptional activity in HUVECs. We did not find
any significant change in PPARy expression induced by flow
(data not shown). Cotransfection of the VP16-PPARyl(aa
195-227) fragment significantly inhibited ciglitazone- and flow-
induced PPARY1 transcriptional activity (Fig. 3D), similar to
the effects of 20 min of flow described in Fig. 3B. In addition,
9 h of flow significantly increased ERKS activation (2.0-fold
[£0.4] increase; P < 0.01), as assayed with the Gal4-ERK5a
construct in the one-hybrid mammalian assay (Fig. 3E). These
data show a critical role for ERK5a association with PPARy1
in flow-regulated PPARv1 transcriptional activity and support
the physiological significance of ERKSa and PPARv1 interac-
tion in ECs.

MoL. CELL. BIOL.

ERKS activation is critical for the inhibitory effect of flow on
TNF-a-mediated NF-kB activation. Previously, we and others
found that both flow and PPARY ligands inhibited TNF-a-
mediated NF-«B activation (18, 32). To show a physiological
role for ERK5/PPARY activation by flow, we studied the role
of ERKS activation in the inhibitory effect of flow on TNF-a-
mediated NF-kB activation. Since DN-MEKSp significantly
inhibited flow (short-term flow) and PPARYy ligand-mediated
PPARYy activation (Fig. 3C), we investigated whether DN-
MEKSB could prevent the inhibitory effect of flow on TNF-a-
induced NF-kB activation. As shown in Fig. 4A, DN-MEKS53
significantly inhibited the ability of flow (6 h) to decrease
TNF-a-mediated NF-kB activation. These data suggest that
the inhibitory effect of flow on NF-kB activation is, at least
partially, due to the activation of ERKS5 and subsequent
PPARYy activation.

ERKS and PPARy activation is critical for the inhibitory
effect of flow on TNF-a-mediated VCAM-1 expression. It is
well documented that VCAM-1 and E-selectin expression is
regulated by NF-«B activation (11). Since we determined the
role of ERKS for the inhibitory effect of flow on TNF-a-
mediated NF-kB activation (Fig. 4A), first we investigated
whether flow can inhibit TNF-a-mediated VCAM-1 and E-
selectin mRNA expression via activation of ERKS. We used
BLMEC : in these particular experiments, because BLMECs
have high transfection efficiency, as our investigators have pre-
viously described (24). As shown in Fig. 4B (left), TNF-a
induced VCAM-1 and E-selectin mRNA expression after 4 h
of stimulation (lane 3), and flow significantly inhibited
VCAM-1 and E-selectin mRNA induction (lane 5), as previ-
ously described (9). We found that DN-MEKSE signifi-
cantly blocked flow-mediated inhibition of TNF-a-mediated
VCAM-1 and E-selectin mRNA expression (lane 6), suggest-
ing a critical role for ERKS activation in flow-mediated
inhibition of VCAM-1 and E-selectin mRNA expression. To
confirm that this mRNA regulation correlated with regulation
at the protein level, we also determined whether flow could
inhibit TNF-a-mediated VCAM-1 protein expression induc-
tion after 6 h of stimulation. As shown in Fig. 4B (right),
consistent with the mRNA expression data (left), we found
that DN-MEKS5 significantly inhibited flow-mediated inhibi-
tion of VCAM-1 protein expression (Fig. 4B, right, lane 6).

Furthermore, to investigate the involvement of PPARvy ac-
tivation in ERK5-mediated inhibition of VCAM-1 and E-se-
lectin expression, we utilized a dominant negative form of
PPARYy1 (DN-PPARYI1, L438A/E441A) and CA-MEKSa. As
shown in Fig. 4C (left), TNF-a increased VCAM-1 and E-
selectin mRNA expression (lane 2), and CA-MEKS5a (lane 4)
and ciglitazone (lane 8) significantly inhibited TNF-a-medi-
ated VCAM-1 and E-selectin mRNA expression. Transfection
of DN-PPAR~1 significantly decreased the inhibitory effect of
ERKS activation on VCAM-1 and E-selectin mRNA expres-
sion (lane 5), suggesting that the inhibitory effect of ERKS
activation is due to activation of PPARYy. As shown in Fig. 4C
(right), consistent with the mRNA expression data (left), we
also found that CA-MEKSa significantly inhibited TNF-a-me-
diated VCAM-1 protein expression (lane 4), and DN-PPARy1
significantly recovered this inhibitory effect of ERKS activation
on VCAM-1 protein expression (Fig. 4C, right, lane 5).
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FIG. 3. Flow-induced PPARY] transcriptional activation by the ERK5-PPARY interaction and ERKS activation. (A to C) Effect of short-term
flow on PPAR~I1 activity. At 24 h after transfection, growth-arrested HUVECs were stimulated by ciglitazone (5 pM), and then after 3 h of
ciglitazone stimulation HUVECs were exposed for 20 min to flow (12 dynes/cm?) or no flow with or without plasmid expressing the VP16-
PPARvyl(aa 195-227) fragment (B) or DN-MEKS5B (C), as indicated. After 16 h of ciglitazone stimulation, luciferase PPARy1 transcriptional
activity was assayed as described in the legend for Fig. 1. (D and E) Effects of long-term flow on PPARYy1 and ERKS activities. (D) Transfection
medium contained 2 ng of PPRE reporter plasmid, 1 pg of pSG5-PPARYy, and vector to provide equal amounts of transfected DNA with or without
plasmid expressing the VP16-PPARy1(aa 195-227) fragment. At 48 h after transfection, growth-arrested HUVECs were exposed for 9 h to flow
(5 dynes/cm?) or static condition with or without stimulation by ciglitazone (5 uM), as indicated. Luciferase PPARvy1 transcriptional activity was
assayed as described in the legend for Fig. 1 after 9 h of ciglitazone or vehicle stimulation. (E) Gal4-ERKS5a transcriptional activity was detected
as described for Fig. 7a. Results are the mean = SD of three independent experiments. *, P < 0.05; **, P < 0.01.

Hinge-helix 1 region is critical for PPARy1 transcriptional
activity via its regulation of the association of SMRT with
PPARvy1. To determine the role of hinge-helix 1 in regulation
of PPARY]1 transcriptional activity (Fig. 5A), we generated a
hinge-helix 1 deletion mutant in PPARy-LBD(aa 162-475). To
measure PPARy-LBD transcriptional activity, we used a mam-
malian one-hybrid assay (Fig. 5B). HUVECs were cotrans-
fected with Gal4-PPAR~y-LBD(aa 162-475) or Gal4-PPARYy-
LBDA202-231 and pG5-luc with or without CA-MEKS5a or
ERKSa, and PPARy-LBD transcriptional activities in re-

sponse to ciglitazone and ERKS were measured. As shown in
Fig. 5B, CA-MEK5a/ERKS significantly increased PPAR~y1-
LBD transcriptional activity, and deletion of hinge-helix 1 re-
gion from the LBD completely abolished PPARy1-LBD tran-
scriptional activity in ECs.

Previous studies have demonstrated that PPAR'y interaction
with the corepressor SMRT inhibits its activation. Helices 3 to
5 and 12 in the LBD are important for interaction with core-
pressors (14, 35). Since we found that the hinge-helix 1 domain
is involved in the ERKS-PPARY1 interaction, we investigated
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FIG. 4. Flow-inhibited TNF-a-mediated NF-kB activation and VCAM-1 expression by ERKS5 and PPARy activation. (A) HUVECs were
transfected with pFR-Luc plasmid and pNF-kBLuc-plasmid. To control transfection efficiency, pRL-TK was transfected as a luciferase control
reporter vector. After 24 h of transfection, HUVECs were treated with the following protocol: cells were maintained under static conditions for
20 min followed by vehicle (lanes 1 and 2) or TNF-a stimulation (20 ng/ml; lanes 3 and 4) under the same static conditions with (lanes 2 and 4)
or without (lanes 1 and 3) DN-MEKS58 transfection, or cells were subjected to flow (shear stress of 5 dynes/cm?) for 20 min followed by TNF-a
stimulation (lanes 5 and 6) with (lane 6) or without (lane 5) DN-MEKSP transfection under continuous flow. After 6 h of TNF-a stimulation,
luciferase NF-kB transcriptional activity was assayed using the dual-luciferase reporter assay system, and luciferase luminescence was counted in
a Luminometer and then normalized to cotransfected luciferase activity as described in Materials and Methods. Results are the mean = SD of
three independent experiments. **, P < 0.01. (B) Effect of long-term flow on TNF-a-mediated VCAM-1 and E-selectin expression. After 24 h of
transfection, BLMECs were treated in the following protocol: cells were maintained under static conditions for 60 min followed by vehicle (lanes
1 and 2) or TNF-a (20 ng/ml) stimulation (lanes 3 and 4) under the same static conditions with (lanes 2 and 4) or without (lanes 1 and 3)
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FIG. 5. Activated ERKS disrupts the association of corepressor SMRT with PPARvy1. (A) Scheme of the hinge-helix 1 region of PPARy1.
(B) The hinge-helix 1 region of PPAR~y1 is critical for CA-MEK5a and ciglitazone-induced PPARyl-mediated transactivation of the (PPRE);-
tk-luciferase reporter construct. (C) DN-SMRT increased PPARy1-mediated transactivation of the (PPRE);-tk-luciferase reporter construct. (D
and F) Interaction of ERKS5a with the hinge-helix 1 region of PPARy1 disrupts SMRT/PPAR~y1. Cos7 cells were transfected with plasmids
expressing Gal4, VP16, Gal4-SMRT, ERKS5a, or CA-MEK5a with wild-type VP16-PPARy1-LBD (D) or VP16-PPARY1-LBD Aaa202-231 (F), as
indicated, in a mammalian two-hybrid assay. (E) ERKS activation by cotransfection of CA-MEKSa and ERKSa inhibited coimmunoprecipitation
of SMRT with PPARYy (top). No difference in the amount of PPARy and SMRT was observed in samples by Western blot analysis with
anti-PPARYy or anti-SMRT antibody (middle and bottom).

whether the interaction of activated ERKS and PPARv1 alters tion of PPAR«y1 and SMRT (lane 3), and ciglitazone inhibited
binding of SMRT to PPAR«yl. We determined the expression this interaction (lane 4). Interestingly, cotransfection with
of nuclear corepressor (N-CoR1) and SMRT mRNA in ERKS5a (lane 5), CA-MEKSa (lane 6), or ERK5a and CA-
HUVECGCs by RT-PCR (data not shown). A dominant negative MEKS5a (lane 7) significantly inhibited the interaction between
form of SMRT increased full-length PPARy1 activity, suggest- corepressor SMRT and PPARy1-LBD.

ing a functional role for SMRT in HUVECs (Fig. 5C). As To confirm that ERKS activation disrupted the SMRT-
shown in Fig. 5D, two-hybrid analysis using Gal4-SMRT and PPARYy interaction