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Abstract To investigate the mechanisms underlying 15(S)-
HETE-induced angiogenesis, we have studied the role of
the small GTPase, Racl. We find that 15(S)-HETE acti-
vated Racl in human retinal microvascular endothelial cells
(HRMVEC) in a time-dependent manner. Blockade of Racl
by adenovirus-mediated expression of its dominant negative
mutant suppressed HRMVEC migration as well as tube for-
mation and Matrigel plug angiogenesis. 15(S)-HETE stim-
ulated Src in HRMVEC in a time-dependent manner and
blockade of its activation inhibited 15(S)-HETE-induced Racl
stimulation in HRMVEC and the migration and tube forma-
tion of these cells as well as Matrigel plug angiogenesis. 15(S)-
HETE stimulated JNKI in Src-Racl-dependent manner in
HRMVEC and adenovirus-mediated expression of its domi-
nant negative mutant suppressed the migration and tube
formation of these cells and Matrigel plug angiogenesis.
15(S)-HETE activated ATF-2 in HRMVEC in Src-Racl-JNKI1-
dependent manner and interference with its activation via
adenovirus-mediated expression of its dominant negative mu-
tant abrogated migration and tube formation of HRMVEC
and Matrigel plug angiogenesis. In addition, 15(S)-HETE-
induced MEKI stimulation was found to be dependent on
Src-Racl activation. Blockade of MEKI activation inhibited
15(S)-HETE-induced JNKI1 activity and ATF-2 phosphory-
lation.filff Together, these findings show that 15(S)-HETE ac-
tivates ATF-2 via the Src-Racl-MEKI-JNKI signaling axis in
HRMVEC leading to their angiogenic differentiation.—Zhao,
T., D. Wang, S. Y. Cheranov, M. Karpurapu, K. R. Chava, V.
Kundumani-Sridharan, D. A. Johnson, J. S. Penn, and G. N.
Rao. A novel role for activating transcription factor-2 in 15(S)-
hydroxyeicosatetraenoic acid-induced angiogenesis. J. Lipid
Res. 2009. 50: 521-533.
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Two 15-lipoxygenases (15-LOXs), namely, 15-LOX1 and
15-LOX2, have been shown to be present in humans (1, 2).
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Both enzymes metabolize linoleic acid (LA) to 13(S)-
hydroperoxyoctadecadienoic acid [13(S)-HPODE] and ara-
chidonic acid (AA) to 15(S)-hydroperoxyeicosatetraenoic
acid [15(S)-HPETE] preferentially (3, 4). With regard to
their tissue distribution, while 15-LOX1 shows a narrow
cell-specific expression, including human reticulocytes and
airway epithelial cells, 15-LOX2 appears to be expressed in
epithelial cell types in cornea, lung, prostate, and skin (5).
Although the presence of 15-LOX2 in the vessel wall has
yet to be reported, vascular smooth muscle cells (VSMC)
and endothelial cells (EC) express 15-LOX1 (also known as
12/15-LOX in murines) and when exposed to AA, these
cells produce 15(S)-HETE and 12(S)-HETE (6-9). A num-
ber of studies have demonstrated that 15-LOXI1 and its
murine ortholog 12/15-LOX play a role in atherosclerosis
(10-12). In addition, human atheroma homogenates upon
incubation converted AA mainly to 15-HETE (13). A pos-
sible role for 15-LOX1 and 15-LOX2 in carcinomas is
suggested by studies showing that the expression levels of
15-LOX1 and 12/15-LOX correlate with tumor grade in
human and murine prostate cancers (14, 15). On the other
hand, the expression levels of 15-LOX2 were decreased in
prostate carcinomas (16, 17). Although 15-LOX1 and 12/
15-LOX convert AA to 15(S)-HETE and 12(S)-HETE, re-
spectively, only the latter eicosanoid mimicked these en-
zymes in stimulating prostate cancer cell proliferation (18,
19). 15(S)-HETE although is the major product of AA pro-
duced by 15-LOXI1 and 15-LOX2; however, it mimics the
actions of only 15-LOX2 but not 15-LLOXI, at least in the
regulation of prostate tumor growth (20-22). In fact, many
studies reported that 15(S)-HETE induces apoptosis in var-
ious cancer cell types (21, 22).

In contrast to the above-mentioned observations, some
reports provided clues that 15(S)-HETE induces retinal
angiogenesis (23, 24). Angiogenesis plays a critical role in
the progression of various diseases including atherosclero-
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sis, tumors, and diabetic retinopathy (25-27). To learn
more about the capacity of 15(S)-HETE in the stimulation
of angiogenesis, we reported that it induces the migration
and tube formation of microvascular endothelial cells from
different vascular beds (8, 28, 29). Substantial evidence
shows that Racl, a small GTPase protein, plays a major role
in the regulation of cell motility (30—-32). We have pre-
viously shown that 15(S)-HETE-induced angiogenesis
requires activation of ERK1/2 and JNKI1 (8). Racl plays a
role in the activation of JNKI (33). Toward understanding
the mechanisms of 15(S)-HETE-induced angiogenesis,
here we report that 15(S)-HETE-induced JNKI activation
requires Src-dependent Racl-mediated MEKI stimulation
and that Src-Racl-MEKI-JNKI signaling targets ATF-2 in
influencing human retinal microvascular endothelial cell
(HRMVEC) angiogenic differentiation.

MATERIALS AND METHODS

Reagents

Arachidonic acid and 15(S)-HETE were bought from Cayman
Chemicals (Ann Arbor, MI). Growth factor-reduced Matrigel
(Cat. No. 354250) was obtained from BD Biosciences (Bedford,
MA). Phosphospecific anti-Src (Tyr416) (Cat. No. 2101), phospho-
specific anti-MEK1/2 (Ser217/221) (Cat. No. 9121), phospho-
specific anti-SAPK/JNK (Thr183/Tyr185) (Cat. No. 9251), and
phosphospecific anti-ATF-2 (Thr69/71) (Cat. No. 9225) anti-
bodies were obtained from Cell Signaling Technology (Beverly,
MA). Anti-Racl (Cat. No. 05-389) and anti-Src antibodies (Cat.
No. 05-184) were obtained from Upstate Biotechnology Inc. (Lake
Placid, NY). Anti-MEKI1 (Cat. No. SC-219), and anti-JNK1 (Cat.
No. SC-474) and anti-ATF-2 (Cat. No. SC-187) antibodies were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Anti-CD31 antibodies (Cat. No. 550274) were purchased from
BD Pharmingen (Palo Alto, CA). T4 polynucleotide kinase was
procured from New England Biolabs (Ipswich, MA). [y 32p]
ATP (3,000 Ci/mmol) was bought from GE Healthcare Bio-
sciences (Piscataway, NJ). All experiments involved the use of ani-
mals were approved by the Animal Care and Use Committee of the
University of Tennessee Health Science Center, Memphis, TN.

Adenoviral vectors

The construction of pAd-GFP and pAd-dnMEKI1 were de-
scribed previously (34). To clone dnRacl into adenoviral vector,
RacIN17 was released from pCEV-RacIN17 by digestion with
BamHI and EcoRI (35) and subcloned into the same sites of
PENTRS3C to yield pENTR3C-RacIN17. The pENTR3C-RacIN17
was then subjected to recombination with pAdCMVV5DEST to
obtain pAd-RacIN17. To construct adenoviral vector for dnJNKI,
Flag-JNKlapf was released from pCDNAI1Flag]NKlapf by diges-
tion with HindIIl and Xbal (36) and subcloned into the same
sites of pBluescript II SK (+). The Flag-JNKlapf was excised by
digestion with KpnI and NotI and cloned into the same sites of
pENTR3C to yield pENTR3C-flag-]NKlapf. The pENTR3C-flag-
JNKlapf was recombinated with pAdCMVV5DEST to yield pAd-
flag-JNKlapf. To make adenoviral vector for dnATF-2, dnATF-2
fragment was released from pCDNA3-dnATF-2 by digestion with
Kpnl and NotlI (37) and cloned into the same sites of pENTR3C
to yield pENTR3C-dnATF-2, which was then recombinated with
pAdCMVV5DEST to yield pAd-dnATF-2. The plasmids, pAd-
GFP, pAd-dnMEKI1, pAd-RacIN17 pAd-dnATF-2, and pAd-flag-
JNKlapf were linearized by digestion with Pacl and transfected
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into HEK293A cells. The resultant adenovirus was further ampli-
fied by infection of HEK293A cells and was purified by cesium
chloride gradient ultracentrifugation (38). The construction of
Ad-dnSrc was described previously (39) and provided by Dr.
Richard C. Vanema of Georgia Medical College, Augusta, GA.

Cell culture

Primary HRMVEC (Cat. No. ACBRI 181) were bought from
Applied Cell Biology Research Institute (Kirkland, WA). Cells
were grown in medium 131 containing microvascular growth sup-
plements, 10 pug/ml gentamycin, and 0.25 pg/ml amphotericin
B. Cultures were maintained at 37°C in a humidified 95% air
and 5% COs atmosphere. Cells were quiesced by incubating in
medium 131 for 24 h and used between 4 to 10 passages to per-
form the experiments unless otherwise indicated. 15(S)-HETE
was added to cells in ethanol. Thus, controls received an equal
volume of ethanol and it does not exceed 0.03%.

Pull-down assay

To measure Racl activation, an equal amount of protein from
control and each treatment was incubated with GST-PAK1 beads
overnight at 4°C. After collection by centrifugation, the beads
were heated in 50 pl of Laemmeli sample buffer for 10 min, and
the released proteins were resolved by 0.1% SDS-12% PAGE fol-
lowed by Western blot analysis for Rac1 using its specific antibodies.

JNKI assay

JNKI activity was measured by immunocomplex kinase assay
as described previously (40). Protein extracts from cells or tis-
sues were prepared using lysis buffer (20 mM HEPES, pH 7.4,
150 mM NaCl, 1% NP-40, 10 pwg/ml aprotinin, 10 pg/ml leupeptin,
50 mM glycerophosphate, 10 mM NaF, and 1 mM sodium ortho-
vanadate). Equal amount of protein (200 ng) from each sample
was immunoprecipitated with anti-JNK1/2 antibodies (2 pg) over-
night at 4°C followed by incubation with protein-A sepharose beads
for 1 h at room temperature. The immunocomplexes were washed
four times with lysis buffer, one time with kinase buffer, and incu-
bated in kinase reaction mix containing 25 mM HEPES (pH 7.4),
10 mM MgCls, 1 mM EGTA, 200 pg/ml GST-c-Jun fusion protein,
1 wCi [y**P]ATP, and 50 pM ATP for 30 min at 30°C. The kinase
reactions were stopped by addition of SDS-PAGE sample buffer and
subsequent boiling for 5 min. The reaction products were separated
by electrophoresis on 0.1% SDS and 10% polyacrylamide gels. The
[**P]labeled GST-cJun protein was visualized by autoradiography
and the band intensities were quantified using NIH Image J.

Cell migration assay

Cell migration was performed using a modified Boyden Cham-
ber method as described by Nagata, Mogi, and Walsh (41). The
cell culture inserts containing membranes with 10 mm in diam-
eter and 8.0 wm pore size (Nalge Nunc International, Rochester,
NY) were placed in a 24-well tissue culture plate (Costar, Corning
Incorporated, Corning, NY). The lower surface of the porous
membrane was coated with 70% Matrigel at 4°C overnight and
then blocked with 0.1% heat-inactivated BSA at 37°C for 1 h.
HRMVEC were quiesced for 24 h in medium 131, trypsinized,
and neutralized with trypsin neutralizing solution. Cells were
seeded into the upper chamber at 1 X 10° cells/well. Vehicle
or 15(S)-HETE were added to the lower chamber at the indicated
concentration. The upper and lower chambers contained me-
dium 131. When the effect of dominant negative Src, Racl,
JNKI, and ATF-2 mutants was tested on 15(S)-HETE-induced
HRMVEC migration, cells were infected with Ad-GFP, Ad-dnSrc,
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Ad-dnRacl, Ad-dnJNKI, or Ad-dnATF-2 at a moi of 80 and
quiesced before they were subjected to the migration assay. After
6 h of incubation at 37°C, nonmigrated cells were removed from
the upper side of the membrane with cotton swabs and the cells
on the lower surface of the membrane were fixed in methanol for
15 min. The membrane was then stained with Hematoxylin and
observed under a light microscope (Eclipse 50i, Nikon, Japan).
Images were captured using a Nikon Digital Sight DS-L1 system.

Cells were counted in five randomly selected squares per well
and presented as the number of migrated cells/field.

Tube formation assay

Tube formation assay was performed as described by Nagata,
Mogi, and Walsh (41). Twenty-four well culture plates (Costar,
Corning Incorporated) were coated with growth factor-reduced
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Fig. 1. 15(S)-HETE-induced angiogenic differentiation of human retinal microvascular endothelial cells
(HRMVEC) requires Racl activation. A: Quiescent HRMVEC were treated with and without 15(S)-HETE
(0.1 uM) for the indicated times and cell extracts were prepared and analyzed for Racl activation by pull-
down assay. Cellular total Racl levels are shown in the lower panel. B, C: HRMVEC were transduced with
Ad-GFP or Ad-dnRacl at a moi of 80, quiesced, and subjected to 15(S)-HETE-induced migration (B) or
tube formation (C). D: C57BL/6 mice were injected subcutaneously with 0.5 ml of Matrigel premixed with
vehicle or 50 uM 15(S)-HETE with and without Ad-GFP or Ad-dnRacl (5 X 10° pfu/ml). One week later,
the animals were sacrificed, and the Matrigel plugs were harvested from underneath the skin and either
immunostained for CD31 expression using anti-CD31 antibodies or analyzed for hemoglobin content using
Drabkin’s reagent. The values in the bar graphs in panels A, B, C, and D are the means = SD of three
independent experiments or four plugs from four animals. * P < 0.01 vs. control or Ad-GFP; ** P <
0.01 vs. Ad-GFP + 15(S)-HETE. The white bars represent controls to their respective treatments.
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Matrigel (BD Biosciences) in a total volume of 280 wl/well and
allowed to solidify for 30 min at 37°C. HRMVEC were trypsinized,
neutralized with trypsin neutralizing solution, and resuspended
in medium 131 at 5 X 10°/ml and 200 wl of this cell suspension
was added into each well. Vehicle or 15(S)-HETE, at the indicated
concentration, were added to the appropriate well and the
cells were incubated at 37°C for 6 h. When the effect of dominant
negative Src, Racl, JNKI, and ATF-2 mutants was tested on 15(S)-
HETE-induced HRMVEC tube formation, cells were infected with
Ad-GFP, Ad-dnSrc, Ad-dnRacl, Ad-dnJNKI1 or Ad-dnATF-2 at a
moi of 80 and quiesced before they were subjected to tube for-
mation. Tube formation was observed under an inverted micro-
scope (Model, Eclipse TS100, Nikon, Japan). Images were captured
with a CCD color camera (Model, KP-D20AU, Hitachi, Japan) at-
tached to the microscope and tube length was measured using the
NIH Image J.

Western blot analysis

After appropriate treatments and rinsing with cold PBS,
HRMVEC were lysed in 500 ul of lysis buffer (PBS, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 pg/ml PMSF,
100 pg/ml aprotinin, 1 pwg/ml leupeptin and 1 mM sodium ortho-
vanadate) and scraped into 1.5 ml Eppendorf tubes. After standing
on ice for 20 min, the cell lysates were cleared by centrifugation at
12,000 rpm for 20 min at 4°C. Samples of cell lysates containing
an equal amount of protein were resolved by electrophoresis on
0.1% SDS and 10% polyacrylamide gels. The proteins were trans-
ferred electrophoretically to a nitrocellulose membrane (Hybond,
Amersham Pharmacia Biotech, Piscataway, NJ). After blocking in
10 mM Tris-HCI buffer, pH 8.0, containing 150 mM sodium chlo-
ride, 0.1% Tween 20 and 5% (w/v) nonfat dry milk, the mem-
brane was treated with appropriate primary antibodies followed
by incubation with Horseradish Peroxidase (HRP)-conjugated sec-
ondary antibodies. The antigen-antibody complexes were detected
using chemiluminescence reageant kit (Amersham Pharmacia Bio-
tech, Piscataway, NJ).
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Matrigel plug angiogenesis assay

Matrigel plug assay was performed essentially as described by
Medhora et al. (42). C57BL/6 mice (8 wks old) were lightly an-
esthetized with sodium pentobarbital (50 mg/kg, i.p.) and were
injected subcutaneously with 0.5 ml of Matrigel that was pre-
mixed with vehicle or 50 uM of 15(S)-HETE along the dorsal
midline. Although this high concentration of 15(S)-HETE was
used in the Matrigel plug angiogenesis experiments during the
course of the present study, ongoing experiments showed that
15(S)-HETE even at much lower concentrations (5 wM) also
induces Matrigel plug angiogenesis to a level similar to that of
50 wM. The injection was made rapidly with a B-D 26G1/2 needle
to ensure the entire content was delivered as a single plug. When-
ever the effects of Ad-GFP, Ad-dnSrc, Ad-dnRacl, Ad-dnJNKI1,
or Ad-dnATF-2 (5 X 10° pfu/ml) were tested on 15(S)-HETE-
induced angiogenesis, these adenoviruses were added to the
Matrigel prior to the injection. The mice were allowed to recover
and 7 days later, unless otherwise stated, the animals were sacri-
ficed by inhalation of COs and the Matrigel plugs were harvested
from underneath the skin. The plugs were homogenized in 1 ml of
deionized HyO on ice and cleared by centrifugation at 10,000 rpm
for 6 min at 4°C. The supernatant was collected and used to mea-
surements of hemoglobin content with Drabkin’s reagent along
with hemoglobin standard essentially according to the manufac-
turer’s protocol (Sigma Chemical Co.). The absorbance was read
at 540 nm in an ELISA plate reader (Spectra Max 190, Molecular
Devices, Sunnyvale, CA). These experiments were repeated at least
three times with four mice for each group, and the values are ex-
pressed as g/dl of hemoglobin/mg plug.

Immunohistochemistry

After retrieving the Matrigel plugs from mice, they were snap-
frozen in OCT compound. Cryo-sections (5 wm) were made
using Leica Cryostat machine (Model: CM3050S) and stained
with anti-CD31 antibody (1:500 dilution, BD Pharmingen, Palo
Alto, CA), followed by sequential incubation with biotinylated
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Fig. 2. Src mediates 15(S)-HETE-induced Racl activation in HRMVEC. A: Quiescent HRMVEC were treated
with and without 15(S)-HETE (0.1 M) for the indicated times and cell extracts were prepared and analyzed
for Src activation by Western blotting using its phospho-specific antibodies. For normalization, the same blot
was reprobed with anti-Src antibodies. B: HRMVEC were transduced with Ad-GFP or Ad-dnSrc at 2 moi of
80, quiesced, treated with and without 15(S)-HETE (0.1 uM) for 10 min, and cell extracts were prepared
and analyzed for Racl activation by pull-down assay. The values in the bar graphs in panels A and B are the
means = SD of three independent experiments. * P < 0.01 vs. control or Ad-GFP; ** P < 0.01 vs. Ad-GFP +
15(S)-HETE. The white bars represent controls to their respective treatments.
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anti-rat IgG (1:300 dilution), avidin-biotin peroxidase, and di-
aminobenzidine substrate (Vector Laboratories, Burlingame,
CA). The sections were counterstained with Hematoxylin
and examined under a light microscope (Model: Eclipse 50i,
Nikon, Japan) in six random fields (400X magnification) from
each group. Images were captured using Nikon Digital Sight
DS-L1 system.

Statistics

All the experiments were repeated three times and data are
presented as Means = SD. The treatment effects were analyzed
by Student’s {-test and the P values < 0.05 were considered to
be statistically significant. In the case of Western blotting, one
representative set of data is shown.
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RESULTS

15(S)-HETE activates Racl in HRMVEC

Previously we have demonstrated that 15(S)-HETE in-
duces HRMVEC migration more potently than 5(S)-HETE
or 12(S)-HETE. In addition, we reported that 15(S)-HETE
induces angiogenic differentiation of HRMVEC involving
MEKI-dependent activation of ERK1/2 and JNKI (8). To
investigate further the mechanisms by which 15(S)-HETE
induces retinal angiogenesis, here we have studied the
role of Racl. Quiescent HRMVEC were treated with and
without 15(S)-HETE (0.1 pM) for the indicated times
and an equal amount of protein from control each treat-
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Fig. 3. Blockade of Src activation suppresses 15(S)-HETE-induced HRMVEC migration and tube formation
in vitro and Matrigel plug angiogenesis in vivo. A, B: HRMVEC were transduced with Ad-GFP or Ad-dnSrc
at a moi of 80, quiesced, and subjected to 15(S)-HETE-induced migration (A) or tube formation (B). C:
C57BL/6 mice were injected subcutaneously with 0.5 ml of Matrigel premixed with vehicle or 50 WM 15(S)-
HETE with and without Ad-GFP or Ad-dnSrc (5 X 10° pfu/ml). One week later, the animals were sacrificed,
and the Matrigel plugs were harvested from underneath the skin and either immunostained for CD31 expres-
sion using anti-CD31 antibodies or analyzed for hemoglobin content using Drabkin’s reagent. The values in
the bar graphs in panels A, B, and C are the means = SD of three independent experiments or four plugs
from four animals. * P < 0.01 vs. Ad-GFP; ** P < 0.01 vs. Ad-GFP + 15(S)-HETE. The white bars represent

controls to their respective treatments.
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ment was analyzed by pull-down assay for PAK-bound Racl
as previously described. 15(S)-HETE stimulated Racl acti-
vation in a time-dependent manner with a near maximum
3-fold increase at 10 min that was sustained until 60 min
and declined thereafter (Fig. 1A). Next we tested the role
of Racl in 15(S)-HETE-induced HRMVEC migration and
tube formation. 15(S)-HETE stimulated HRMVEC migra-
tion by approximately 2-fold as measured by a modified
Boyden chamber method, and adenovirus-mediated ex-
pression of dnRacl attenuated this effect (Fig. 1B). Similarly,
15(S)-HETE induced HRMVEC tube formation by approxi-
mately 2-fold, and this effect was blocked by adenovirus-
mediated expression of the dominant negative Racl mutant
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(Fig. 1C). In order to obtain additional evidence for the
role of Racl in 15(S)-HETE-induced angiogenesis, we used
the Matrigel plug angiogenesis model. As shown in Fig. 1D,
15(S)-HETE (50 wM) induced Matrigel plug angiogenesis
and dnRacl significantly inhibited this effect.

Src mediates 15(S)-HETE-induced Racl activation
in HRMVEC

Many studies have shown that Src mediates Racl in
response to receptor tyrosine kinase agonists and cytokines
(43, 44). To determine whether Src mediates 15(S)-HETE-
induced activation of Racl, we first studied the time course
of the effect of this eicosanoid on tyrosine phosphorylation
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Fig. 4. Src-Racl signaling mediates 15(S)-HETE-induced JNKI activation in HRMVEC. A: Quiescent
HRMVEC were treated with and without 15(S)-HETE (0.1 nwM) for the indicated times, and cell extracts
were prepared and analyzed by Western blotting for pJNKI1 using its phosphospecific antibodies. The blot
was reprobed with anti-JNK1 antibodies for normalization. B, C: HRMVEC were transduced with Ad-GFP,
Ad-dnSrc, or Ad-dnRacl at a moi of 80, quiesced, treated with and without 15(S)-HETE (0.1 uM) for 10 min,
and cell extracts were prepared and analyzed for JNKI activation either by Western blotting using its
phosphospecific antibodies or by immunocomplex kinase assay using GST-c-Jun protein and [y-**P]ATP as
substrates. The blots in panels A and B were reprobed either with anti-JNK1 antibodies for normalization
or anti-Src antibodies to show overexpression of Src. The values in the bar graphs in panels A and B
are the means = SD of three independent experiments. ¥ P < 0.01 vs. control or Ad-GFP; ** P < 0.01 vs.
Ad-GFP + 15(S)-HETE. The white bars represent controls to their respective treatments.
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of Src. 15(S)-HETE induced the tyrosine (Tyr416) phos-
phorylation of Src in a time-dependent manner with a
maximum 3-fold increase at 10 min, that was sustained
for 60 min and declined thereafter (Fig. 2A). Next, we
tested the effect of dnSrc on 15(S)-HETE-induced activa-
tion of Racl. Adenovirus-mediated expression of dnSrc
without affecting the Racl levels significantly inhibited its
PAK-bound levels (Fig. 2B). To test the role of Src in 15(S)-
HETE-induced angiogenic events, we further tested the ef-
fect of dnSrc on HRMVEC migration and tube formation
and Matrigel plug angiogenesis. Adenovirus-mediated
expression of dnSrc completely inhibited 15(S)-HETE-

A
o 607 W 15(S)-HETE
© x
& 501
8
o 401
2
o ]
s ® -
£
5 201
5 ol
£
=
= P
Ad-GFP Ad-dnJNK1
Ad-GFP Ad-GFP + 15(S)-HETE

Ad-dnJNK1 Ad-dnJNK1 + 15(S)-HETE

z 180 15(S)-HETE
£ o0 «  W5(S)

> 140

£ 120

£ 100

= 80 i
B 60

3 40

s ﬂ Hl
F 0

Ad-GFP Ad-dnJNK1

induced HRMVEC migration and tube formation and
Matrigel plug angiogenesis (Fig. 3A-C).

15(S)-HETE activates JNKI1 in HRMVEC via
Src-Racl signaling

Previously we have shown that 15(S)-HETE stimulates
JNKI1 in HRMVEC (7). To understand the mechanisms
of JNKI activation by 15(S)-HETE, here we have examined
the role of Src and Racl. 15(S)-HETE activated JNKI in a
time-dependent manner (Fig. 4A). Adenovirus-mediated
expression of either dnSrc or dnRacl blocked 15(S)-HETE-
induced JNKI1 phosphorylation and activity (Fig. 4B, C).
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Fig. 5. Adenovirus-mediated expression of dnJNK1 inhibits 15(S)-HETE-induced HRMVEC migration and
tube formation in vitro and Matrigel plug angiogenesis in vivo. A, B: HRMVEC were transduced with
Ad-GFP or Ad-dnJNK1 at a moi of 80, quiesced, and subjected to 15(S)-HETE-induced migration (A) or tube
formation (B). C: C57BL/6 mice were injected subcutaneously with 0.5 ml of Matrigel premixed with vehicle
or 50 uM 15(S)-HETE with and without Ad-GFP or Ad-dn]JNK1 (5 X 10° pfu/ml). One week later, the animals
were sacrificed, and the Matrigel plugs were harvested from underneath the skin and either immunostained
for CD31 expression using anti-CD31 antibodies or analyzed for hemoglobin content using Drabkin’s
reagent. The values in the bar graphs in panels A, B, and C are the means = SD of three independent ex-
periments or four plugs from four animals. * P < 0.01 vs. Ad-GFP; ** P < 0.01 vs. Ad-GFP + 15(S)-HETE.
The white bars represent controls to their respective treatments.
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Blockade of JNKI activation by adenovirus-mediated ex-
pression of its dominant negative mutant significantly
blunted 15(S)-HETE-induced HRMVEC migration and tube
formation and Matrigel plug angiogenesis (Fig. 5A-C).

15(S)-HETE activates ATF-2 in HRMVEC

One of the transcriptional factors shown to be activated
by the MAP kinases, particularly, JNKs and p38MAPK, is
activating transcription factor-2 (ATF-2) (45-47). Because
15(S)-HETE activated JNKI1, we asked whether 15(S)-
HETE stimulates ATF-2. 15(S)-HETE activated ATF-2 in a
time-dependent manner as measured by its phosphoryla-
tion (Fig. 6A). To identify the mechanisms of ATF-2 ac-
tivation, we next studied the role of Src, Racl, and JNKI.
Adenovirus-mediated expression of dnSrc, dnRacl, or
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dnJNKI1 blocked 15(S)-HETE-induced ATF-2 phosphory-
lation (Fig. 6B, C). Blockade of ATF-2 by adenovirus-
mediated expression of its dominant negative mutant
significantly blunted 15(S)-HETE-induced migration and
tube formation of HRMVEC and Matrigel plug angiogen-
esis in vivo (Fig. 7A-C).

MEKI1 mediates 15(S)-HETE-induced ATF-2 via
JNKIl-dependent manner

Previously we have reported that MEKI acts as an up-
stream kinase in 15(S)-HETE-induced JNKI activation (8).
To understand the upstream signaling events of MEKI ac-
tivation by 15(S)-HETE in HRMVEC, we studied the role
of Src and Racl. Interference with Src-Racl signaling via
adenovirus-mediated expression of their dominant negative

v
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Fig. 6. Src-Racl-JNKI signaling mediates 15(S)-HETE-induced ATF-2 activation in HRMVEC. A: Quiescent
HRMVEC were treated with and without 15(S)-HETE (0.1 pM) for the indicated times, and cell extracts were
prepared and analyzed by Western blotting for pATF-2 using its phosphospecific antibodies. B, C: HRMVEC
were transduced with Ad-GFP, Ad-dnSrc, Ad-dnRacl, or Ad-dnJNKI1 at a moi of 80, quiesced, treated with
and without 15(S)-HETE (0.1 pM) for 10 min, and cell extracts were prepared and analyzed for ATF-2
phosphorylation as described in panel A. The blots in panels A, B, and C were reprobed either with anti-
ATF-2 antibodies for normalization or anti-Src antibodies to show overexpression of Src. The values in the
bar graphs are the means * SD of three independent experiments. ¥ P < 0.01 vs. control or Ad-GFP; ** P <
0.01 vs. Ad-GFP + 15(S)-HETE. The white bars represent controls to their respective treatments.
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Fig. 7. Adenovirus-mediated expression of dnATF-2 suppresses 15(S)-HETE-induced HRMVEC migration
and tube formation in vitro and Matrigel plug angiogenesis in vivo. A, B: HRMVEC were transduced with
Ad-GFP or Ad-dnATF-2 at a moi of 80, quiesced, and subjected to 15(S)-HETE-induced migration (A) or
tube formation (B). C: C57BL/6 mice were injected subcutaneously with 0.5 ml of Matrigel premixed with
vehicle or 50 uM 15(S)-HETE with and without Ad-GFP or Ad-dnATF-2 (5 X 10° pfu/ml). One week later,
the animals were sacrificed, and the Matrigel plugs were harvested from underneath the skin and either
immunostained for CD31 expression using anti-CD31 antibodies or analyzed for hemoglobin content using
Drabkin’s reagent. The values in the bar graphs in panels A, B, and C are the means * SD of three inde-
pendent experiments or four plugs from four animals. * P < 0.01 vs. Ad-GFP; ** P < 0.01 vs. Ad-GFP +
15(S)-HETE. The white bars represent controls to their respective treatments.

mutants inhibited 15(S)-HETE-induced MEKI1 activation
(Fig. 8A, B). Next we tested the role of MEKI in 15(S)-
HETE-induced JNKI and ATF-2 activation. Blockade of
MEKI activation by adenovirus-mediated expression of
its dominant negative mutant suppressed 15(S)-HETE-
induced phosphorylation and activity of JNKI1 and phos-
phorylation of ATF-2 (Fig. 8C, D). Recently, w-6 PUFAs such
as AA have been reported to stimulate proangiogenic pro-
cesses, including enhancing the simultaneous effect of
vascular endothelial growth factor (VEGF) and bFGF on
angiopoietin-2 expression and tube formation in human
endothelial cells (48). Because AA is the substrate for 15(S)-
HETE production via the 15-LOX1/2 or 12-LOX pathways,

we asked whether it has any effect on activation of ATF-
2 in HRMVEC. As expected, AA (5 pwM) stimulated the
phosphorylation of ATF-2 in a time-dependent manner in
HRMVEC (Fig. 9A). Similarly, AA (50 wM) induced Matrigel
plug angiogenesis (Fig. 9B, C).

DISCUSSION

The important findings of the present study are that
1) 15(S)-HETE activated Src, Racl and ATF-2 in a time-
dependent manner in HRMVEC; 2) 15(S)-HETE-induced
ATF-2 activation was dependent on Src-Racl-MEKI-JNKI1
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Fig. 8. Src-Racl signaling targets MEK1 in mediating JNKI1-dependent ATF-2 activation in HRMVEC in
response to 15(S)-HETE. A, B: HRMVEC were transduced with Ad-GFP, Ad-dnSrc, or Ad-dnRacl at a moi
of 80, quiesced, treated with and without 15(S)-HETE (0.1 pM) for 10 min, and cell extracts were prepared
and analyzed for MEK1 activation by Western blotting using its phosphospecific antibodies. The blots were
reprobed with anti-MEKI1 antibodies for normalization. C, D: HRMVEC were transduced with Ad-GFP or
Ad-dnMEKI at a moi of 80, quiesced, treated with and without 15(S)-HETE (0.1 uM) for 10 min, and cell
extracts were prepared and analyzed for JNKI and ATF-2 phosphorylation using their phospho-specific anti-
bodies. In panel C, an equal amount of protein from control and each treatment was also analyzed for
JNKI activity using immunocomplex kinase assay. In panel D, the blot was reprobed with anti-ATF-2 anti-
bodies for normalization. The blots in panels A, B, C, and D were reprobed either with anti-MEKI anti-
bodies, anti-Src antibodies, or anti-ATF-2 antibodies for normalization or to show adenovirus-mediated
overexpression of Src or MEKI1. The values in the bar graphs in panels A, B, C, and D are the means *
SD of three independent experiments. * P < 0.01 vs. Ad-GFP; ** P < 0.01 vs. Ad-GFP + 15(S)-HETE. The
white bars represent controls to their respective treatments.

signaling; and 3) 15(S)-HETE-induced migration and tube
formation of HRMVEC and Matrigel plug angiogenesis
in vivo exhibited a requirement for activation of Src-Racl-
MEKI-JNKI-ATF-2 signaling. A large body of evidence indi-
cates that Racl via its targeting of a wide variety of signaling
molecules plays a role in the regulation of cell growth and
in motility (30—32). One of the mechanisms of Racl activa-
tion by growth factors and cytokines is the involvement of

530 Journal of Lipid Research Volume 50, 2009

tyrosine kinases such as the Src family of nonreceptor tyro-
sine kinases. A role for Src and Fyn in the activation of Racl
by EGF and SCF in the mediation of intestinal epithelial
cell and mast cell migration has been reported (43, 49).
Similarly, the involvement of Src in the activation of Racl
in mechanical strain-induced epithelial cell mitogenesis
has been reported (50). Our results reveal that 15(S)-HETE,
an eicosanoid, also possesses the capacity to activate Racl via
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Fig. 9. AA stimulates phosphorylation of ATF-2 in HRMVEC in vitro
and induces Matrigel plug angiogenesis in vivo. A: Quiescent
HRMVEC were treated with and without AA (5 pwM) for the in-
dicated times, and cell extracts were prepared and analyzed by
Western blotting for pATF-2 using its phosphospecific antibodies.
B, C: C57BL/6 mice were injected subcutaneously with 0.5 ml of
Matrigel premixed with vehicle or 50 uM AA. One week later, the
animals were sacrificed, and the Matrigel plugs were harvested from
underneath the skin and either immunostained for CD31 expres-
sion using anti-CD31 antibodies or analyzed for hemoglobin con-
tent using Drabkin’s reagent. The values in the bar graph are the
means * SD of four plugs from four animals. * P < 0.01 vs. control.

recruiting Src as an upstream signaling molecule in the
stimulation of HRMVEC migration and tube formation. It
was reported that oxidants induce Src activation via the
involvement of PKC (51). Many studies also showed that
HETEs, including 15(S)-HETE, possess the capacity to acti-
vate PKC (52-54). Based on these findings, it is conceivable
that 15(S)-HETE activates Src via a mechanism involving
PKC. One study has reported that 12(S)-HETE binds to
high affinity binding sites in the cytoplasm of lung carcinoma
cells and thereby interacts with steroid receptor coactivator-1
(55). Although no further characterization was provided
for these receptors, it is possible that 15(S)-HETE may also
possess similar receptors in HRMVEC, which upon binding
to 15(S)-HETE, may lead to activation of Src. While further

studies are required for elucidation of the mechanisms by
which 15(S)-HETE activates Src in HRMVEC, our results
provide convincing evidence for the ability of 15(S)-HETE
in the activation of this important nonreceptor tyrosine
kinase leading to Racl activation in the mediation of migra-
tion and tube formation of these cells.

Racl plays a role in mediating receptor tyrosine kinase
receptor and cytokine receptor-mediated signaling to ac-
tivate JNKI via recruiting MAPK kinase kinases, such as
MEKKI1-4, and MAPK kinases, such as MKK4/7 (56). Al-
though, a role for MEKK1-4 and MKK4/7 cannot be ruled
out in 15(S)-HETE-induced JNKI activation, our previous
observations revealed that PD98059, a potent inhibitor of
MEK1/2 and a dominant negative mutant of MEK1 blocked
15(S)-HETE-induced JNKI activation (8). In the present
study, we showed that dnMEKI also inhibits 15(S)-HETE-
induced JNKI activity. In addition, we found that suppres-
sion of Src-Racl signaling blocks 15(S)-HETE-induced MEK1
activation, suggesting that 15(S)-HETE activates JNKI1 via Src-
Racl-MEKI-dependent mechanism in HRMVEC, leading to
their migration and tube formation. A large body of data
indicates that MEK1/2 phosphorylates and activates only
ERKI1/2 (56). However, our findings revealed a novel role
for MEKI in JNKI activation as well, at least in human retinal
microvascular endothelial cells. A role for MAPKs, particu-
larly JNKs and p38MAPK, has been shown in the activation
of ATF-2 (45—47). Similarly, a requirement for Racl activa-
tion in syndecan-4-induced ATF-2 transcriptional activity
has been reported (57). Along with these findings, our ob-
servations show that 15(S)-HETE-induced ATF-2 activation
depends on the Src-Racl-MEKI-JNKI signaling axis. In ad-
dition, because suppression of Src, Racl, MEKI, and JNKI1
inhibited ATF-2 activation and adenovirus-mediated expres-
sion of dominant negative ATF-2 mutant abrogated 15(S)-
HETE-induced HRMVEC migration and tube formation, it
appears that this transcriptional factor is an effector of Src-
Racl-MEKI-JNKI activation signaling in the mediation of
HRMVEC angiogenic differentiation by this eicosanoid.
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Fig. 10. Schematic diagram showing the potential mechanism of

ATF-2 activation by 15(S)-HETE in the stimulation of HRMVEC
angiogenic differentiation.
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Furthermore, because adenovirus-mediated expression of
dominant negative mutants of Src, Racl, JNKI, MEKI, or
ATF-2 negated 15(S)-HETE-induced Matrigel plug angio-
genesis, it is likely that these signaling molecules may also
influence angiogenesis in vivo in a manner similar to that
seen in HRMVEC in vitro. Because AA, a substrate for the
LOX enzymes, stimulated the phosphorylation of ATF-2 in
HRMVEC in vitro and Matrigel plug angiogenesis in vivo,
it is possible that similar signaling may also be effective in
mediating angiogenesis by other hydroxy fatty acids such as
12(S)-HETE. Based on the efficacy of AA to induce Matrigel
plug angiogenesis, it is possible to assume that besides its
conversion via the cyclooxygenase, LOX, or cytochrome
P450 monooxygenase (CYP) pathways, free fatty acid itself
may induce angiogenesis.

Several studies have shown that hypoxia-induced an-
giogenesis requires FGF-2 and VEGF (58, 59). Previously,
others and we have demonstrated that hypoxia induces
the expression of 15-LOX1 and production of 15(S)-HETE
in arteries and microvascular endothelial cells (8, 24, 60).
In addition, we reported that 15(S)-HETE induces the
expression of VEGF in human dermal microvascular en-
dothelial cells (29). Based on these observations, it is pos-
sible that 15(S)-HETE may influence the expression of
angiogenic factors such as FGF-2 and VEGF via activation
of signaling pathways such as Src-Racl-MEKI-JNKI-ATF-2
during hypoxia-induced angiogenesis. It was reported that
lipoxin A4, a metabolite of 15(S)-HETE, inhibits VEGF-
induced angiogenesis (61). Based on this result, it may
be conceivable that 15(S)-HETE-induced angiogenic dif-
ferentiation of HRMVEC may not require its conversion
to its metabolites.

In summary, the findings of the present study suggest
that 15(S)-HETE-induced human retinal microvascular
endothelial cell angiogenic differentiation requires Src-
Racl-MEKI1-JNKl-dependent activation of ATF-2, as de-
picted in Fig. 10.68

T.Z. performed cell migration and tube formation, immuno-
complex kinase assays, pull-down assays, and Western blot
analysis; D.W. performed Matrigel plug injections and immuno-
histochemistry; S.C. measured hemoglobin levels in Matrigel
plugs; M.K. performed immunocomplex kinase assays and
Western blot analysis; K.R.C. performed Western blot analysis;
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discussions and participated in writing the manuscript; J.S.P.
provided critical reagents and participated in collaborative dis-
cussions; G.N.R. designed the experiments, interpreted the
data, and wrote the manuscript.
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