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Arachidonic acid is an essential constituent of cell membranes that is esterified to the sn-2 position of
glycerophospholipids and is released from selected phospholipid pools by tightly regulated phospholipase
cleavage. Metabolism of the released arachidonic acid by the cytochrome P450 enzyme system (cP450) gener-
ates biologically active compounds, including epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic
acids. Here we report that 2-(14,15-epoxyeicosatrienoyl)glycerol (2-14,15-EG), a novel cP450 arachidonate
metabolite produced in the kidney, is a potent mitogen for renal proximal tubule cells. This effect is mediated
by activation of tumor necrosis factor alpha-converting enzyme (ADAM17), which cleaves membrane-bound
transforming growth factor � (proTGF-�) and releases soluble TGF-� as a ligand that binds and activates
epidermal growth factor receptor (EGFR). The present studies additionally demonstrate that the structurally
related 14,15-EET stimulates release of soluble heparin-binding EGF-like growth factor as an EGFR ligand by
activation of ADAM9, another member of the ADAM family. Thus, in addition to the characterization of
2-14,15-EG’s mitogenic activity and signaling mechanism, our study provides the first example that two
structurally related biologically active lipid mediators can activate different metalloproteinases and release
different EGFR ligands in the same cell type to activate EGFR and stimulate cell proliferation.

In response to relevant stimulation by growth factors, cyto-
kines, or circulating hormones, arachidonic acid is hydrolyzed
from the sn-2 position of selected glycerophospholipids by
activated phospholipases (20, 51). Metabolism of the released
arachidonic acid by the cytochrome P450 (cP450)-dependent
monooxygenase pathway produces 5,6-, 8,9-, 11,12-, and 14,15-
epoxyeicosatrienoic acids (EETs) through NADPH-dependent
epoxidation and forms 19- and 20-hydroxyeicosatetraenoic ac-
ids via �/�-1 hydroxylation (8, 47, 54). These cP450 metabo-
lites are involved in regulation of vascular tone and salt and
fluid balance (37, 41). Recent studies have suggested that
EETs are endothelium-derived hyperpolarizing factors (7, 25),
serve as intracellular second messengers in vasculature (26)
and epithelia (16), and possess anti-inflammatory properties
(52).

In the kidney, EETs are produced primarily by epoxygenases
of the cP450 2C family (10), which have been localized to the
renal proximal tubule (22). Direct administration of EETs
inhibits amiloride-sensitive sodium transport and 86Rb uptake
in cultured renal proximal tubule cells (23, 64). EETs also
serve as potent mitogens for a number of cell types including
renal proximal tubule cells (6, 13, 15) as well as vascular en-
dothelial cells (49, 56) and glomerular mesangial cells (30).

The mitogenic effect of EETs is mediated by activation of a
tyrosine kinase cascade (13, 15, 35, 56). Further studies re-
vealed that 14,15-EET stimulates DNA synthesis by activation
of epidermal growth factor receptor (EGFR) and the extracel-
lular signal-regulated kinase (ERK) signaling pathway by metal-
loproteinase activation and the consequent release of soluble
heparin-binding EGF-like growth factor (HB-EGF) (12).
However, the identity of 14,15-EET-activated metalloprotein-
ase(s) has remained unknown.

The ADAM (a disintegrin and metalloproteinase) family of
proteins has been implicated in the proteolytic processing of
membrane-bound EGFR ligands, thus regulating EGFR sig-
naling and EGFR-dependent functions by mediating the re-
lease of mature, soluble EGFR ligands including HB-EGF (3,
29). Of interest, ADAM17/tumor necrosis factor alpha-con-
verting enzyme (TACE) and ADAM9 display different sensi-
tivities to hydroxamic acid-type metalloproteinase inhibitors in
vitro (58), and proHB-EGF and preproEGF also exhibit dis-
parate sensitivities to hydroxamic acid-based metalloprotein-
ase inhibitors, suggesting that different members of the EGFR
ligand family may be cleaved by different metalloproteinases
(21). However, the substrate specificity and inducibility of dif-
ferent members of the ADAM metalloproteinase family that
are responsible for the ectodomain shedding of different
EGFR ligands have not yet been clearly defined.

We have recently identified a novel group of cP450 metab-
olites of arachidonic acid, 2-epoxyeicosatrienoylglycerols (2-
EGs) that are produced in the kidney, spleen, and brain (14).
In the kidney, 2-14,15-EG is the predominant isoform of 2-EG
(14). Because the renal proximal tubule epithelial cells express
the highest level of cP450 enzyme in the kidney (22), in the
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present study we characterized the role and mechanism of
action of 2-14,15-EG in the well-established renal proximal
tubule epithelial cell line, LLCPKcl4 (1).

MATERIALS AND METHODS

Reagents. EGF (receptor grade) was purchased from Collaborative Research
(Bedford, MA). 2-Arachidonoylglycerol, WIN55212-2, AM251, and AM630
were from Tocris Cookson, Inc. (Ellisville, MO). Tyrphostin AG1478, phenan-
throline, and TAPI-0 were obtained from EMD Biosciences (San Diego, CA).
Polyclonal and monoclonal antiphosphotyrosine antibodies were purchased from
Zymed (San Francisco, CA). Polyclonal anti-ERK antibodies, monoclonal anti-
phospho-ERK antibodies, anti-EGFR antibodies, CB1 and CB2 cannabinoid
receptor antibodies, and protein A/G Agarose beads were from Santa Cruz Bio-
technology (Santa Cruz, CA). [3H]thymidine, [3H]CP55940, and [�-32P]dCTP were
from PerkinElmer Life and Analytical Sciences (Boston, MA). Heparin-Sepha-
rose CL-6B column was from Amersham Biosciences Corp. (Piscataway, NJ).
Monoclonal neutralizing EGFR antibody clone 528 and neutralizing transform-
ing growth factor alpha (TGF-�) antibody were a generous gift from Robert
Coffey (Vanderbilt University). Batimastat (BB-94) was from British Biotech-
nology (Oxford, United Kingdom). CRM197, monoclonal anti-actin antibody,
and all other chemicals were from Sigma.

Synthesis of 14,15-EET and 2-14,15-EG. 14,15-EET was synthesized as we
previously described (9, 15). 2-14,15-EG was synthesized as follows: 1,3-bis(tri-
isopropylsilyl)-2-(14,15-EG, 4-dimethylaminopyridine (31 mg; 0.256 mmol) and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (56 mg; 0.256
mmol) were added sequentially, with stirring, to a room-temperature solution of
14,15-EET (17) (55 mg; 0.17 mmol) and 1,3-bis(triisopropylsilyl)-2-glycerol (28)
(65 mg; 0.163 mmol) in dry dichloromethane (5 ml). After 24 h, the reaction
mixture was diluted with dichloromethane (15 ml), washed with water (5 ml) and
brine (3 ml), dried over sodium sulfate, and concentrated in vacuo. The residue
was purified by column chromatography on silica gel using diethyl ether/hexane
(2:98) as eluant to give 1,3-bis(triisopropylsilyl)-2-(14,15-EG (116 mg; 93%) as a
colorless oil. TLC: Rf � 0.64 (20% ethylacetate [EtOAc]-hexane); 1H NMR (400
MHz, CDCl3) �5.58 to 5.43 (m, 2H), 5.42 to 5.30 (m, 4H) 4.95 (apparent quintet,
1H, J � 5.2Hz), 3.84 (ddd, 4H, J � 15.5, 10.3, 5.2 Hz), 3.00 to 2.90 (m, 2H), 2.82
(dt, 2H, J � 14.6, 5.8Hz), 2.45 to 2.36 (m, 1H), 2.32 (t, 2H, J � 7.6Hz), 2.28 to
2.20 (m, 1H), 2.15 to 2.05 (m, 2H), 1.70 (quintet, 2H, J � 7.6Hz), 1.60 to 1.22 (m,
12H), 1.18 to 0.96 (m, 42H), 0.91 (t, 3H, J � 6.7 Hz); 13C NMR (75 MHz)
�173.30, 130.61, 129.37, 128.77, 128.71, 127.96, 124.74, 75.23, 64.10, 57.39, 56.59,
43.07, 31.94, 27.96, 26.81, 26.51, 26.48, 25.99, 25.81, 25.01, 22.81, 18.12, 14.21,
12.11.

A mixture of tetra-n-butylammonium fluoride (0.56 mmol) 560 �l of a 1 M
tetrahydrofolate (THF) solution, and acetic acid (0.56 mmol) was added drop-
wise to a �20°C solution of the above bis-silyl ether (40 mg, 0.056 mmol) in dry
THF (10 ml). After 2 h, the reaction mixture was warmed to 0°C and stirred for
another 24 h; then the THF was removed under an argon stream. The residue
was partitioned between water and EtOAc. After separation of the layers, the
aqueous layer was extracted two more times. The combined organic fractions
were washed with brine, dried over sodium sulfate, and concentrated in vacuo.
The residue was purified by flash chromatography over a short column of silica
gel eluted using 30 to 50% EtOAc-hexane to give pure 2-14,15-EG (20 mg; 90%).
TLC: Rf � 0.12 (20% acetone/benzene); 1H NMR (400 MHz, CDCl3) �5.56 to
5.34 (m, 6H), 4.96 (apparent quintet, 1H, J � 4.5 Hz), 3.84 (bd, 4H, J � 4.8 Hz),
2.99 to 2.93 (m, 2H), 2.86 to 2.80 (m, 4H), 2.49 to 2.36 (m, 3H), 2.24 to 2.11 (m,
4H), 1.74 (apparent quintet, 2H, J � 7.3 Hz), 1.54 to 1.29 (m, 9H), 0.91 (t, 3H,
J � 6.7 Hz). High-performance liquid chromatography was performed with a
Microsorb column (2.25 by 30 cm) using 7% i-PrOH–hexane and a flow rate of
9 ml/min with an Rt of 48 min for 2-(14,15-EG) and of 46 min for 1-(14,15-EG).

Cell culture. LLCPKcl4, an established adherent proximal tubule epithelial
cell line derived from porcine kidney (1), was cultured in Dulbecco’s modified
Eagle’s medium—F-12 (DMEM–F-12) mixture; A431 cells were grown in
DMEM at 37°C in a 5% CO2 cell culture incubator. All media were supple-
mented with 100 units/ml penicillin, 100 �g/ml streptomycin, and 10% fetal
bovine serum (FBS; HyClone), and the medium was changed every 2 to 3 days.

Cell proliferation. A total of 1.5 � 104 LLCPKcl4 cells per well were seeded
into six-well plates. After 24 h of growth in DMEM–F-12 mixture containing
10% FBS, the medium was changed to serum-free medium and incubated for an
additional 24 h to make the cells quiescent. Cells were then exposed to 2 �M
2-14,15-EG or vehicle alone in the presence of 0.2% FBS in the medium. Cell
number per well in each treatment group was counted every day. Results were

plotted as the cell number/well for the indicated durations. Each experimental
data point represents triplicate wells from three different experiments.

[3H]thymidine incorporation assay, immunoprecipitation, and immunoblot-
ting. Assays were performed as previously described (12, 15).

RT-PCR. Total cellular RNA was isolated from LLCPKcl4 cells using
TRIZOL Reagent (Invitrogen) and used as templates to determine whether the
ADAM family members potentially involved in TGF-� and HB-EGF cleavage
were expressed in LLCPKcl4 cells. One microgram of total RNA was used for
reverse transcription in a 20-�l final reaction volume for all ADAM family
members except for ADAM12 (up to 10 �g of total RNA from LLCPKcl4 cells
was used in an attempt to detect ADAM12 expression). Our preliminary exper-
iments indicated that the reverse transcription-PCR (RT-PCR) exponential
phase determined on 15 to 30 cycles allowed semiquantitative comparisons
among cDNAs derived from identical reactions. Therefore, in the reported data,
each PCR regime involved a 2-min initial denaturation step at 94°C, followed by
20 cycles (for ADAM9), 25 cycles (for ADAM10 and ADAM17/TACE), 30 cycles
(for ADAM15), or 20 to 40 cycles (20 cycles for ADAM12 in heart and cerebel-
lum; 20, 30, 35, and 40 cycles were tested for ADAM12 in LLCPKcl4 cells) at
94°C for 30 s, 55°C for 30 s, and 72°C for 90 s, with a 7-min extension at the end
of the PCR using the Perkin Elmer 9600 thermal cycler (Global Medical Instru-
mentation, Ramsey, MN). Primer sequences were as follows: for ADAM9, 5	-C
ACGTCGGAGACATGACAGTGCAC-3	 (forward) and 5	-CCACACCCCAA
CATTTGGTGCCTC-3	 (reverse); for ADAM10, 5	-GTTAATTCTGCTCCTCT
CCTGG-3	 (forward) and 5	-TGGATATCTGGGCAATCACAGC-3	 (reverse);
for ADAM12 primer pair 1, 5	-GTGTTGGTAGGCGTGGAAGTGTGG-3	
(forward) and 5	-ACTCTGGGAGGTCACAGGAGTTGC-3	 (reverse); for
ADAM12 primer pair 2, 5	-CTGCAAGACGGTACTGATGTCTC-3	 (forward)
and 5	-TCATCCCGAAATTGTGGCCCAGC-3	 (reverse); for ADAM15, 5	-TC
GATTGCCCCATGACAGTGCC-3	 (forward) and 5	-TGACTGGCACTGCT
GGGCATAG-3	 (reverse); for ADAM17/TACE, 5	-GCAGTCTCTCCTATTCC
TGACC-3	 (forward) and 5	-CATCTTCACATCCCAAGCATCC-3	 (reverse).
The expected RT-PCR products using these primer pairs were 930 bp for
ADAM9, 725 bp for ADAM10, 703 bp and 778 bp for ADAM12 primer pair 1
and 2 (respectively), 718 bp for ADAM15, and 943 bp for ADAM17/TACE.

Cloning of porcine ADAM9, ADAM10, and ADAM17/TACE cDNA fragments.
cDNA fragments of porcine ADAM9 (930 bp), ADAM10 (725 bp), and
ADAM17/TACE (943 bp) were amplified from total RNA isolated from LLCP-
Kcl4 by RT-PCR as described above and run on 1% agarose gels. The specific
RT-PCR products were cut out and purified from the gels, followed by cloning
into pCRII-TOPO vector using a TOPO T-A Cloning Kit (Invitrogen). These
cloned cDNA fragments were sequenced at the DNA Core at Vanderbilt Uni-
versity.

RNA interference. The endogenous expression of ADAM9, ADAM10, and
ADAM17/TACE in LLCPKcl4 cells was silenced, respectively, using the
pSUPER RNAi System from OligoEngine (Seattle, WA), according to
the manufacturer’s guidelines. In brief, based on the sequencing results of the
porcine ADAM9, ADAM10, and ADAM17/TACE cDNA fragments that we
cloned from LLCPKcl4 cells as described above, we designed the following
oligonucleotides for effective silencing of these genes: ADAM9, 5	-GATCC
CCTCACAGTGGAGACGTTTGCTTCAAGAGAGCAAACGTCTCCACT
GTGATTTTTC-3	 (sense) and 5	-TCGAGAAAAATCACAGTGGAGACG
TTTGCTCTCTTGAAGCAAACGTCTCCACTGTGAGGG-3	 (antisense);
ADAM10, 5	-GATCCCCAGACATTATGAAGGATTGTTTCAAGAGAAC
AATCCTTCATAATGTCTTTTTTC-3	 (sense) and 5	-TCGAGAAAAAAG
ACATTATGAAGGATTGTTCTCTTGAAACAATCCTTCATAATGTCTG
GG-3	 (antisense); ADAM17/TACE, 5	-GATCCCCGAAAAGCTTGATTC
TCTGCTTCAAGAGAGCAGAGAATCAAGCTTTTCTTTTTC-3	 (sense)
and 5	-TCGAGAAAAAGAAAAGCTTGATTCTCTGCTCTCTTGAAGCA
GAGAATCAAGCTTTTCGGG-3	 (antisense). The sequence of each sense
oligonucleotide includes the gene-specific 19-nucleotide small interfering
RNA (siRNA) sequence in both sense and antisense orientation (under-
lined), separated by a 9-nucleotide spacer sequence. The 5	 end corresponds to
the BglII site, while the 3	 end contains the T5 sequence and XhoI site. After
synthesis of each pair of oligonucleotides by OligoEngine, oligonucleotides were
annealed and cloned into the BglII and XhoI sites in the siRNA expression
vector pSUPER.neo�gfp (OligoEngine), followed by transformation of Esche-
richia coli cells for amplification, sequencing verification of the cloned oligonu-
cleotides, and transfection of these siRNA expression constructs into LLCPKcl4
cells by the Lipofectamine method (Invitrogen), as previously described (16).
The construct containing irrelevant, scrambled sequence, GCGCGCTTTGTAG
GATTCG, in the same vector was used as a negative siRNA control for trans-
fection to determine the specificity of the siRNA data.
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Isolation of mRNA and Northern blot analysis. At 48 h after transfection of
the pSUPER.neo�gfp cDNA construct containing scrambled sequence or an
oligonucleotide specific for ADAM9, -10, or -17 siRNA into LLCPKcl4 cells,
respectively, the cells were made serum free overnight; cellular mRNA was then
purified by passing the total cellular RNA through columns of oligo(dT) (Sigma)
and analyzed by Northern blot hybridization with [�-32P]dCTP-labeled cDNA
probes specific for porcine ADAM9, ADAM10, and ADAM17/TACE, followed
by stripping and reprobing with glyceraldehyde-3-phosphate dehydrogenase
cDNA probes, as previously described (15).

Purification and assays of secreted mature TGF-� and HB-EGF. Secreted
mature TGF-� was partially purified by a modification of heparin affinity chro-
matography as described previously (60). Before exposure to vehicle or the
indicated agents in serum-free medium, confluent cells were rendered quiescent
and washed twice with phosphate-buffered saline. Conditioned medium (CM)
was centrifuged and filtered through a 0.45-mm-pore-size filter, followed by
separation of CM into two fractions, heparin-bound and -unbound. This sepa-
ration was achieved by applying each sample of CM three times to a heparin-
Sepharose column that was preequilibrated with 10 mM Tris-HCl (pH 7.4)
containing 0.2 M NaCl and 1 mM benzamidine. The final pass-through was
designated the heparin-unbound fraction, while the heparin-bound proteins were
eluted with 2.0 M NaCl in 10 mM Tris-HCl (pH 7.4) after extensive washing with
equilibration buffer. Both fractions were dialyzed against 10 mM Tris-HCl (pH
7.4) at 4°C overnight and lyophilized, followed by subsequent analysis of poten-
tial EGFR ligands in the heparin-bound and -unbound fractions.

Statistics. Data are presented as means 
 standard errors for at least three
separate experiments (each in triplicate or duplicate). An unpaired Student’s t
test was used for statistical analysis, and for multiple group comparisons, analysis
of variance and Bonferroni t tests were used. A P value of �0.05 compared with
control was considered statistically significant.

RESULTS

2-14,15-EG is a potent mitogen for renal epithelial cells.
Renal proximal tubule cells are susceptible to injury by isch-
emia or reperfusion and toxins, but these cells also have a
remarkable capacity for repair, characterized by hyperplasia
and recovery of the damaged epithelial cells lining the tubules.
These tubular cells express the highest levels of cP450 within
the kidney (4, 22). We have previously found that 14,15-EET is
a potent mitogen for the renal proximal tubule cell line
LLCPKcl4, which was cloned from the parental cell line LLC-
PK1 and selected for its proximal tubule characteristics (1).
The mitogenic effect of 14,15-EET is mediated by initiation of
a tyrosine kinase phosphorylation cascade that activates the
p44/p42 ERKs and phosphatidylinositol 3-kinase (15). Our
further studies demonstrated that EGFR transactivation is an
essential event in the mitogenic signaling pathway of 14,15-
EET and that EGFR is upstream of ERK activation (12). We
also determined that soluble HB-EGF released by increased
metalloproteinase activity in LLCPKcl4 cells in response to
14,15-EET is the ligand for EGFR activation (12). Utilizing liq-
uid chromatography-electrospray ionization-tandem mass spec-
trometry analysis, we have recently identified endogenous
production of a new cP450 metabolite of arachidonic acid,
2-14,15-EG, in the kidney (14). Figure 1A shows the structure of
2-14,15-EG, in comparison with 14,15-EET and 2-arachidonoyl-
glycerol (2-AG, a structurally related and previously described
endocannabinoid [45, 66]). When we examined the effect of
2-14,15-EG in LLCPKcl4 cells, we found that 2-14,15-EG had
no mitogenic effect when its concentration was �10 nM, while
14,15-EET was not effective at a concentration of �100 nM
in stimulating mitogenesis in these cells. However, both
2-14,15-EG (within the tested concentration range of 100 nM
through 20 �M) and 14,15-EET (within the concentration
range of 1 �M through 20 �M) concentration-dependently

increased [3H]thymidine incorporation; in contrast, 2-AG had
no effect (Fig. 1B). EGF (20 nM) was included as a positive
control for the assays. 2-14,15-EG also stimulated cell prolif-
eration within 24 h, as indicated by increased cell numbers
(Fig. 1C). These data indicate that 2-14,15-EG is a potent
mitogen for renal epithelial cells.

2-14,15-EG-induced EGFR and ERK activation is not me-
diated by cannabinoid receptors. When we examined the early
signaling in response to 2-14,15-EG by immunoprecipitation
with anti-phosphotyrosine antibodies (anti-PY), followed by
immunoblotting with either anti-EGFR or anti-ERK antibod-
ies, we found that 2-14,15-EG concentration-dependently in-
duced tyrosine phosphorylation of EGFR in LLCPKcl4 cells
within 5 min (Fig. 2A, top); 2-14,15-EG also induced tyrosine
phosphorylation of ERK1 and ERK2 (Fig. 2A). In contrast,
2-AG did not activate EGFR (Fig. 2B). To confirm these
findings, we performed additional experiments by immunopre-
cipitation with an EGFR antibody, followed by immunoblot-
ting analysis with anti-PY to assess tyrosine-phosphorylated

FIG. 1. 2-14,15-EG is a potent mitogen for renal epithelial cells.
(A) Chemical structures of 2-14,15-EG, 14,15-EET, and 2-AG. (B) In-
creased DNA synthesis in LLCPKcl4 cells in response to increasing
concentrations of 2-14,15-EG and 14,15-EET, but not to 2-AG, indi-
cated by [3H]thymidine incorporation assays as described in Materials
and Methods. EGF (20 nM) was included as a positive control (n � 4;
*, P � 0.001, each compared to vehicle alone). (C) Stimulation of cell
proliferation in the absence of fetal calf serum with the addition of 1
�M 2-14,15-EG (n � 6; **, P � 0.001). DMSO, dimethyl sulfoxide.
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EGFR levels (Fig. 2C, top). The same blots were then stripped
and reprobed with anti-EGFR antibodies to ensure that equiv-
alent amounts of total EGFR had been immunoprecipitated
(Fig. 2C, bottom). Our results revealed increased tyrosine-
phosphorylated EGFR levels in LLCPKcl4 cells in response to
2-14,15-EG, 14,15-EET, or EGF but not to 2-AG (Fig. 2C).
These experiments confirmed that 2-14,15-EG can transacti-
vate EGFR in LLCPKcl4 cells.

Because 14,15-EET also activates EGFR in these cells (12),
we examined whether EGFR activation by 2-14,15-EG was the
result of conversion of 2-14,15-EG to 14,15-EET by lipase
cleavage following administration of 2-14,15-EG to the cells.
We therefore preincubated the cells with the potent pan-lipase
inhibitor AA-cF3 at two different concentrations (1 and 5 �M)
before treating the cells with or without 2-14,15-EG. Even at a
high concentration (5 �M), AA-cF3 did not alter 2-14,15-EG-
induced EGFR activation (Fig. 2D) and ERK tyrosine phos-
phorylation (data not shown), indicating that the increases in
EGFR and ERK tyrosine phosphorylation in response to the
administration of 2-14,15-EG were not the result of conversion
of 14,15-EET to 2-14,15-EG.

Similar to 14,15-EET, 2-14,15-EG-induced EGFR activation
was completely abolished by pretreatment of the cells with the
specific EGFR tyrosine kinase inhibitor, AG1478 (Fig. 2E,
top). Of interest, inhibition of EGFR by AG1478 also pre-
vented 2-14,15-EG-induced ERK activation, indicating that
EGFR is upstream of ERK activation in the early signaling
events elicited by 2-14,15-EG (Fig. 2E, bottom).

Because G-protein-coupled receptors have been shown to
mediate transactivation of EGFR (57) and we have demon-
strated that 2-14,15-EG can bind and activate both cannabi-
noid receptor subtypes, CB1 and CB2 (14), we next examined

FIG. 2. 2-14,15-EG activates the EGFR-ERK signaling pathway in
renal epithelial cells. (A) 2-14,15-EG induced EGFR and ERK ty-
rosine phosphorylation in LLCPKcl4 cells. Cells were made quiescent
by serum deprivation for 24 h and treated for 5 min with either vehicle
alone or increasing concentrations of 2-14,15-EG (2-EG) as indicated.
Cell lysates were subjected to immunoprecipitation with anti-PY an-
tibodies and immunoblotting with antibodies to EGFR (anti-EGFR)
or p44/42 ERKs (anti-ERK) to determine the tyrosine phosphorylation

levels of EGFR and ERKs. (B) The structurally similar endocannabi-
noid compound, 2-AG (1 �M), did not induce EGFR activation. (C)
Activation of EGFR in response to 2-14,15-EG (1 �M), 14,15-EET (1
�M), or EGF (100 nM), but not to 2-AG (1 �M), was further con-
firmed by additional experiments performing immunoprecipitation
with an EGFR antibody, followed by immunoblotting analysis with
anti-PY to assess tyrosine-phosphorylated EGFR levels. The same
plots were then stripped and reprobed (Re-IB) with anti-EGFR anti-
bodies to ensure that an equivalent amount of total EGFR had been
immunoprecipitated. (D) The potent pan-lipase inhibitor AA-cF3 did
not inhibit 2-14,15-EG-induced EGFR activation. Quiescent LLCP-
Kcl4 cells were pretreated with or without the pan-lipase inhibitor
AA-cF3 (1 or 5 �M), followed by treatment with or without
2-14,15-EG (1 �M). Cell lysates were subjected to immunoprecipita-
tion and immunoblotting analysis with the indicated antibodies. (E)
The specific EGFR tyrosine kinase inhibitor AG1478 blocked 2-14,15-
EG-induced EGFR activation. Quiescent cells were pretreated with
AG1478 (100 nM) for 30 min before exposure to 2-14,15-EG (1 �M)
for 5 min. Cell lysates were analyzed by immunoprecipitation and
immunoblotting with the indicated antibodies. (F) The selective CB1
antagonist AM251 or CB2 antagonist AM630 did not affect the ty-
rosine phosphorylation levels of EGFR increased by 2-14,15-EG, and
the cannabinoid receptor agonist, WIN55212-2, did not activate
EGFR. Quiescent LLCPKcl4 cells were pretreated with or without 1
�M AM251 or AM630 for 20 min before treatment with or without 1
�M 2-14,15-EG or WIN55212-2 for 10 min. Cell lysates were analyzed
as described in the legend of Fig. 1A. Shown are representative blots
of three separate experiments with similar results for each set studied.
IP, immunoprecipitation; IB, immunoblotting; P, phosphorylated.
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whether 2-14,15-EG activation of EGFR was mediated
through cannabinoid receptors, which belong to the G-protein-
coupled receptor superfamily (43, 48). As shown in Fig. 2F,
pretreatment with either the selective CB1 antagonist AM251
or CB2 antagonist AM630 did not affect 2-14,15-EG-induced
EGFR activation (Fig. 2F). Similar to 2-AG, another canna-
binoid receptor agonist, WIN55212-2, did not activate EGFR
in LLCPKcl4 cells (Fig. 2F). Moreover, immunoblotting with
antibodies against either CB1 or CB2 failed to detect expres-
sion of either cannabinoid receptor in LLCPKcl4 cells, al-
though these two antibodies detected CB1 and CB2 protein
expression in the brain and spleen, respectively (data not shown).
Furthermore, there was no specific binding in LLCPKcl4 cells of
[3H]CP55940, a ligand with high affinity for both CB1 and CB2
receptors.

2-14,15-EG induced-EGFR activation is not mediated by
release of HB-EGF. When we pretreated the cells with a spe-
cific neutralizing EGFR antibody, we found that the effect of
2-14,15-EG as well as that of exogenous EGF was almost
completely blocked by the neutralizing antibody, as shown in
Fig. 3A, suggesting that 2-14,15-EG activation of EGFR was
mediated by an EGFR ligand. The blockade of 2-14,15-EG-
induced ERK activation by the specific neutralizing EGFR
antibody further confirmed that ERK was downstream of
EGFR activation by 2-14,15-EG (Fig. 3A). Pretreatment with
the metalloproteinase inhibitor Batimastat inhibited EGFR
activation by 2-14,15-EG but had no effect on EGFR activation
by administration of exogenous EGF (Fig. 3B). Similar effects
were seen with ERK tyrosine phosphorylation (data not
shown). These data suggested that similar to its parental 14,15-
EET (12), 2-14,15-EG induced activation of EGFR-ERK sig-
naling by releasing an EGFR ligand through activation of
metalloproteinase activity. Our previous studies indicated that
the parental 14,15-EET activated cleavage of membrane-
bound proHB-EGF to release a soluble HB-EGF as a ligand to
activate EGFR (12). To determine whether 2-14,15-EG acti-
vated an identical signaling pathway, cells were pretreated with
or without the specific HB-EGF inhibitor CRM197 before
exposure to 2-14,15-EG. As revealed in Fig. 3C, CRM197 had
no effect on 2-14,15-EG-stimulated tyrosine phosphorylation
of EGFR, although it completely blocked the effect of 14,15-
EET. Similar effects were seen with the phosphorylation of
p44/p42 ERKs (Fig. 3C). These data indicated that, unlike
its parental 14,15-EET, 2-14,15-EG-induced activation of
the EGFR-ERK signaling pathway was not dependent on
HB-EGF.

TGF-� release mediates EGFR activation in response to
2-14,15-EG. We found that neutralizing TGF-� antibodies
blocked the effect of 2-14,15-EG; in contrast, the effect of
14,15-EET was not affected (Fig. 4A), suggesting that TGF-�
was the ligand released by 2-14,15-EG. In this regard,
ADAM17/TACE has been suggested to be the metalloprotein-
ase that cleaves and releases TGF-�. In cells pretreated with
the ADAM17/TACE inhibitor, TAPI, 2-14,15-EG-mediated
EGFR and ERK activation was abolished, while there was no
effect on 14,15-EET-induced EGFR and ERK phosphoryla-
tion (Fig. 4B). CM from LLCPKcl4 cells treated with or with-
out 2-14,15-EG was separated into two fractions, the heparin-
bound and -unbound fractions, respectively, by passing them
through a heparin-Sepharose column. As demonstrated in Fig.

FIG. 3. Release of an EGFR ligand mediates the activation of
EGFR-ERK signaling in response to 2-14,15-EG. (A) Neutralizing
EGFR antibodies blocked 2-14,15-EG-induced tyrosine phosphoryla-
tion of EGFR and ERKs. LLCPKcl4 cells were made quiescent by
serum deprivation for 24 h and preincubated with a monoclonal neu-
tralizing EGFR antibody (EGFR Ab; 20 �g/ml), followed by treatment
with or without 2-14,15-EG (1 �M) or EGF (100 nM). The tyrosine
phosphorylation levels of EGFR and ERKs were detected by immu-
noprecipitation with anti-PY and immunoblotting with antibodies to
EGFR and ERKs, respectively. (B) Inhibition of metalloproteinase
activity abolished 2-14,15-EG-induced EGFR activation. Quiescent
LLCPKcl4 cells were pretreated with or without the metalloproteinase
inhibitor Batimastat (5 �M) for 30 min before treatment with or
without 2-14,15-EG (1 �M) or EGF (100 nM) for 5 min. Cell lysates
were subjected to immunoprecipitation with anti-PY and immunoblot-
ting with an antibody to EGFR. (C) Inhibition of HB-EGF prevented
14,15-EET-induced phosphorylation of EGFR and ERK but had no
effect on 2-14,15-EG-induced EGFR and ERK phosphorylation. Qui-
escent LLCPKcl4 cells were pretreated with or without the specific
HB-EGF inhibitor CRM197 (10 �g/ml) for 30 min, followed by treat-
ment with 2-14,15-EG or 14,15-EET for 5 min. Cells were washed
twice with ice-cold Ca2�/Mg2�-free PBS and lysed as described previ-
ously (15). Cell lysates were subjected to immunoprecipitation with
anti-PY and immunoblotting with an anti-EGFR antibody or directly
subjected to immunoblotting with an antibody that recognizes only
Thr202- and Tyr204-phosphorylated ERK1/2 (anti-p-ERK); the same
blot was then stripped and reprobed (Re-IB) with an antibody recog-
nizing total ERK1 and ERK2 (anti-ERK) to ensure equal loading.
Shown is a representative blot of three separate experiments with
similar results. IP, immunoprecipitation; IB, immunoblotting; P, phos-
phorylated.
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4C, 2-14,15-EG induced significant release of the 6-kDa solu-
ble TGF-� into the heparin-unbound fraction of the CM; no
TGF-� was detected in the heparin-bound fraction. In con-
trast, the structurally related 2-AG did not induce release of
TGF-� (Fig. 4C).

When the heparin-unbound fraction of the CM collected
from 2-14,15-EG-treated LLCPKcl4 cells was added to the
human epidermoid carcinoma cell line A431, which expresses
high levels of EGFR, a marked stimulation of EGFR tyrosine
phosphorylation was seen, while the heparin-bound fraction

FIG. 4. Identification of active TGF-� as the EGFR ligand released in response to 2-14,15-EG. (A and B) Neutralization of TGF-� or inhibition
of ADAM17/TACE activity blocked 2-14,15-EG-induced activation of EGFR-ERK signaling. Quiescent LLCPKcl4 cells were pretreated with or
without either a monoclonal neutralizing TGF-� antibody (TGF-� Ab; 20 �g/ml) (A) or the ADAM17/TACE inhibitor, TAPI (5 �M) (B) before
treatment with or without 2-14,15-EG (2-EG) or 14,15-EET (EET). Cells were lysed, and cell lysates were subjected to analysis of EGFR tyrosine
phosphorylation and ERK phosphorylation at Thr202/Tyr204 as described in the legend of Fig. 3C. (C to F) 2-14,15-EG, but neither 2-AG nor
14,15-EET, induced release of an active TGF-� species into the heparin-unbound fraction of the CM. Quiescent LLCPKcl4 cells were treated with
or without 2-14,15-EG or 2-AG and the CM was collected and passed through the heparin-Sepharose columns. The pass-through (heparin-
unbound) fraction and heparin-bound fraction were analyzed by immunoblotting with a monoclonal antibody against mature TGF-� (C and F).
The heparin-unbound fraction of the CM that contains a mature TGF-� species derived from 2-14,15-EG-treated LLCPKcl4 cells stimulated
EGFR phosphorylation in A431 cells (D); this effect was inhibited by pretreatment of LLCPKcl4 cells with the ADAM17/TACE inhibitor, TAPI,
before collection and separation of the CM for testing in A431 cells (E). TAPI pretreatment inhibited the release of the mature TGF-� species
into the heparin-unbound fraction of the CM from LLCPKcl4 cells treated with 2-14,15-EG (F). (G) 2-14,15-EG-stimulated DNA synthesis in
LLCPKcl4 cells was inhibited by pretreatment with the specific EGFR tyrosine kinase inhibitor AG1478 (100 nM), the metalloproteinase inhibitor
Batimastat (Bati; 5 �M), or the ADAM17/TACE inhibitor TAPI (5 �M); in contrast, the increased DNA synthesis in response to exogenously
added EGF was inhibited only by AG1478 but not by Batimastat or TAPI. IP, immunoprecipitation; IB, immunoblotting; P, phosphorylated.
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did not activate EGFR in A431 cells (Fig. 4D). These data
indicated that the 2-14,15-EG-released TGF-� was active. This
activity in the CM was markedly diminished when LLCPKcl4
cells were pretreated with the TACE inhibitor TAPI before
exposure to 2-14,15-EG for collecting CM (Fig. 4E). In con-
trast, the heparin-unbound fraction of the CM collected from
14,15-EET-treated LLCPKcl4 cells had no effect on EGFR
tyrosine phosphorylation in A431 cells (Fig. 4E). Immunoblot-
ting analysis revealed that TAPI pretreatment almost com-
pletely blocked 2-14,15-EG-induced TGF-� release into the
CM of LLCPKcl4 cells (Fig. 4F), while 14,15-EET did not
induce the release of TGF-� (Fig. 4E and F). 2-14,15-EG-
stimulated DNA synthesis in LLCPKcl4 cells was inhibited by
pretreatment with the specific EGFR tyrosine kinase inhibitor
AG1478, the metalloproteinase inhibitor Batimastat, or the
ADAM17/TACE inhibitor TAPI (Fig. 4G). In contrast, DNA
synthesis in response to exogenously added EGF was inhibited
only by AG1478, but not by Batimastat or TAPI (Fig. 4G).
These pharmacological data suggested that 2-14,15-EG ex-
erted its mitogenic effect by transactivating EGFR through
activation of ADAM17/TACE, which cleaved and released the
EGFR ligand, TGF-�.

ADAM17/TACE siRNA inhibits the release of TGF-� in
response to 2-14,15-EG, while ADAM9 siRNA inhibits the re-
lease of HB-EGF in response to 14,15-EET. Increasing evi-
dence suggests that the release of EGFR ligands from the cell
membrane is primarily mediated by multiple metalloprotein-
ases of the ADAM family (3, 29). To determine the identity of
the metalloproteinase(s) responsible for the release of TGF-�
in LLCPKcl4 cells in response to 2-14,15-EG, we utilized RT-
PCR to examine which ADAM family members were poten-
tially involved in TGF-� and HB-EGF cleavage in LLCPKcl4
cells. Because the porcine cDNA sequences of these ADAMs
were not available, we designed RT-PCR primer pairs based
on the consensus cDNA sequences among human, rat, and
mouse that are specific for ADAM9, ADAM10, ADAM12,
ADAM15, and ADAM17/TACE, respectively. LLCPKcl4 cells
expressed high levels of ADAM9 (Fig. 5A), ADAM10 (Fig.
5B), and ADAM17/TACE (Fig. 5B), with minimal ADAM15
expression (Fig. 5C). Although ADAM12 has been suggested
to cleave EGFR ligands in certain cell types (2, 39), the ex-
pression of ADAM12 was not detected in LLCPKcl4 cells,
even when increased amounts (5 to 10 �g) of total RNA from
LLCPKcl4 cells and increasing PCR cycle numbers (30, 35, and
40 cycles) were used; in contrast, using the same primer pairs
and under the same conditions, we detected ADAM12 expres-
sion in the presence of only 1 �g of total RNA isolated from
either heart or cerebellum, two tissues known to express
ADAM12, as indicated in Fig. 5A. The lack of ADAM12
expression in LLCPKcl4 cells was further confirmed by using
two different RT-PCR primer pairs specific for ADAM12 that
readily detected ADAM12 expression in both heart and cere-
bellum (data not shown).

Further experiments examined whether siRNA-mediated
downregulation of the highly expressed ADAM family mem-
bers (ADAM9, ADAM10, and ADAM17/TACE) could inhibit
the effect of 2-14,15-EG in LLCPKcl4 cells. To ensure adequate
silencing of expression of these ADAM genes in LLCPKcl4 cells
and also to confirm the authenticity of the RT-PCR products
shown in Fig. 5A to C, these cDNA fragments (930-bp

ADAM9, 725-bp ADAM10, and 943-bp ADAM17/TACE) de-
rived from LLCPKcl4 cells were sequenced. The 930-bp
ADAM9, 725-bp ADAM10, and 943-bp ADAM17/TACE of
porcine origin are 92%, 95%, and 89% homologous to the
corresponding human ADAMs and 85%, 91%, and 86% ho-
mologous to the corresponding mouse ADAMs (see Fig. S1 in
the supplemental material). These fragments contain se-
quences that are predicted to be suitable for siRNA targeting
(indicated in bold type in red in the figure); in addition, these
sequences have been reported to be effectively targeted for

FIG. 5. RT-PCR detection of metalloproteinases in LLCPKcl4
cells. Preliminary experiments had determined that the RT-PCR ex-
ponential phase was 15 to 30 cycles to allow semiquantitative compar-
isons among cDNAs derived from identical reactions. (A) Detection of
ADAM12 and ADAM9 expression. Using TRIZOL reagent (Invitro-
gen), total RNA was isolated from LLCPKcl4 cells as well as heart
and cerebellum, two tissues known to express high levels of multiple
ADAMs and thus used as positive controls. One microgram of total
RNA from heart or cerebellum was used for RT, followed by PCR
detection of ADAM12 and ADAM9 using their specific primer pairs,
as detailed in Materials and Methods. Each PCR regime involved a
2-min initial denaturation step at 94°C, followed by 20 cycles of 94°C
for 30 s, 55°C for 30 s, and 72°C for 90 s, with a 7-min extension at the
end of the PCR. Since no ADAM12 expression signal was detected in
LLCPKcl4 cells when 1 �g of RNA was used for RT-PCR, additional
experiments increased the amount of cellular total RNA up to 5 and 10
�g for RT with increased PCR cycle numbers (30, 35, and 40 cycles);
however, no ADAM12 expression was detected under any conditions
(data not shown). (B) Detection of ADAM17/TACE and ADAM10
expression. RT-PCR was conducted as described in panel A except
that 25 cycles were used for the PCR amplification. (C) Detection of
ADAM15 expression. RT-PCR was performed as described in panel A
except for the 30 cycles of PCR amplification for ADAM15.
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silencing the gene expression of ADAM9 (24), ADAM10 (50),
or TACE (50), respectively, in other species.

Utilizing the above sequence-confirmed 930-bp ADAM9,
725-bp ADAM10, and 943-bp ADAM17/TACE cDNA frag-
ments as specific probes for Northern blotting analysis, we
demonstrated that the expression of ADAM9, ADAM 10, and
ADAM17/TACE in LLCPKcl4 cells was markedly inhibited by
their respective siRNAs (Fig. 6A), while the same vector con-
taining an irrelevant, scrambled sequence, GCGCGCTTTGT
AGGATTCG, used as a negative siRNA control, was without
effect (Fig. 6A). In nontransfected and control siRNA-trans-
fected LLCPKcl4 cells, 2-14,15-EG stimulated EGFR tyrosine
phosphorylation to equivalent levels; this effect was inhibited
by ADAM17 siRNA but not by ADAM9 or ADAM10 siRNA
(Fig. 6B to D). Neither ADAM10 siRNA nor ADAM17
siRNA had any effect on EGFR activation in response to
exogenously added EGF (Fig. 6B). Since 2-14,15-EG-stimu-
lated release of TGF-� was inhibited by the ADAM17 inhib-
itor, TAPI (Fig. 4F), we performed additional experiments to
measure TGF-� release into the heparin-unbound fraction of
the CM collected from scrambled control siRNA- or ADAM17
siRNA-transfected LLCPKcl4 cells treated with either vehicle
(dimethyl sulfoxide) alone or 2-14,15-EG. Our results revealed
that 2-14,15-EG-induced release of TGF-� was indeed inhib-
ited by ADAM17 siRNA but not by scrambled control siRNA
(Fig. 6E, left). These siRNA data confirmed the finding with
the specific inhibitor of ADAM17/TACE shown in Fig. 4A to
F that ADAM17/TACE is the metalloproteinase that cleaves
and releases TGF-�, which serves as a natural ligand to bind
and activate EGFR in response to 2-14,15-EG.

We had previously determined that 2-14,15-EG’s parental
compound, 14,15-EET, transactivated EGFR by releasing sol-
uble HB-EGF through activation of an unidentified metallo-
proteinase(s) in these cells (12). In other systems, several
members of the ADAM family including ADAM9 (24, 38),
ADAM10 (40), ADAM12 (2, 39), and ADAM17 (67) have
been suggested to release soluble HB-EGF. We therefore ex-
amined whether ADAM10 and ADAM17 were also responsi-
ble for the release of soluble HB-EGF in response to 14,15-

FIG. 6. Effects of siRNA-mediated downregulation of ADAMs on
release of EGFR ligands and transactivation of EGFR. (A) Down-
regulation of ADAM9, -10, and -17 expression by transfection of their
respective siRNA expression constructs into LLCPKcl4 cells. Cells
were transfected with or without pSUPER.neo�gfp cDNA constructs
carrying scrambled sequence (GCGCGCTTTGTAGGATTCG) or oli-
gonucleotide specific for ADAM9, -10, or -17 siRNA, respectively, as

detailed in Materials and Methods. Forty-eight hours after transfec-
tion, cells were serum deprived overnight, cellular mRNA was purified,
and 2 �g of mRNA was used for Northern blot analysis as detailed in
Materials and Methods. (B to D) siRNA-mediated downregulation of
ADAM17 inhibited 2-14,15-EG-induced EGFR tyrosine phosphoryla-
tion, while siRNA-mediated downregulation of ADAM9 inhibited
14,15-EET-induced EGFR transactivation. LLCPKcl4 cells were
transfected with or without pSUPER.neo�gfp cDNA constructs car-
rying a scrambled sequence or oligonucleotide specific for ADAM17
and ADAM10 (B and C) or ADAM9 (D). Forty-eight hours after
transfection, cells were serum deprived overnight and treated with
vehicle alone, 2-14,15-EG (2-EG), EGF, or 14,15-EET (EET) for 5
min. Cells were lysed, and cell lysates were subjected to immunopre-
cipitation with anti-PY antibodies and immunoblotting with antibodies
to EGFR (anti-EGFR) to determine the tyrosine phosphorylation
levels of EGFR, as indicated. (E) ADAM17 siRNA inhibited 2-14,15-
EG-induced release of TGF-�, while ADAM9 siRNA inhibited 14,15-
EET-induced release of HB-EGF; in contrast, scrambled control
siRNA had no effect. IP, immunoprecipitation; IB, immunoblotting; P,
phosphorylated; NT, nontransfected; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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EET. As shown in Fig. 6C, siRNA-mediated downregulation of
either ADAM10 or ADAM17 (Fig. 6A) had no effect on the
increased EGFR tyrosine phosphorylation in response to
14,15-EET. Additional experiments revealed that siRNA-me-
diated downregulation of ADAM9 (Fig. 6A) inhibited EGFR
transactivation in response to 14,15-EET (Fig. 6D), although
ADAM9 downregulation did not alter EGFR activation by
either 2-14,15-EG or exogenous EGF (Fig. 6D). Our previous
studies have determined that release of soluble HB-EGF is
detected only in the heparin-bound, but not the heparin-un-
bound, fraction of the CM in response to 14,15-EET (12). We
therefore examined whether ADAM9 siRNA could block the
HB-EGF release induced by 14,15-EET. Our results demon-
strated that siRNA-mediated downregulation of ADAM9 (Fig.
6A) inhibited 14,15-EET-induced release of HB-EGF (Fig.
6E); in contrast, scrambled control siRNA had no effect on the
release of HB-EGF.

DISCUSSION

The primary goal of the present study was to characterize
the potential roles and mechanisms of action of the newly
identified cP450-dependent metabolite of arachidonic acid,
2-14,15-EG, using the well-established renal proximal tubule
epithelial cell line, LLCPKcl4 (1), because the renal proximal
tubule epithelial cells express the highest level of cP450 en-
zyme in the kidney but minimal levels of cyclooxygenase or
lipoxygenase activity (4, 22). We initially determined that
2-14,15-EG is a potent mitogen for LLCPKcl4 cells, indicated
by increased DNA synthesis and cell proliferation in response
to 2-14,15-EG. We then attempted to characterize the mito-
genic signaling mechanism of this new lipid mediator. Inter-
estingly, we found that 2-14,15-EG exerts mitogenic effects by
activating an EGFR-ERK signaling pathway. These effects
were inhibited by the specific EGFR tyrosine kinase inhibitor
AG1478, neutralizing EGFR antibodies, or the metallopro-
teinase inhibitor Batimastat, suggesting that similar to 14,15-
EET (12), 2-14,15-EG also transactivates EGFR by activating
a metalloproteinase and releasing an EGFR ligand. However,
further experiments unexpectedly revealed that, unlike 14,15-
EET (12), 2-14,15-EG-induced EGFR transactivation is not
dependent on HB-EGF, suggesting that 2-14,15-EG transacti-
vates EGFR through a signaling mechanism distinct from that
of the structurally related 14,15-EET in the same cell type. In
searching for the EGFR ligand released by 2-14,15-EG stim-
ulation, we found that both the specific ADAM17/TACE in-
hibitor TAPI and neutralizing TGF-� antibodies inhibited
EGFR transactivation and downstream ERK activation by
2-14,15-EG, suggesting that TGF-� might be the EGFR ligand
released in response to 2-14,15-EG. This was confirmed by
further experiments that detected the release of a mature
6-kDa TGF-� into the CM of LLCPKcl4 cells after treatment
with 2-14,15-EG. The released 6-kDa TGF-� is indeed active,
as confirmed further by its ability to activate EGFR in another
cell line, A431 cells, which express high levels of EGFR. When
ADAM17 was inactivated by its inhibitor TAPI or was knocked
down by its siRNA, 2-14,15-EG-induced TGF-� release as well
as EGFR activation was prevented. These data further con-
firmed that ADAM17 is the metalloproteinase that mediates
2-14,15-EG-induced release of TGF-� and activation of EGFR.

In addition, our siRNA experiments also identified ADAM9 as
the metalloproteinase responsible for the release of soluble
HB-EGF and activation of EGFR in renal epithelial cells in
response to 14,15-EET.

Of interest, the expression of HB-EGF as well as EGFR in
the kidney is acutely upregulated in response to acute renal
injury, and the levels of TGF-� also increase at a later stage
during the recovery period; in contrast, renal expression of
other EGFR ligands such as betacellulin and amphiregulin
does not increase after acute injury (34, 36). Our data suggest
that lipid mediators such as 14,15-EET and 2-14,15-EG acti-
vate different members of the ADAM metalloproteinase fam-
ily and induce release of different EGFR ligands, specifically
HB-EGF and TGF-�, which may play important roles in dif-
ferent stages of the renal recovery from injury. It will be im-
portant in future studies to determine the levels of these mi-
togenic lipid mediators and the enzymatic activities of both
cP450 epoxygenases and the metalloproteinases of ADAM
family in the kidney in response to acute renal insults such as
ischemic and toxin-mediated epithelial cell damage.

In mammalian cells, the ligand-mediated EGFR activation
involves EGF (11), TGF-� (18), HB-EGF (31), amphiregulin
(63), betacellulin (62), epiregulin (69), or epigen (65). These
EGFR ligands are initially synthesized as integral membrane
precursor proteins consisting of an N-terminal extension,
EGF-like domain, transmembrane region, and a cytoplasmic
tail. The EGF-like motif, shared by all EGFR ligands, contains
six conserved cysteine residues and forms the three-loop struc-
ture essential for EGFR binding (27). Biologically active sol-
uble EGFR ligands are released from the cell surface by pro-
teolytic cleavage in response to cell stimulation. These released
ligands act as autocrine or paracrine growth factors for EGFR-
expressing cells, although the membrane-bound forms of some
EGFR ligands may also possess juxtacrine activity, directly
interacting and activating EGFR on neighboring cells (5, 29,
32, 42, 70).

Metalloproteinases are responsible for proteolytic cleavage
and release of membrane-bound EGFR ligands, thus regulat-
ing EGFR signaling and EGFR-dependent functions (3, 29).
Although there have been studies suggesting a role for matrix
metalloproteinases (68), recent evidence implicates the in-
volvement of the ADAM family of proteins in the release
of these ligands (3, 29). The ADAM family belongs to the
metzincin protease superfamily. Although 40 ADAM family
members have been identified from protozoans to mammals
(J. M. White and T. G. Wolfsberg, http://people.virginia.edu
/�jw7g/Table_of_the_ADAMs.html), primarily ADAM9, -10,
-12, -15, and -17 have been reported to cleave EGFR ligands in
mammalian cells (3, 53). To date, however, the detailed mo-
lecular mechanisms underlying the substrate specificity and
activation of different ADAM family members that are respon-
sible for the ectodomain shedding of different EGFR ligands
remain unclear (3, 53, 61). Protein kinase C has been suggested
to mediate HB-EGF shedding by phorbol myristate acetate
through its interaction with ADAM9 (38), while intracellular
Ca2�-increasing agents have been shown to activate HB-EGF
processing independently of protein kinase C (19). Src kinase
activity has been reported to be essential for the release of
HB-EGF in COS-7 cells (55); in contrast, Src kinase(s) does
not appear to be involved in TGF-� shedding in colonic epi-
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thelial cells (44). Activation of phospholipase C also seems to
mediate ADAM activation and HB-EGF shedding in response
to angiotensin II (46). Activation of the p38 mitogen-activated
protein kinase signaling pathway has been reported to mediate
activation of ADAM-dependent EGFR ligand release in re-
sponse to environmental stress such as hyperosmolarity and
oxidative stress (24). While more than one proteolytic enzyme
has been reported to process a single EGFR ligand and a single
ADAM family member has been shown to process several
EGFR ligands in certain cell types (3, 53, 61), recent studies
have also suggested the intrinsic substrate specificity in ectodo-
main shedding of EGFR ligands between different ADAM
members (33, 59). Furthermore, phosphorylation of ADAMs
through a protein kinase(s) may modulate the activity of
ADAMs (53). Finally, protein-protein interactions through
several specific protein interaction domains such as PXXP
motif in the cytoplasmic domain of ADAMs with Src homology
3 domain-containing proteins may also be involved in ADAM
activation (53). Given the diversity of ADAM-activating sig-
nals and the reported mediators or pathways, it is possible that
the ADAM-dependent shedding of EGFR ligands is con-
trolled by multiple regulatory mechanisms. In this regard, it is
noteworthy that 2-14,15-EG is a more polar molecule than 14,15-
EET and may thereby activate distinct signaling pathways. Fur-
ther studies will investigate signaling mechanisms of ADAM9-
dependent release of HB-EGF and ADAM17-dependent release
of TGF-�.

In summary, the present study documents for the first time
that 2-14,15-EG is a potent mitogen for renal proximal tubule
epithelial cells and characterizes the underlying signaling
mechanism. The mitogenic effect of this new cP450 arachido-

nate metabolite is mediated by EGFR transactivation through
a molecular mechanism distinct from that of its parental com-
pound, 14,15-EET (10, 12). Specifically, 2-14,15-EG induces
ADAM17 activation, which releases mature TGF-�, while
14,15-EET activates ADAM9 and releases soluble HB-EGF,
both of which are natural ligands for EGFR that activate the
downstream mitogen-activated protein kinase signaling path-
way, leading to cell proliferation, as depicted in Fig. 7. These
results represent the first evidence that two structurally related
biologically active lipid mediators of cP450 metabolites acti-
vate different metalloproteinases and release different EGFR
ligands to activate EGFR in the same cell type, although the
detailed mechanisms underlying the activation and the sub-
strate specificity of these ADAMs require further studies.
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