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The cyclopentenone 15-deoxy-�12,14-prostaglandin J2 (15d-PGJ2) in-
duces cell proliferation and mitogen-activated protein kinase activa-
tion. Here, we describe that these effects are mediated by 15d-PGJ2-
elicited H-Ras activation. We demonstrate that this pathway is specific
for H-Ras through the formation of a covalent adduct of 15d-PGJ2

with Cys-184 of H-Ras, but not with N-Ras or K-Ras. Mutation of C184
inhibited H-Ras modification and activation by 15d-PGJ2, whereas
serum-elicited stimulation was not affected. These results describe a
mechanism for the activation of the Ras signaling pathway, which
results from the chemical modification of H-Ras by formation of a
covalent adduct with cyclopentenone prostaglandins.

mitogen-activated protein kinase � cell proliferation � posttranslational
modification

Cyclopentenone prostaglandins (CyPG) are naturally occur-
ring eicosanoids that display varied biological activities,

including antiviral (1) and antitumoral effects (2), modulation of
the heat shock response (3), and induction of oxidative stress (4)
and apoptosis (5). The CyPG of the J2 series, such as 15-deoxy-
�12,14-prostaglandin J2 (15d-PGJ2), arise from the spontaneous
dehydration of PGD2, whereas PGA2 is produced by PGE2
dehydration. CyPG have been detected in vivo in human body
fluids (6), foam cells of human atherosclerotic plaques (7), and
tissues of patients with sporadic amyotrophic lateral sclerosis (8).
15d-PGJ2 generation has been found in association with in-
creased cyclooxygenase 2 (COX-2) expression during inflam-
matory processes (9), where it has been proposed to contribute
to the resolution of inflammation through multiple mechanisms,
which may include the inhibition of NF-�B activity (10, 11) and
the potentiation of macrophage apoptosis (12). An association
between COX-2 expression and CyPG generation also has been
documented in several cellular models, including colorectal
cancer cells (13) and activated macrophages (7).

CyPG are potent modulators of cell proliferation. However, the
nature of their effect appears to be cell type- and dose-dependent.
Although antiproliferative or proapoptotic effects have been most
frequently described (14), CyPG have also been found to induce cell
proliferation in mesangial (15), breast cancer (16), and COX-2-
depleted colorectal cancer cells (13) when used at nanomolar or low
micromolar concentrations. It has been reported that 15d-PGJ2 can
cause the activation of the mitogen-activated protein kinase
(MAPK) extracellular signal-regulated kinase (ERK) 1�2 (17–19),
and that phosphatidylinositol 3-kinase (PI3-kinase) inhibitors re-
duce 15d-PGJ2-elicited cell proliferation (15). These observations
are compatible with the hypothesis that 15d-PGJ2 may interact with
the Ras signaling pathway. Ras proteins are critical components of
signal transduction leading from cell-surface receptors to the
control of cell proliferation, differentiation, or death (20). The
mammalian genome contains three ras genes that encode highly
related proteins of 21-kDa termed H-Ras, N-Ras, and K-Ras with
its two isoforms, K-Ras4A and K-Ras4B, generated from two
alternative fourth exons. The three ras genes are concurrently

expressed in most mouse and human tissues (21, 22). Ras proteins
are membrane-bound GTPases that upon activation interact with
effector proteins, mainly Raf, PI3-kinase, and Ral-GDS (23),
resulting in the activation of downstream signaling pathways, such
as the Raf�MEK�ERK, PI3-kinase�Akt, or the Ral-GDS�Ral A
pathway (24, 25) that ultimately lead to the transcriptional activa-
tion of genes.

We undertook the present study to explore the existence of a
15d-PGJ2–Ras activation pathway. We demonstrate that 15d-PGJ2
itself induces H-Ras activation. Interestingly, this effect is mediated
by direct interaction of 15d-PGJ2 with Cys-184 of H-Ras. Our data
also provide evidence for a differential activation of Ras isoforms,
because H-Ras was the only Ras isoform able to bind 15d-PGJ2
effectively.

Materials and Methods
Cells and Reagents. NIH 3T3 cells were maintained in DMEM
(Invitrogen) supplemented with 10% calf serum (Invitrogen). Cos1
cells were maintained in DMEM supplemented with 10% FCS
(Invitrogen). For the other reagents see the Supporting Text, which
is published as supporting information on the PNAS web site,
www.pnas.org.

DNA Constructs. The plasmids used have been described (26–29).
The mutants C118S and C184S of H-Ras were obtained by PCR
from pCEFL-KZ-AU5-H-Ras WT, using specific primers provid-
ing BglII and NotI sites at the 5� and 3� ends, respectively. The
amplified products were subcloned between the BglII and NotI sites
of pCEFL-KZ-AU5.

Labeling of H-Ras with Biotinylated 15d-PGJ2 in Vitro. Biotinylated
15d-PGJ2 was prepared as described (30). H-Ras at 50 nM in 20 mM
Tris�HCl (pH 7.0), 45 mM NaCl, 5 mM MgCl2, 0.1 mM DTT, and
0.14% glycerol was incubated for 2 h at room temperature in the
presence of vehicle (DMSO) or 5 �M biotinylated 15d-PGJ2 in a
final volume of 50 �l. Incorporation of biotin was assessed by
Western blot and detection with horseradish peroxidase (HRP)-
conjugated streptavidin and ECL (Amersham Pharmacia).

Structural Characterization of 15d-PGJ2-Modified H-Ras. Recombi-
nant human WT H-Ras at 5 �M in 20 mM Tris�HCl (pH 7.0), 45
mM NaCl, 5 mM MgCl2, 0.1 mM DTT, and 1.4% glycerol was
incubated for 2 h at room temperature in the presence of vehicle
(DMSO) or 15d-PGJ2 at the indicated concentrations in a final
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volume of 10 �l. For identification of the site of 15d-PGJ2 addition,
control or 15d-PGJ2-modified H-Ras was subjected to proteolysis
with trypsin for 4 h at 37°C. After incubation, trifluoroacetic acid
was added to a final concentration of 0.1% and peptides were
purified on ZipTip C18 (Millipore) according to the instructions of
the manufacturer and subjected to MS analysis.

MS. The laser desorption�ionization experiments were performed
on a BIFLEX III time-of-flight instrument (Bruker-Franzen Ana-
lytik, Bremen, Germany) operated in the positive mode. For
analysis of the full-length Ras protein a saturated solution of
sinapinic acid in acetonitrile�water (1:2) with 0.1% trifluoroacetic
acid (TFA) was used as the matrix. External calibration was
performed, using myoglobin as the standard, and samples were
analyzed in the linear mode. For analysis of the tryptic digests, a
saturated solution of �-ciano-4-hydroxycinnamic acid in acetoni-
trile�water (1:2) with 0.1% TFA was used as the matrix. Samples
were analyzed in the reflectron mode. External calibration was
performed, using the monoisotopic peaks of angiotensin (m�z
1046.5), corticotrophin (m�z 2465.2), and the matrix (�-ciano-4-
hydroxycinnamic acid, m�z 379) recorded in a single spectrum. In
both cases, equal volumes (0.5 �l) of the sample solution and the
matrix were spotted on the target and air-dried. Typically 50–100
laser shots were summed into a single mass spectrum for analysis.

For more methods see the Supporting Text.

Results
15d-PGJ2 Activates ERK and Cell Proliferation. To search for a possible
regulation of Ras function by CyPG, NIH 3T3 cells were preincu-
bated with vehicle or 15d-PGJ2 for 10 min before addition of serum.

Pretreatment with 15d-PGJ2 resulted in an amplification of the
phosphorylation of ERK and Akt elicited by serum, suggesting that
this PG synergizes with serum in the stimulation of the MAPK and
PI3-kinase pathways (Fig. 1A). Interestingly, 15d-PGJ2 was able to
increase the levels of phospho-ERK in NIH 3T3 cells per se (Fig. 1A
and Fig. 5, which is published as supporting information on the
PNAS web site). Because MAPK and Akt pathways can be stim-
ulated by Ras activation, we explored whether this GTPase medi-
ates the effect of 15d-PGJ2. To this end, Cos1 cells overexpressing
hemagglutinin (HA)-ERK2 and AU5-H-Ras WT or its corre-
sponding dominant negative (AU5-H-Ras N17), or constitutively
active mutant (AU5-H-Ras V12), were treated with serum or
15d-PGJ2, and ERK activity was assessed by using an in vitro kinase
assay. As shown in Fig. 1B, 15d-PGJ2 activated ERK, although to
a lesser extent than serum stimulation. A dominant-negative form
of Ras inhibited MAPK activation induced both by 15d-PGJ2 and
serum, thus indicating that 15d-PGJ2 activates ERK through a
Ras-dependent signaling pathway. Equivalent results were obtained
by analyzing the levels of phospho-ERK in Cos1 cells transiently
transfected with either vector or AU5-H-Ras N17 (see Fig. 5).

Ras proteins regulate the cell cycle by playing distinct phase-
specific roles (29, 31). Progression through the G1 phase of the cell
cycle is stimulated by the Ras pathway through the up-regulation of
cyclin D1 expression and E2F transcriptional activation (32). In
NIH 3T3 cells overexpressing H-Ras 15d-PGJ2 increased the
proportion of cells present in the S and G2�M phases of the cell
cycle per se and significantly potentiated the stimulation elicited by
serum (Fig. 1C). In agreement with these results the levels of
proliferating cell nuclear antigen and cyclins D1 and E increased in
15d-PGJ2-treated cells, whereas the expression of the mitotic

Fig. 1. 15d-PGJ2 activates the Ras signaling pathway and induces cell proliferation. (A) Synergistic effect of serum and 15d-PGJ2 on ERK and Akt activation.
Serum-starved NIH 3T3 cells (18 h) were preincubated with vehicle or 3 �M 15d-PGJ2 for 10 min and then treated with serum (5% FCS), and at the indicated times the
levels of phosphorylation of ERK (p42 and p44 proteins) and Akt were determined by using specific antiphospho and full antibodies. Results show a representative blot
of three. (B) 15d-PGJ2 induces ERK activation through a Ras-dependent pathway. Cos1 cells were cotransfected transiently with ERK2 and H-Ras (WT, N17, and V12)
constructs. Cells were serum-starved for 18 h and treated for 15 min with serum (30% FCS) or 3 �M 15d-PGJ2. Cell lysates were immunoprecipitated with monoclonal
anti-HA antibody and used in an in vitro kinase assay. Results correspond to a representative experiment of four. (C) Potentiation of cell proliferation by 15d-PGJ2. NIH
3T3 cells overexpressing H-Ras were starved of serum for 24 h and proliferation was induced with the indicated concentrations of serum and 15d-PGJ2. The percentage
of cells in the S and G2�M phases of the cell cycle was determined by flow cytometry at 24 h after stimulation. Results show the mean � SD of three experiments. *,
P � 0.05; **, P � 0.01 vs. the corresponding condition in the absence of 15d-PGJ2. (D) Effect of 15d-PGJ2 on cell cycle markers levels. Cell extracts prepared after 24 h
of stimulation were used to assess by Western blot the levels of the indicated markers of cell cycle progression. PCNA, proliferating cell nuclear antigen.
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inhibitor p27 was down-regulated (Fig. 1D). In addition, 15d-PGJ2
displayed a synergistic effect with serum on the levels of these cell
cycle markers. These results indicate that 15d-PGJ2 activates ERK
through a Ras pathway and promotes cell proliferation.

15d-PGJ2 Activates H-Ras but Not N-Ras or K-Ras. To assess whether
15d-PGJ2 caused the activation of Ras we measured the levels of
Ras-GTP upon 15d-PGJ2 stimulation of Cos1 cells transiently
transfected with AU5-H-Ras. Treatment with 15d-PGJ2 elicited
Ras activation although to a lower extent than did serum stimula-
tion (Fig. 2A). 15d-PGJ2-induced Ras activation was time-
dependent, with maximum levels of AU5-H-Ras-GTP being de-
tected between 15 and 30 min after 15d-PGJ2 addition (Fig. 2B),
thus resembling the temporal patterns of ERK2 and Akt activation
by 15d-PGJ2. Despite their similarity, the three Ras protein homo-
logues display specific features, including posttranslational modifi-
cations, subcellular localization, and effectiveness in the activation
of different pathways (33). We then explored the behavior of H-, N-,
and K-Ras proteins after treatment of cells with 15d-PGJ2. Al-
though serum stimulation activated all three Ras homologues,
15d-PGJ2-elicited activation was specific for H-Ras because, as
shown in Fig. 2C, levels of Ras-GTP were undetectable in the case
of N-Ras or K-Ras 4B.

15d-PGJ2 Forms a Covalent Adduct with H-Ras. CyPG are reactive
compounds that possess an �,�-unsaturated carbonyl group in the
cyclopentenone ring. This group may react with sulfhydril groups of
cysteine residues of proteins by Michael’s addition (34–36). Based

on functional evidence, the direct modification of I�B kinase (10,
11) and the p65 subunit of NF-�B (37) by 15d-PGJ2 have been
proposed. Recently, the covalent interaction of 15d-PGJ2 with the
p50 subunit of NF-�B, resulting in inhibition of DNA binding
activity, has been demonstrated (30). These findings raise the
possibility that CyPG may modulate the activity of various signaling
pathways by direct posttranslational modification of cellular pro-
teins. The possibility that 15d-PGJ2 could directly modify H-Ras
was explored by using a biotinylated 15d-PGJ2 derivative. Biotin-
ylated 15d-PGJ2 modified H-Ras under in vitro conditions, as
evidenced by SDS�PAGE and Western blot (Fig. 3A). The incor-
poration of biotinylated 15d-PGJ2 into H-Ras was completely
suppressed by excess 15d-PGJ2 and strongly reduced in the presence
of millimolar concentrations of DTT, thus suggesting the involve-
ment of thiol groups in this interaction. Biotinylated 15d-PGJ2 also
modified Ras in cells transfected with AU5-H-Ras (Fig. 3B).
Incorporation of biotinylated 15d-PGJ2 into endogenous Ras pro-
teins was confirmed both by Ras immunoprecipitation followed by
detection with HRP-conjugated streptavidin and chromatography
on avidin beads followed by Western blot with an anti-pan-Ras
antibody (Fig. 3C). Interestingly, the interaction between biotin-
ylated 15d-PGJ2 and Ras was homologue-specific, because the
incorporation of this PG into N-Ras was markedly reduced and the
incorporation into K-Ras was below the detection limits of this
assay (Fig. 3D).

To characterize the interaction between 15d-PGJ2 and H-Ras we
analyzed 15d-PGJ2-treated H-Ras by MS (Fig. 3E). The matrix-
assisted laser desorption ionization–time of flight spectrum of

Fig. 2. 15d-PGJ2 activates H-Ras but not N-Ras or K-Ras4B. (A) Cos1 cells transfected with pCEFL-KZ-AU5-H-Ras WT were serum-starved for 18 h and then treated for
15 min with serum (30% FCS) or 3 �M 15d-PGJ2, and the levels of AU5-H-Ras-GTP were determined by pull-down assays. Similar results were obtained in three
independent experiments. Quantitation of AU5-H-Ras-GTP standardized (by GELWORKS analyses, UVP LifeSciences, Cambridge, U.K.) to AU5-Ras levels is shown. The
histogram represents the average and standard deviation of four separate assays. *, P � 0.05; **, P � 0.01 vs. the corresponding condition in the absence of 15d-PGJ2

or serum, respectively. IB, immunoblotting. (B) Time course of H-Ras activation. Cos1 cells transfected with pCEFL-KZ-AU5-H-Ras WT were serum-starved for 18 h and
treated with FCS or 15d-PGJ2 (as in A). At the indicated times the levels of AU5-H-Ras-GTP were determined. Results show a representative blot of three. (C) Specific
activation of H-Ras. Cos1 cells transfected with H-Ras WT, N-Ras WT, or K-Ras 4B WT constructs and serum-starved for 18 h were treated with serum or 15d-PGJ2 (as in
A), and levels of AU5-Ras-GTP were determined at the indicated times. Similar results were obtained in three additional, separate experiments.
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control H-Ras showed a peak of m�z � 21,297 � 5 (average � SD
of six experiments), which corresponds to the calculated molecular
mass of WT H-Ras (21, 298), and a peak of m�z � 10,647 � 4
(doubly charged). Treatment of H-Ras with 15d-PGJ2 resulted in
the dose-dependent appearance of peaks of m�z � 21,631 � 7 and
10,813 � 4 (doubly charged) (average � SD of four experiments),
which are compatible with the formation of a covalent adduct
between 15d-PGJ2 and H-Ras with a 1:1 stoichiometry (expected
m�z 21,614 and 10,807, doubly charged). The involvement of the
cyclopentenone moiety in the modification of H-Ras by 15d-PGJ2

was investigated by treating H-Ras with PGA1, which also possesses
a cyclopentenone ring, or with PGE2 or cPGI2, which are not
cyclopentenones. In these assays, only PGA1 formed an adduct with
H-Ras, as determined by MS (see Fig. 6, which is published as
supporting information on the PNAS web site).

H-Ras Binding to 15d-PGJ2 Involves Cys-184. To identify the site of
lipidation of H-Ras by 15d-PGJ2, control or 15d-PGJ2-modified
H-Ras were subjected to tryptic digestion and MS (Fig. 4A and
Table 1, which is published as supporting information on the PNAS
web site). The matrix-assisted laser desorption ionization–time of
flight spectrum of the trypsin digest of 15d-PGJ2-modified H-Ras

showed the almost complete disappearance of the peptides of m�z
1534.6 and 1662.7, which correspond to amino acids 171–185 and
170–185, respectively, together with the appearance of a peptide of
m�z 1978.9, which is compatible with the incorporation of one
15d-PGJ2 molecule into the 170–185 peptide (sequence: KLNPP-
DESGPGCMSCK). In addition, peptides of m�z 1994.9 and 2010.8
are also detected, which likely correspond to oxidized forms of the
15d-PGJ2-modified 170–185 peptide. This peptide is located near
the carboxyl-terminal end of the protein, adjacent to the CAAX
box, and contains two cysteine residues, which may be palmitoy-
lated in cells, Cys-181 and Cys-184 (Fig. 4A). These results indicate
that 15d-PGJ2 may modify H-Ras at one of the palmitoylation sites.
Because neither K-Ras, which does not contain cysteine residues
adjacent to the CAAX box, nor N-Ras, which contains only a
cysteine residue at position 181 (Fig. 4A), are targets for significant
15d-PGJ2-induced activation or modification, this makes Cys-184 a
likely candidate for the interaction with CyPG. Indeed, as shown in
Fig. 4B, mutation of Cys-184 in H-Ras to Ser markedly reduced the
incorporation of biotinylated PG. We next used Cos1 cells tran-
siently transfected with AU5-H-Ras WT or AU5-H-Ras C184S to
measure the levels of Ras-GTP induced by serum or 15d-PGJ2
stimulation. Both stimuli increased the activity of H-Ras WT;

Fig. 3. 15d-PGJ2 binds to H-Ras. (A) In vitro labeling of H-Ras with 15d-PGJ2. H-Ras WT purified protein was incubated with biotinylated 15d-PGJ2 in the presence of
15d-PGJ2 (1 mM) or DTT (2 mM). Incubation mixtures were subjected to SDS�PAGE and Western blot (WB) followed by detection with HRP-streptavidin or anti-pan-Ras
antibody. (B) Labeling of H-Ras with biotinylated 15d-PGJ2 in intact cells. Cos1 cells transiently transfected with pCEFL-KZ-AU5-H-Ras WT or empty vector were treated
with 10 �M biotinylated 15d-PGJ2 for 1 h. AU5-H-Ras was immunoprecipitated with anti-AU5 antibody and analyzed by Western blot and detection with
HRP-conjugated streptavidin. Cell lysates were probed with anti-AU5. Similar results were obtained in three additional, separate experiments. (C) Modification of
endogenous Ras proteins by 15d-PGJ2. Cells were incubated with biotinylated 15d-PGJ2 as above. Cell lysates were subjected to immunoprecipitation with an anti-pan
Ras antibody (Upper) or a pull-down assay with avidin beads (Lower). The presence of biotinylated 15d-PGJ2-modified Ras proteins was assessed by detection with
HRP-conjugated streptavidin or anti-pan-Ras antibody, as indicated. (D) 15d-PGJ2 selectively binds to H-Ras. Cos1 cells were transfected with HA-H-Ras WT, HA-N-Ras
WT, or HA-K-Ras 4B WT constructs or empty vector. Cell lysates containing 15 �g of total protein were incubated for 90 min at room temperature in the presence of
15 �M biotinylated 15d-PGJ2. Incorporation of 15d-PGJ2 into Ras and total amounts of HA-Ras were assayed by Western blot with HRP-conjugated streptavidin or
anti-HA antibody, as indicated. (E) MS analysis of H-Ras modified by 15d-PGJ2. H-Ras WT purified protein at 5 �M was treated with vehicle (control) or the indicated
concentrations of 15d-PGJ2 for 2 h at room temperature and subsequently analyzed by matrix-assisted laser desorption ionization–time of flight MS.
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however, activation by 15d-PGJ2 was undetectable in the H-Ras
C184S mutant (Fig. 4C). Consistent with these data, transfection
with the H-Ras C184S mutant abolished the increase in the levels
of phospho-ERK elicited by 15d-PGJ2 but not by serum. These
results indicate that covalent modification of H-Ras at Cys-184 is
responsible for activation by 15d-PGJ2.

An alternative mechanism of Ras activation is by NO modifica-
tion of Cys-118 that promotes the shift of Ras to its biologically
active form by stimulating GDP release (38, 39). As a control for
the specificity of 15d-PGJ2-induced H-Ras modification and acti-
vation, we explored the effect of this PG on a C118S H-Ras mutant.
This nitrosylation-deficient mutant was labeled with biotinylated
15d-PGJ2 to the same extent as WT H-Ras (Fig. 4D). Consistence
with this finding, Cos1 cells overexpressing AU5-H-Ras C118S
displayed a similar H-Ras activation pattern than those transfected
with WT H-Ras upon serum or 15d-PGJ2 treatment, whereas the

stimulation by a NO donor was greatly reduced (Fig. 4E). Taken
together, these results show that the interaction between 15d-PGJ2

and Ras proteins is homologue- and site-specific and occurs by a
mechanism distinct from that of nitrosative stress.

Discussion
Although 15d-PGJ2 and related CyPG have been involved clearly
in processes such as resolution of inflammation (10–12), cell
differentiation, and apoptosis, the signaling pathways mediating
the mitogenic effects of CyPG have not been elucidated in full.
Recent reports suggest the involvement of MAPK and PI3-
kinase-activated pathways in 15d-PGJ2-elicited cell proliferation
(13, 15, 17). In this work we have identified a mechanism by
which 15d-PGJ2 activates MAPK and PI3-kinase�Akt pathways
through H-Ras-dependent signaling. Accordingly, a dominant-
negative mutant of Ras was able to inhibit MAPK activation

Fig. 4. The interaction between H-Ras and 15d-
PGJ2 involves Cys-184. (A) Matrix-assisted laser de-
sorption ionization–time of flight analysis of trypsin-
digested control and 15d-PGJ2-modified H-Ras.
Control or 15d-PGJ2-treated H-Ras was subjected to
tryptic digestion and MS analysis. The monoisotopic
massof thedetectedpeptides isgiven.Asterisksmark
the position of the two peptides that disappear after
treatment with 15d-PGJ2. The sequence of the 15d-
PGJ2-modified peptide corresponding to residues
170–185 of H-Ras is shown (Inset). The amino acid
sequences of the carboxyl-terminal regions of the
three Ras proteins are shown at the bottom. The
residues underlined correspond to the CAAX box.
The rectangles denote the cysteine residues con-
served between Ras proteins, and the circle high-
lights Cys-184, which is specific of H-Ras. (B) Mutation
of C184 in H-Ras blocks labeling by 15d-PGJ2. Cos1
cells transiently transfected with pCEFL-KZ-AU5-H-
Ras WT, pCEFL-KZ-AU5-H-Ras C184S, or empty vector
were assayed as in Fig. 3B. Similar results were ob-
tained in three additional, separate experiments. IP,
immunoprecipitation; WB, Western blot. (C) H-Ras
C184S is not activated by 15d-PGJ2. Cos1 cells trans-
fected with pCEFL-KZ-AU5-H-Ras WT or pCEFL-KZ-
AU5-H-Ras C184S were serum-starved for 18 h and
then treated without (lanes �) or with serum (FCS
30%, 15 min) or 15d-PGJ2 (3 �M, 15 min) (lanes �).
AU5-H-Ras-GTP levels were determined as in Fig. 2.
Cytosolic cell extracts were also used to determine
the levels of phosphorylation of ERK (p42 and p44
proteins) as in Fig. 1. Results show a representative
blot of three. (D) Biotinylated 15d-PGJ2 binds H-Ras
C118S. Cos1 cells transiently transfected with pCEFL-
KZ-AU5-H-Ras WT or pCEFL-KZ-AU5-H-Ras C118S
were assayed as in B. Similar results were obtained in
two additional, separate experiments. (E) H-Ras
C118S is activated by 15d-PGJ2. Cos1 cells transfected
with pCEFL-KZ-AU5-H-Ras WT or pCEFL-KZ-AU5-H-
Ras C118S were serum-starved for 18 h and treated
without (lanes �) or with serum (FCS 30%, 15 min,
15d-PGJ2 (3�M,15min),orS-nitrosoglutathione(500
�M, 15 min) (lanes �). AU5-H-Ras-GTP levels were
determined as in C. Results show a representative
blot of three.
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induced by 15d-PGJ2, and this PG specifically activated H-Ras
but not N-Ras or K-Ras4B. we also show that 15d-PGJ2 directly
modifies H-Ras proteins by a mechanism that involves the
reaction of the cyclopentenone moiety with the Cys-184 residue
by Michael’s addition. This interaction is directly related with
H-Ras activation by 15d-PGJ2 and, accordingly, an H-Ras C184S
mutant was unable to bind 15d-PGJ2 and be activated by this PG,
whereas it retained the ability to respond to serum stimulation.
Therefore, these results constitute evidence of Ras activation by
a mechanism that involves the direct interaction with a PG,
distinct from that mediating NO-dependent S-nitrosylation and
activation (38, 39).

All Ras proteins are modified at their C termini by isoprenyla-
tion, C-terminal proteolysis, and methylation. In addition, N-Ras
and H-Ras proteins can be reversibly palmitoylated at one (C181)
or two (C181 and C184) cysteine residues, respectively, whereas
K-Ras possesses a polybasic domain close to the C-terminal end.
These variations in the C-terminal hypervariable region may con-
tribute to differences in trafficking (40), membrane association, and
effector pathway engagement between the three Ras homologues
(41). H-Ras palmitoylation has been involved in the GTP-
dependent dynamic regulation of H-Ras association with mem-
brane rafts, which is essential for efficient Raf activation (42).
H-Ras lipidation by 15d-PGJ2 may alter its interaction with mem-
branes and�or regulators or effectors.

The high degree of sequence identity, coupled with the essen-
tially identical ability of mutated forms of H-Ras, the two K-Ras
isoforms (4A and 4B) and N-Ras to cause transformation of NIH
3T3 cells and other cell types, have supported the idea that all Ras
proteins have the same role in vivo. Hence, a majority of Ras studies
are based on the analysis of H-Ras. However, accumulating evi-
dence supports the possibility of nonredundant roles of the three
Ras homologues (25, 33). The embryonic lethality seen in the Kras,
but not Hras or Nras, knockout mice also provides support for this
possibility (43–46). The functional specificity in signaling by the
three homologues is also evidenced by the differences in the relative
ability of H-Ras versus K-Ras to activate the Raf and PI3-kinase

effector pathways (47), and it has been suggested that K-Ras
activates Rac more efficiently than H-Ras (48). Similarly, Ras-
GRF1 activates H-Ras in vivo, but not N-Ras or K-Ras 4B (49), and
again the residues within the C-terminal hypervariable domains of
Ras proteins dictate, at least in part, the selectivity of Ras-GRF1 for
H-Ras protein. The specific effect of 15d-PGJ2 on H-Ras appears
to be mediated by its interaction with the cysteine residue at the 184
position, which exists in H-Ras but not in N-Ras or K-Ras. This
finding suggests that this site may be an important determinant in
the homologue-specific roles of Ras proteins.

The formation of adducts between CyPG and proteins by
Michael’s addition is thought to be irreversible under physiological
conditions (50). However, the effect of 15d-PGJ2 on Ras activation
appears to be transient. This might imply that other components of
the Ras signaling pathway exert a negative feedback on 15d-PGJ2-
Ras activity.

The fact that 15d-PGJ2 cooperates with other stimuli to increase
cell proliferation in NIH 3T3 fibroblasts together with the obser-
vation that this CyPG accumulates in situations associated with
sustained expression of COX-2 raises the possibility of a significant
contribution 15d-PGJ2 to favor cell growth. Therefore, unraveling
the relative contribution of CyPG to promote cell survival and
growth may provide clues to understanding specific carcinogenic
processes, in particular under situations in which COX-2 overex-
pression and increased proliferation coexist, such as chronic in-
flammation or colon carcinogenesis.
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