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Prenylation is Not Necessary for Endogenous
Ras Activation in Non-Malignant Cells
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Abstract Ras monomeric GTPases are pivotal to many core cellular processes such as proliferation and differen-
tiation. The post-translational prenylation of Ras with a farnesyl or a geranylgeranyl moiety is thought to be critical for its
membrane binding and consequent signaling activity. Inhibitors of Ras prenylation have an anti-proliferative effect in
some Ras-transformed cells. We present a study of the effects of prenylation inhibitors on endogenous, wild-type Ras in
three renal cell types, namely primary adult human renal fibroblasts, primary adult human mesangial cells, and a primate
renal fibroblast cell line (Vero cells). We have previously demonstrated that Ras is necessary for normal proliferation in
these cells. Here we show that Ras is farnesylated and not geranylgeranylated in all three cell types. Furthermore,
inhibiting Ras farnesylation has no effect on cell proliferation or Ras activation. Although inhibiting geranylgeranylation in
these cells does inhibit proliferation, this is through an Ras-independent mechanism. Non-prenylated Ras is able to
localize to the plasma membrane, bind Raf when cells are stimulated by epidermal growth factor or platelet-derived
growth factor, and activate the Ras downstream effectors mitogen-activated protein kinase and phosphotidylinositol 3-
kinase. We conclude that in wild-type cells, endogenous Ras does not need to be prenylated to be active. J. Cell. Biochem.
97: 412–422, 2006. � 2005 Wiley-Liss, Inc.
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Ras monomeric GTPases are a family of
guanine-nucleotide binding proteins that play
a critical role in regulating cell proliferation and
differentiation [Barbacid, 1987]. Ras proteins
function as molecular switches and when
activated, Ras cycles from an inactive GDP-
bound form to an active GTP-bound form. Ras
genes were first identified as the transforming
element of theHarvey andKirsten strains of the
rat sarcoma viruses in the 1970’s and in man
Ras exists as three closely related isoforms

known as Harvey (Ha)-, Kirsten (Ki)-, and
Neural (N)-Ras. Mutated Ras is now the most
frequently detected oncogene in human cancers
[Bos, 1988].

Ras molecules require three or four steps of
post-translational modification to create the
hydrophobic domains, which enable membrane
binding, a step thought to be necessary for Ras
to function as a signaling molecule. The first
step, prenylation, involves the addition of a
farnesyl group in the cytosol and is catalyzed by
farnesyl transferase (FTase). The following
three stages of terminal amino acid cleavage,
methylation, and palmitoylation occur in the
endoplasmic reticulum and Golgi apparatus
[Apolloni et al., 2000]. Ki(4B)-Ras alone does
not undergo this last stage but has, instead, a
polybasic-domain consisting of a chain of six
lysine residues, which act as a membrane
targeting sequence.

Given the importance of ras oncogenes in
human carcinogenesis, several approaches
have been developed to target Ras-signaling
aiming to reduce the altered gene product or to
eliminate its biological function [Hill et al.,
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2000; Scharovsky et al., 2000]. Much of this
work over the last 10 years has focused on the
use of inhibitors of farnesylation of oncogenic
Ras [Gibbs et al., 1994; Hill et al., 2000;
Prendergast, 2000] and many of these com-
pounds are in late clinical trials for the treat-
ment of human cancers [Downward, 2003].
These farnesyl transferase inhibitors (FTI)
havebeenshowntohavepotent effects onmalig-
nant transformation in a number of murine
models and human tumor cell lines, in parti-
cular those transformed by oncogenic Ha-Ras
[Sinensky, 2000]. However, an FTI can block
tumor growth even in the absence of an activ-
ating Ras mutation [Nagasu et al., 1995; Sepp-
Lorenzino et al., 1995]. Furthermore, despite
the fact that oncogenic Ki(4B)-Ras can be
geranylgeranylated, FTI could still inhibit cell
proliferation in vitro and in vivo without sup-
pressing Ki(4B)-Ras prenylation [Lerner et al.,
1997; Sun et al., 1998]. Data from clinical trials
have shown that FTIs appear to show little
activity in a range of solid tumors, whilst
demonstrating efficacy in a number of hemato-
logical malignancies [Downward, 2003]. Again
the sensitivity of a particular tumor cannot be
predicted by the presence or absence of a ras
oncogene suggesting that a protein(s) other
than Ras is the target of these drugs [Sebti
and Adjei, 2004].
Non-malignant cells appear to be relatively

resistant to the effects of farnesyl transferase
inhibition and this has been assumed to be due
to the ‘alternative’ geranylgeranylation of Ras
[Suzuki et al., 1998; Prendergast, 2000]. How-
ever, little work has been done to study why
potent inhibitors of Ras prenylation fail to
disrupt endogenous, wild-type Ras-dependent
pathways in normal, non-malignant cells. We
and others have previously demonstrated that
Ras, in particular Ha- and Ki(4B)-Ras expres-
sion is necessary for the stimulated prolifera-
tion of normal human fibroblasts [Chen et al.,
1996; Sharpe et al., 1999, 2000]. Here, we pre-
sent the first evidence to show that in a number
of non-malignant, renal cell types, Ras does not
require prenylation to be able to bind GTP and
hence activate downstream effector pathways.

EXPERIMENTAL PROCEDURES

Cell Culture

Primary culture of adult human renal fibro-
blasts (HRF) has been described previously

[Sharpe et al., 2000]. Briefly, tumor-free renal
cortex was obtained from native kidneys all
removed for renal cell carcinoma. After remov-
ing the capsule, the cortex was minced and
digested in a 1 mg/ml solution of collagenase
type IV (Sigma), passed through a 70 mm mesh
and separated on a 50%percoll density gradient
(containing 0.84 g mannitol and 100 ml 1 M HCl
in 30 ml) by centrifugation at 30,000g. The top
band (F1) was seeded onto 10 cm culture dishes
(90 mg per dish) in DMEM/Hams F12 Nut-mix
with 10% FCS, allowed to grow to confluence
then passaged twice in the presence of serum
to select for fibroblast growth. Cryopreserved
normal adult human mesangial cells (HMC)
were obtained from Clonetics at passage 3 (CC-
2559) and stored in liquid nitrogen. Prior to first
use, the cells were rapidly thawed at 378C,
suspended in medium, and plated into 75cm2

tissue culture flasks. The standard growth
medium was RPMI 1640 medium (Gibco) sup-
plemented with insulin-transferrin-sodium
selenite (5 mg/ml), penicillin (100 IU/ml), strep-
tomycin (100 mg/ml), amphotericin (2.5 mg/ml),
and with 10% fetal calf serum (FCS). Vero cells
(primate renal fibroblasts) were obtained from
ECACC (no. 84113001). For routine subculture,
the cells were split 1:20 when confluent. The
standard growth medium was DMEM (Gibco)
supplementedwith10%FCS, penicillin (100 IU/
ml), and streptomycin (100 mg/ml).

Immunoprecipitation and Western Blotting

Cells were grown to 50–80% confluence in 35
or 100 mm dishes in 10% FCS or stimulated as
described in figure legends. Cells were then
lysed in PBSTDS (1� phosphate buffered sal-
ine, 1% Triton-X 100, 0.5% deoxycholate, 0.1%
SDS, leupeptin 0.5 mg/ml, pepstatin 1.0 mg/ml,
EDTA 1.0 mM, PMSF 0.2 mM). Cell lysates
were assayed for protein content and equal
amounts of protein were made up to a uniform
volume. Immunoprecipitation and Western
blotting for Ras was performed as described
previously [Sharpe et al., 1999]. To assess
downstream effector activation HMC were
serum-starved then lysed or stimulated with
PDGF 200 nM for 5 min prior to lysis. Ten
micrograms of cell lysate was then analyzed by
SDS–PAGE and Western blotting using either
phospho-specific antibodies for P-Akt and P-
MAPK (p42/44) or antibodies specific for total
Akt or MAPK (p42/44) (all from New England
Biolabs).
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Triton X-114 Partitioning

Treated cells werewashed twice in phosphate
buffered saline (PBS) then lysed in 1ml of an ice
cold solution of 1% Triton X-114 in tris buffered
saline (TBS) containing protease inhibitors.
Cells were scraped from the culture dish and
the lysate was transferred to a cold microcen-
trifuge tube, vortexed, and incubated on ice for
15 min. The lysate was then clarified by centri-
fugation at 14,000g at 48C for 5 min to remove
insoluble debris. The supernatant was har-
vested to a fresh tube and incubated at 378C
for 2 min then centrifuged for 2 min at room
temperature to separate the detergent from the
aqueous phase. The top, aqueous phase was
removed and collected leaving a thin interface
between the two phases. The interface was then
removed leaving a pure detergent phase. The
aqueous portionwasmade up to 1mlwith 100 ml
of 10% triton X-114 and the detergent portion
was made up to 1 ml with TBS. Both samples
were then immunoprecipitated for totalRas and
analyzed with SDS–PAGE and Western blot-
ting. For experiments in which Triton X-114
partitioning was followed by the Ras/Raf affi-
nity, pull-down assay, the Triton X-114 lysis
buffer was made up in magnesium containing
lysis buffer (1% Triton X-114, 25 mM HEPES
pH 7.5, 150mMNaCl, 10mMMgCl2, 25mMNa
Fluoride, 1 mM EDTA, 1 mM Na Vanadate,
10 mg/ml Leupeptin, 10 mg/ml Aprotonin) rather
than TBS.

Inhibition of Ras Prenylation

Enzyme specific inhibitors of farnesyl trans-
ferase (FTI 277 and A197574) and geranylger-
anyl transferase I (GGTI 298) were used. FTI
277 and GGTI 298 were a kind gift from S.M.
Sebti, University of Florida, and A197574was a
kind gift from Abbott Pharmaceuticals. All
inhibitors were dissolved in 10-mM dithiothrei-
tol in DMSO in a stock concentration of 10 mM
which was further diluted directly in culture
medium.

Membrane and Cytosol Preparations

Treated cells were grown to confluence in 75-
cm2 tissue culture flasks, trypsinized and
pelleted by centrifugation at 300g at 48C. The
pellet was then resuspended in 1 ml of ice-cold
hypotonic buffer (10 mM Tris pH 7.5, 5 mM
MgCl2, 1 mM DTT, 1 mM PMSF), which was
then sonicated for two 15 s cycles. The cell

suspension was then centrifuged at 800g to
remove cell debris after which the supernatant
was spun at 100,000g for 60 min at 48C to
separate membrane (pellet) and cytosol (super-
natant) fractions. The membrane pellet was
resuspended in 1 ml of ice-cold hypotonic buffer
and both fractions were made up to 2 ml with
1 ml of 2�PBSTDS lysis buffer and put on ice
for 30 min. Total Ras was immunoprecipitated
from equal volumes of paired samples and
analyzed by SDS–PAGE and Western blotting.

Cell Proliferation Assays

Cell numbers were determined byMTS assay
(Promega, Cell Titre 96TM) measuring absor-
bance at 490 nm. This is a tetrazolium salt-
based assay of viable cell number and the
correlation between cell number and absor-
bance at 490 nm is linear [Cory et al., 1991].
For this assay, HFB were seeded at 5,000 cells
per well in either epidermal growth factor (1 mg/
ml) or 10% FCS in a 96-well plate and treated
with increasing concentrations of FTI 277. Cell
number was assessed daily for 5 days (0–96 h).
Additionally, HMC were treated with either
10% FCS or platelet derived growth factor
(PDGF) at 200 nM in 100 mm dishes plus
A197574 at 0, 50, or 100 nM for 24 h. Cells were
then incubated with 10 mM bromodeoxyuridine
(BrdU) and incubated for a further 16 h. Cells
were then fixed in a solution containing three
parts 50 mM glycine pH 2.0 and seven parts
absolute alcohol for 45 min, washed in PBS 3
times, then incubated in 4M HCl for 10 min,
washed5 times inPBS, andblocked ina solution
containing 5% goat serum and 0.05% Tween 20
in PBS for 15 min. Primary anti-BrdU antibody
(Sigma) was then added at a dilution of 1:100 in
blocking solution and the cells were incubated
at 48C overnight. After washing, cells were
incubated with the TRITC-conjugated anti-
mouse IgG secondary antibody (Sigma) at a
dilution of 1:50 for 30 min. BrdUþ ve cells were
compared to total cell number in four low power
fields for each condition.

Ras/Raf Affinity Pull-Down Assay

Cells were grown to 50–70% confluence then
serum-starved for 24 h with or without an FTI.
Cells were then lysed or stimulated with either
EGF (0.5 mg/ml or PDGF 200 nM) for 5 min
prior to lysis in the appropriate lysis buffer.
Activated, GTP-bound Ras was precipitated
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using the Raf-RBD-GST reagent (Upstate, UK),
which contains the Ras binding domain of Raf
linked to sepharose beads. The beads were
pelleted, washed and the protein analyzed by
SDS–PAGE and Western blotting.

RESULTS

Ras Exists in Both a Prenylated and
Non-Prenylated Form in Normal Cells

Ras proteins are small, solublemolecules that
become hydrophobic with the addition of the
lipid prenyl moiety thus allowing them to
associate with the plasma membrane. Not all
Ras within a cell is in the modified state as can
be demonstrated by Western blotting. The non-
prenylated Ras runs slower on SDS–PAGE and
can be distinguished from the faster running
prenylated form (Fig. 1). Figure 1 demonstrates
separation of the hydrophobic, prenylated Ras
protein from the hydrophilic non-prenylated
Ras protein using the temperature-dependent
triton X-114 detergent by separating the aqu-
eous from detergent phase in (A) Vero cells and
(B) mesangial cells.

In Renal Fibroblasts and Mesangial Cells Ras is
Farnesylated and Not Geranylgeranylated

The most effective and specific anti-prenyla-
tion drugs are peptidomimetic analogs of the
specific CAAX box motifs [James et al., 1993].
They act as substrates for farnesyl transferase
(FTase) or geranylgeranyl transferase I
(GGTase I) and competitively inhibit these
enzymes. For this study, FTI 277 and A197574
were used as farnesyl transferase inhibitors
(FTI) and GGTI 298 as a geranylgeranyl
transferase I inhibitor (GGTI). These are potent
and highly specific for their target enzymes and

are effective in both cells and cell-free biochem-
ical systems [Hill et al., 2000]. When cells are
treated with an FTI, Ras is shifted from the
prenylated form to the non-prenylated form.
This does not occur with GGTI 298 (Fig. 2).
Separation of hydrophobic Ras fromhydrophilic
Ras in cells pre-treated with the prenylation
inhibitors (Fig. 2D) also confirms that only an
inhibitor of farnesylation can shift Ras to the
aqueous phase, whereas inhibiting geranylger-
anylation leaves Ras almost exclusively in the
hydrophobic state. GGTI 298 was confirmed to
effectively inhibit geranylgeranylation in HMC
at 10 and 20 mM by shifting Rap1A from the
prenylated form to the non-prenylated form in
SDS–PAGE, a protein known to be exclusively
geranylgeranylated (Fig. 2E). No effect on
Rap1A processingwas noted using the farnesyl-
transferase inhibitor (data not shown).

Inhibiting Ras Farnesylation Results in
Incomplete Shift of Ras From the Membrane

Fraction to the Cytosol Fraction

Ras localization to the plasma membrane is
thought to be fundamental to its ability to
receive upstream activating signals and to
transduce these to downstream effectors. The
prenylation of Ras assists in this membrane
targeting by making the molecule hydrophobic.
In Figure 3, we demonstrate that inhibiting the
farnesylation of Ras in HMC shifts themajority
of Ras from the membrane fraction to the cyto-
solic fraction. However, the membrane fraction
in untreated cells contains both prenylated and
non-prenylated Ras although the prenylated
band predominates. When the FTI was added,
the ratio of non-prenylated to prenylated Ras in
the membrane fraction increased so that there
was more non-prenylated Ras, though total Ras
in the membrane was reduced.

Fig. 1. Triton X-114 extraction of Ras. Vero cells (A) lane 1 and
mesangial cells (B) lane 4 were lysed in normal PBSTDS lysis
buffer and total cell Ras was immunoprecipitated (t) demonstrat-
ing the characteristic double band on Western blotting. In lanes
(A) 2 and 3 and (B) 5 and 6, cells were lysed in Triton X-114 and

the aqueous (a) and detergent (d) phases were separated prior to
immunoprecipitation and Western blot analysis. The upper, non-
prenylated band appeared in the aqueous phase and the lower,
prenylated band appeared only in the detergent phase. This
experiment is representative of three similar experiments.
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Inhibiting Ras Farnesylation Does not
Inhibit Cell Proliferation

We have previously demonstrated that
Ki(4B)-Ras is the predominantly expressed
isoform in both Vero cells and human renal
fibroblasts [Sharpe et al., 1999, 2000]. Silencing
Ki(4B)-Ras in Vero cells and either Ki(4B)-Ras
or Ha-Ras in human renal fibroblasts signifi-
cantly inhibited proliferation demonstrating
that Ras is necessary for stimulated prolifera-

tion in these cells. Here we demonstrate how-
ever that in marked contrast to the Western
blot data, inhibiting farnesylation of Ras has
no effect on cell proliferation in either HRF,
Vero cells or HMC as assessed by a viable cell
number assay and BrdU incorporation (Fig. 4A,
C, and E and 5). GGTI 298, however, caused a
dose-dependent reduction in cell number in
both HRF and Vero cells using the MTS assay
(Fig. 4B, D, and F) and in BrdU incorporation in
HMCs (data not shown). This anti-proliferative

Fig. 2. Effects of prenylation inhibitors on Ras modification. A:
Vero cells, (B) human renal fibroblasts, and (C) mesangial cells
were grown to approximately 70% confluence and incubated
with the prenylation inhibitors FTI (FTI 277 5 mM (A and B),
A197547 100nM (C)) or GGTI 298 (20 mM) for 24 h. The cells
were then lysed and total Ras was immunoprecipitated from
equalized amounts of total protein. This was analyzed by SDS–
PAGE and Western blotting. These blots are representative of at
least three similar experiments for each cell type. D: Vero cells

were incubated with FTI 277 (10 mM) or GGTI 298 (20 mM) then
lysed in triton X-114. The aqueous (a) and detergent (d) phases
were separated. E: Mesangial cells were grown to approximately
70% confluence and incubated with GGTI 298 (at the con-
centrations indicated) for 24 h. The cells were then lysed and
equal amounts of total protein were analyzed for Rap1A
expression by SDS–PAGE and Western blotting. Prenylated
and non-prenylated forms are indicated.
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effect is apparent at doses shown to have no
effect on Ras prenylation.

Both Prenylated and Non-Prenylated
Ras Can Bind Raf

In keeping with the above finding, we have
demonstrated that activated, GTP-bound Ras
can exist in the cell in both the prenylated and
non-prenylated forms. Figure 6A shows a
Western blot of fibroblasts that have been
serum-starved for 24 h then stimulated for
5 min with EGF. The resultant activated GTP-
bound fraction of Ras was then ‘‘pulled down’’
using the Ras binding domain of Raf linked to
sepharose beads. The GTP-bound Ras can
clearly be seen as a double band that is in both
its prenylated and non-prenylated states. This
was confirmed in humanmesangial cells by pre-
treating them with an FTI and shifting the
activated Ras from the lower, prenylated band
to the upper non-prenylated band. Pre-treat-
ment with GGTI 298 did not cause this shift in
the activated Ras band nor did it alter the result
when used in addition to the FTI (Fig. 6B). In
order to further demonstrate this phenomenon,
primary human fibroblasts were serum-starved
for 24 h then either left unstimulated or
stimulated with EGF for 5 min. These cells
were then lysed in 1% triton X-114/magnesium
containing lysis buffer and the aqueous and
detergent phases were separated. Only the
active, GTP-bound Ras was then recovered by
the RBD-sepharose compound from each of
these phases. Figure 7 illustrates that GTP-
bound Ras can be pulled down from both the
aqueous and detergent phases again suggesting
that Ras does not need to be prenylated to be
activated.

Inhibiting Ras Farnesylation Does not Inhibit
Activation of Downstream Effectors

To assess whether this activation was trans-
ferred to downstream effectors, human mesan-
gial cells were serum-starved and pre-treated
with an FTI for 24 h. The cells were then either
lysed or treated with PDGF prior to lysis and
immunoblotted for phospho-Akt/total Akt
and phospho-MAPK 41/42/total MAPK 41/42.
Figure 8 demonstrates that inhibition of farne-
sylation has no effect on the activation of these
two Ras downstream effectors.

DISCUSSION

These results demonstrate that in primary
human renal mesangial cells and fibroblasts
and in Vero cells, Ras undergoes farnesylation
rather than geranylgeranylation. Moreover, it
is apparent from our findings that in these non-
malignant renal cells, inhibition of Ras farne-
sylation does not inhibit Ras-dependent pro-
cesses or signaling. In neither HRF, Vero cells,
nor HMC did an FTI affect cell proliferation at
doses known to inhibit Ras farnesylation.
Additionally, Ras can be shown to bind the Ras
binding domain of Raf and therefore be acti-
vated whether prenylated or not. Equally,
activation of Ras downstream effector mole-
cules was not influenced by inhibition of Ras
farnesylation. In contrast, inhibition of gera-
nylgeranylation had no effect on Ras processing
or activation but it did inhibit cell proliferation
in all cell types in a dose-dependent manner.
Although different cell types have been illu-
strated in different experiments, no discernable
difference in results was noted between any of
the cells types described for any of the different
experimental procedures.

We have previously shown the Ki(4B)-Ras
isoform is the predominantly expressed isoform
in HRF, Vero cells [Sharpe et al., 1999, 2000]
and HMC (unpublished data). Therefore, the
inhibition of prenylation of total cellular Ras by
an FTI but not by a GGTI as shown in Figure 1,
suggests that Ki(4B)-Ras undergoes farnesyla-
tion in all three cell types. Previous studies have
shown that over-expressed wild-type or onco-
genic Ki(4B)-Ras can be geranylgeranylated if
farnesyl transferase is inhibited [Lerner et al.,
1995; Osman et al., 1997; Fiordalisi et al., 2003]
and this has been used to explain the lack of
effect of FTIs on Ras-dependent signaling in
some non-malignant cells. Whilst this may also

Fig. 3. Effects of prenylation inhibitors on Ras sub-cellular
localization. Cells were grown to 80% confluence then either
treated with 10% FCS alone or A197547 100nM in the presence
of 10% FCS for 24 h. The cells were lysed and separated into
membrane (M) and cytosolic (C) fractions as described in
experimental procedures. Total Ras was immunoprecipitated
from equal volumes of paired samples and analyzed by SDS–
PAGE and Western blotting.
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Fig. 4. Effects of inhibiting prenylation on cell proliferation.
HRF (A and B) were grown in the presence of 10% FCS and either
vehicle or increasing doses of FTI 277 (A) or GGTI 298 (B).
Proliferation of viable cells against time is directly correlated with
absorbance at 490 nm using the MTS assay. HRF (C and D) and

Vero cells (E and F) were grown for 72 h in the presence of EGF
(1 mg/ml) and either FTI 277 or GGTI 298 in the concentrations
indicated. Cell number was assessed using the MTS assay at time
0 and 72 h (n¼ 3).
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be the case in our cell types, it is clear that after
FTI treatmentKi(4B)-Raspredominantly exists
in its non-prenylated form. Were Ki(4B)-Ras to
undergo significant geranylgeranylation one
would still expect to see a ‘double-band’ on
SDS–PAGE as geranylgeranylated Ras has
greater electrophoretic mobility than non-pre-
nylated Ras [Cox et al., 1995]. Furthermore, the
addition of a GGTI to an FTI does not appear to
further increase the ratio of non-prenylatedRas
to prenylated Ras in the activated Ras pull-
down assay in Figure 6B. The studies that
suggest that Ki(4B)-Ras can be geranylgerany-
lated have demonstrated this either in cells
over-expressing Ki(4B)-Ras or in cell-free sys-
tems and so this may in fact be an artifact of
experimental design and not truly reflect what

occurs with endogenous Ras in the wild-type
cell.

Whilst Ki(4B)-Ras may act as a substrate for
GGTase I, Ha-Ras does not [James et al., 1995].
Furthermore, Ki(4B)-Ras also exhibits a 50-fold
higher affinity for FTase than Ha-Ras and,
therefore, Ha-Ras is muchmore sensitive to the
effects of an FTI than Ki(4B)-Ras [James
et al., 1995]. Thus, if the farnesylation of
Ki(4B)-Ras is effectively inhibited then the
farnesylation of any Ha-Ras present in these
cells will also have been inhibited. Using
antisense oligonucleotides, we have previously
demonstrated that Ha-Ras is necessary for
normal cell proliferation in HRF [Sharpe
et al., 2000] and HMC (unpublished data).
Taking these findings together one would

Fig. 5. Effects of inhibiting farnesylation on BrdU incorporation. HMC were grown in the presence of
increasing doses of A197547 for 40 h and either PDGF (200ng/ml) (A) or 10% FCS (B). Cell proliferation was
assessed by BrdU incorporation (n¼ 3–6).

Fig. 6. Ras activation assay on stimulated cells. A: Vero cells
were grown to 50% confluence then serum-starved for 24 h. They
were then either lysed or stimulated with EGF (1 mg/ml) for 5 min
prior to lysis. GTP bound Ras was immediately precipitated with
15 ml of a 50% slurry of the Ras binding domain of Raf (RBD)-
GST-sepharose. The precipitated protein was analyzed by SDS–
PAGE and Western blotting. This is representative of four similar

experiments. B: HMC were grown to 70% confluence then
serum-starved for 24 h. Cells were then incubated with A197547
(100 nM), GGTI 298 (20 mM) or both compounds in serum-free
media for a further 24 h then either lysed or stimulated with PDGF
(200 ng/ml) for 5 min prior to lysis. Active GTP-bound Ras was
recovered using RBD-GST-sepharose, prior to analysis by SDS–
PAGE and Western blotting.
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predict that were prenylation necessary for
Ras to function, then inhibiting the farnesyla-
tion of Ha-Ras with an FTI should inhibit cell
proliferation.

The observation that inhibiting geranylger-
anylation in cells inhibits proliferation is not
new and has previously been attributed to the
inhibition of Rho proteins. Vogt et al. [1996,
1997] have previously shown that GGTI 298
inhibits cell proliferation in both NIH3T3
mouse fibroblasts and numerous human tumor
cell lines. This inhibition of proliferation was
associated with blocking of the cell cycle in G1,
thereby, preventing transition to S phase. A
similar effect was not found with FTI 277. Hirai
et al. noticed a similar effect when using
pravastatin, a HMG CoA reductase inhibitor,
on rat thyroid (FRTL-5) cells. This drug caused
cell cycle arrest in the G1 phase and prevented
the Rho-dependent elimination of the cyclin-
dependent kinase inhibitor, p27Kip1 normally
associated with the transition to S phase. This

effect was reversed with geranylgeranylpyro-
phosphate but not farnesylpyrophosphate. The
reversal was prevented by the addition of Rho
inhibitor, C3 transferase [Hirai et al., 1997].

The role of Ras farnesylation on membrane
targeting has also been examined here (Fig. 3).
Whilst it is apparent that inhibiting farnesyla-
tion prevents the bulk of intracellular Ras
localizing to the membrane fraction, some non-
prenylated Ras is able to associate with the
membrane. This could occur through a number
ofmechanisms. It canbe seen that the inhibition
of farnesylation with an FTI is incomplete in as
much as a small amount of Ras remains in the
prenylated state. It is possible that this mem-
brane bound Ras is able to sequester non-
prenylated Ras to the membrane via a process
of dimerization, a phenomenon which has
previously been described [Inouye et al., 2000].
However, in our results, when farnesylation is
inhibited there appears to be more non-pre-
nylated than prenylated Ras in the plasma
membrane, a situation that cannot be explained
by dimerization alone. Furthermore, using the
pull-down assay for Ras-GTP after FTI treat-
ment, the prenylated and non-prenylated forms
of Ras were not of equal intensity, again
suggesting that Ras dimerization is not the only
mechanism by which non-prenylated Ras can
become activated.

Alternatively, the mechanism of the interac-
tion of non-prenylated Ras with the plasma
membranemay differ for the different isoforms.
Ha-Ras has been shown by a number of groups
to bind to the plasmamembrane via interaction
of its ‘linker’ region in thehypervariable domain
with caveolin-1; even when not prenylated

Fig. 7. GTP-Ras Pull-down on T-X114 extracted cell lysates.
HFB were grown to 70% confluence, serum-starved for 24 h, and
either unstimulated or stimulated with EGF 0.5 mg/ml for 5 min.
Cells were then lysed in Triton X-114 and the aqueous (a) and
detergent (d) phases were separated prior to affinity precipitation
with 15 ml of a 50% slurry of the RBD-GST-sepharose. The results
were analyzed by Western blotting. This is representative of three
similar experiments.

Fig. 8. Effects of an FTI on Ras downstream effector activation. HMC were grown to 70% confluence and
serum-starved for 48 h�A197547 (100 nM). Cells were then lysed or stimulated with PDGF (200 nM) for
5 min prior to lysis. Western blot was then performed for phospho-Akt (P-Akt) and total Akt (T-Akt) and
phospho-MAPK (P-MAPK) and total MAPK (T-MAPK).
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[Song et al., 1996; Roy et al., 1998; Prior et al.,
2001]. Prior et al. also found Ki(4B)-Ras to
localize to different regions of the disordered
plasma membrane by virtue of its polybasic
domain [Prior and Hancock, 2001].
One canalso speculate thatRas can localize to

different intracellular ‘compartments’ and that
prenylation may not be necessary for Ras to
signal from these compartments. Recent evi-
dence to support such a model of Ras signaling
comes from work showing that a sub-fraction of
Ras, which is localized to theGolgi as opposed to
the plasma membrane can be activated by
translocation of Ras GRP1 in a phospholipase
Cg1-dependent manner [Bivona et al., 2003].
Alternatively, Rocks et al. have elegantly
demonstrated recently that Ha- and N-Ras
localization to the plasma membrane is in fact
mediated by acylation [Rocks et al., 2005]. They
have shown that the addition of one or two
palmitoyl groups directs Ha- and N-Ras from
the Golgi to the plasma membrane. Once in the
plasmamembrane however, these Ras isoforms
undergo depalmitoylation, which rapidly dis-
lodges Ras from the plasma membrane despite
the presence of a farnesyl group. The farnesy-
lated but deacylated Ras quickly reaches equili-
brium between the cytosol and cell membranes.
That fraction of deacylated Ras, which returns
to the Golgi becomes palmitoylated again and is
redirected back to the plasma membrane. In
this way Ras cycles between the plasma mem-
brane and theGolgi allowing the activated,GTP
bound form to translocate to the Golgi and
signal from there. Although these studies were
not undertaken with Ras lacking a prenylation
site, they do suggest that palmitoylation rather
than prenylation targets Ha and N-Ras to the
plasmamembrane andmay indeed be sufficient
to do so in the absence of prenylation. This may
also hold true for the polybasic domain in
Ki(4B)-Ras which, being a permanent feature,
will ensure that a certain fraction of Ki(4B)-Ras
will remain in the plasma membrane allowing
activation to take place even when prenylation
is inhibited.
Taking these findings together, it can be

concluded that endogenous, wild-type Ras is
able to function in its prenylated or non-
prenylated form. This may not be the case in
cells that are immortalized by over-expression
of constitutively active Ras whose cellular
biology differs greatly from the wild-type phe-
notype. This phenomenon should be taken into

consideration when extrapolations are made
from results obtained from malignant, over-
expressing cells to explain normal cell signaling
in non-malignant primary cells and indeed from
one species to another.

ACKNOWLEDGMENTS

We thank the Department of Urology at
King’s College Hospital for their assistance in
providing nephrectomy specimens. We further
thank the National Kidney Research Fund and
the Department of Health for funding CCS and
the Medical Research Council for funding AK.

REFERENCES

Apolloni A, Prior IA, Lindsay M, Parton RG, Hancock JF.
2000. H-ras but not K-ras traffics to the plasma
membrane through the exocytic pathway. Mol Cell Biol
20:2475–2487.

Barbacid M. 1987. ras genes. Annu Rev Biochem 56:779–
827.

Bivona TG, Perez De Castro I, Ahearn IM, Grana TM, Chiu
VK, Lockyer PJ, Cullen PJ, Pellicer A, Cox AD, Philips
MR. 2003. Phospholipase Cgamma activates Ras on the
Golgi apparatus by means of RasGRP1. Nature 424:694–
698.

Bos JL. 1988. The ras gene family and human carcinogen-
esis. Mutat Res 195:255–271.

Chen G, Oh S, Monia BP, Stacey DW. 1996. Antisense
oligonucleotides demonstrate a dominant role of c-Ki-
RAS proteins in regulating the proliferation of diploid
human fibroblasts. J Biol Chem 271:28259–28265.

Cory AH, Owen TC, Barltrop JA, Cory JG. 1991. Use of an
aqueous soluble tetrazolium/formazan assay for cell
growth assays in culture. Cancer Commun 3:207–212.

Cox AD, Solski PA, Jordan JD, Der CJ. 1995. Analysis of
Ras protein expression in mammalian cells. Methods
Enzymol 255:195–220.

Downward J. 2003. Targeting RAS signalling pathways in
cancer therapy. Nat Rev Cancer 3:11–22.

Fiordalisi JJ, Johnson RL, 2nd, Weinbaum CA, Sakabe K,
Chen Z, Casey PJ, Cox AD. 2003. High affinity for
farnesyltransferase and alternative prenylation contri-
bute individually to K-Ras4B resistance to farnesyltrans-
ferase inhibitors. J Biol Chem 278:41718–41727.

Gibbs JB, Oliff A, Kohl NE. 1994. Farnesyltransferase
inhibitors: Ras research yields a potential cancer ther-
apeutic. Cell 77:175–178.

Hill BT, Perrin D, Kruczynski A. 2000. Inhibition of
RAS-targeted prenylation: Protein farnesyl transferase
inhibitors revisited. Crit Rev Oncol Hematol 33:7–23.

Hirai A, Nakamura S, Noguchi Y, Yasuda T, Kitagawa M,
Tatsuno I, Oeda T, Tahara K, Terano T, Narumiya S,
Kohn LD, Saito Y. 1997. Geranylgeranylated rho small
GTPase(s) are essential for the degradation of p27Kip1
and facilitate the progression from G1 to S phase in
growth-stimulated rat FRTL-5 cells. J Biol Chem 272:
13–16.

Inouye K, Mizutani S, Koide H, Kaziro Y. 2000. Formation
of the Ras dimer is essential for Raf-1 activation. J Biol
Chem 275:3737–3740.

Endogenous Ras Does Not Need to be Prenylated 421



James GL, Goldstein JL, Brown MS, Rawson TE, Somers
TC, McDowell RS, Crowley CW, Lucas BK, Levinson AD,
Marsters JC, Jr. 1993. Benzodiazepine peptidomimetics:
Potent inhibitors of Ras farnesylation in animal cells.
Science 260:1937–1942.

James GL, Goldstein JL, Brown MS. 1995. Polylysine and
CVIM sequences of K-RasB dictate specificity of prenyla-
tion and confer resistance to benzodiazepine peptidomi-
metic in vitro. J Biol Chem 270:6221–6226.

Lerner EC, Qian Y, Hamilton AD, Sebti SM. 1995.
Disruption of oncogenic K-Ras4B processing and signal-
ing by a potent geranylgeranyltransferase I inhibitor.
J Biol Chem 270:26770–26773.

Lerner EC, Zhang TT, Knowles DB, Qian Y, Hamilton AD,
Sebti SM. 1997. Inhibition of the prenylation of K-Ras,
but not H- or N-Ras, is highly resistant to CAAX
peptidomimetics and requires both a farnesyltransferase
and a geranylgeranyltransferase I inhibitor in human
tumor cell lines. Oncogene 15:1283–1288.

Nagasu T, Yoshimatsu K, Rowell C, Lewis MD, Garcia AM.
1995. Inhibition of human tumor xenograft growth by
treatment with the farnesyl transferase inhibitor B956.
Cancer Res 55:5310–5314.

OsmanH, Mazet JL, Maume G, Maume BF. 1997. Geranyl-
geranyl as well as farnesyl moiety is transferred to Ras
p21 overproduced in adrenocortical cells transformed by
c-Ha-rasEJ oncogene. Biochem Biophys Res Commun
231:789–792.

Prendergast GC. 2000. Farnesyltransferase inhibitors:
Antineoplastic mechanism and clinical prospects. Curr
Opin Cell Biol 12:166–173.

Prior IA, Hancock JF. 2001. Compartmentalization of Ras
proteins. J Cell Sci 114:1603–1608.

Prior IA, Harding A, Yan J, Sluimer J, Parton RG, Hancock
JF. 2001. GTP-dependent segregation of H-ras from lipid
rafts is required for biological activity. Nat Cell Biol
3:368–375.

Rocks O, Peyker A, Kahms M, Verveer PJ, Koerner C,
Lumbierres M, Kuhlmann J, Waldmann H, Wittinghofer
A, Bastiaens PI. 2005. An acylation cycle regulates
localization and activity of palmitoylated Ras isoforms.
Science 307:1746–1752.

Roy S, McPherson RA, Apolloni A, Yan J, Lane A, Clyde-
Smith J, Hancock JF. 1998. 14-3-3 facilitates Ras-
dependent Raf-1 activation in vitro and in vivo. Mol Cell
Biol 18:3947–3955.

Scharovsky OG, Rozados VR, Gervasoni SI, Matar P. 2000.
Inhibition of ras oncogene: A novel approach to anti-
neoplastic therapy. J Biomed Sci 7:292–298.

Sebti SM, Adjei AA. 2004. Farnesyltransferase inhibitors.
Semin Oncol 31:28–39.

Sepp-Lorenzino L, Ma Z, Rands E, Kohl NE, Gibbs JB, Oliff
A, Rosen N. 1995. A peptidomimetic inhibitor of farne-
syl:protein transferase blocks the anchorage-dependent
and-independent growth of human tumor cell lines.
Cancer Res 55:5302–5309.

Sharpe CC, Dockrell ME, Scott R, Noor MI, Cowsert LM,
Monia BP, Hendry BM. 1999. Evidence of a role for
Ki-Ras in the stimulated proliferation of renal fibro-
blasts. J Am Soc Nephrol 10:1186–1192.

Sharpe CC, Dockrell ME, Noor MI, Monia BP, Hendry BM.
2000. Role of Ras isoforms in the stimulated proliferation
of human renal fibroblasts in primary culture. J Am Soc
Nephrol 11:1600–1606.

Sinensky M. 2000. Recent advances in the study of
prenylated proteins. Biochim Biophys Acta 1484:93–
106.

Song KS, Li S, Okamoto T, Quilliam LA, Sargiacomo M,
Lisanti MP. 1996. Co-purification and direct interac-
tion of Ras with caveolin, an integral membrane protein
of caveolae microdomains. Detergent-free purification
of caveolae microdomains. J Biol Chem 271:9690–
9697.

Sun J, Qian Y, Hamilton AD, Sebti SM. 1998. Both
farnesyltransferase and geranylgeranyltransferase I
inhibitors are required for inhibition of oncogenic K-Ras
prenylation but each alone is sufficient to suppress
human tumor growth in nude mouse xenografts. Onco-
gene 16:1467–1473.

Suzuki N, Urano J, Tamanoi F. 1998. Farnesyltransferase
inhibitors induce cytochrome c release and caspase 3
activation preferentially in transformed cells. Proc Natl
Acad Sci USA 95:15356–15361.

Vogt A, Qian Y,McGuire TF, Hamilton AD, Sebti SM. 1996.
Protein geranylgeranylation, not farnesylation, is
required for the G1 to S phase transition in mouse
fibroblasts. Oncogene 13:1991–1999.

Vogt A, Sun J, Qian Y, Hamilton AD, Sebti SM. 1997. The
geranylgeranyltransferase-I inhibitor GGTI-298 arrests
human tumor cells in G0/G1 and induces p21(WAF1/
CIP1/SDI1) in a p53-independent manner. J Biol Chem
272:27224–27229.

422 Khwaja et al.


