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Farnesyltransferase inhibitors (FTIs) are in clinical trials, but how they selectively inhibit malignant cell
growth remains uncertain. One important player in this process appears to be RhoB, an endosomal Rho pro-
tein that regulates receptor trafficking. FTI treatment elicits a gain of the geranylgeranylated RhoB isoform
(RhoB-GG) that occurs due to modification of RhoB by geranylgeranyltransferase I in drug-treated cells.
Notably, this event is sufficient to mediate antineoplastic effects in murine models and human carcinoma cells.
To further assess this gain-of-function mechanism and determine whether RhoB-GG has a necessary role in
drug action, we examined the FTI response of murine fibroblasts that cannot express RhoB-GG due to homo-
zygous deletion of the rhoB gene. Nullizygous (—/—) cells were susceptible to cotransformation by adenovirus
E1A plus activated H-Ras but defective in their FTI response, despite complete inhibition of H-Ras prenylation.
Actin cytoskeletal and phenotypic events were disrupted in —/— cells, implicating RhoB-GG in these effects.
Interestingly, —/— cells were resistant to FTI-induced growth inhibition under anchorage-dependent but not
anchorage-independent conditions, indicating that, while RhoB-GG is sufficient, it is not necessary for growth
inhibition under all conditions. In contrast, —/— cells were resistant to FTI-induced apoptosis in vitro and in
vivo. Significantly, the apoptotic defect of —/— cells compromised the antitumor efficacy of FTI in xenograft
assays. This study offers genetic proof of the hypothesis that RhoB-GG is a crucial mediator of the antineo-

plastic effects of FTIs.

Rho proteins are Ras superfamily GTPases that regulate the
actin cytoskeleton, cell adhesion, motility, proliferation, and
apoptosis (1, 45). RhoB is a member of the Rho family that is
closely related to RhoA, its better-studied relative, which is a
key regulator of actin stress fiber formation and integrin sig-
naling. However, RhoB differs from RhoA in its localization
and regulation and has a unique function in cells. First, RhoB
is located in early-endosome and nuclear membranes and has
a specialized function in intracellular trafficking of cytokine
receptors such as the epidermal growth factor (EGF) receptor
(16). Second, RhoB is short lived and is part of the genetic
response to Src activation or EGF stimulation leading to cell
cycle progression (19). RhoB also has cell cycle inhibitory roles
and is upregulated during stress responses (14, 15) and by the
inhibitory growth factor transforming growth factor B (12).
Last, RhoB proteins are posttranslationally modified by gera-
nylgeranylation or farnesylation, and the different isoforms
may have distinct functions in cell growth control (11, 24).

Rho functions are crucial for malignant transformation, and
there is evidence that RhoB alteration is part of the mecha-
nism through which farnesyltransferase inhibitors (FTIs) in-
hibit malignant cell growth (26, 35). Like Ras proteins, Rho
proteins are posttranslationally modified by farnesyl (C,s) or
geranylgeranyl (C,,) isoprenoids at their C-terminal CAAX
box sequences, where C is cysteine, A is generally an aliphatic
amino acid, and X is usually methionine, serine, glutamine, or
leucine (6). Where it occurs, protein isoprenylation is crucial
for appropriate membrane localization, protein-protein inter-
actions, and physiological functions. There are three protein-
isoprenyltransferases in cells, namely, farnesyltransferase (FT),
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geranylgeranyltransferase I (GGT-I), and GGT-II. Most Rho
proteins in cells are geranylgeranylated by GGT-1, but some,
including RhoB, are farnesylated by FT (24). Despite some
initial confusion about how RhoB becomes isoprenylated in
cells, it is now clear that FT is solely responsible for farne-
sylation and that GGT-I is solely responsible for geranyl-
geranylation and that other reactions are in vitro artifacts
(i.e., nonphysiological reactions). RhoB is unusual among Ras
superfamily proteins in its ability to be isoprenylated by either
FT or GGT-I, and the mechanistic impact of its differential
prenylation remains to be fully understood.

FTIs were developed as anticancer therapeutics to exploit
the farnesylation requirement of Ras for its oncogenic activity
(17). In support of this potential, FTIs revert Ras-transformed
cells to a normal phenotype and cause tumor growth inhibi-
tion, stasis, or regression in various animal models without
discernible toxicity to normal cells (reviewed in reference 42).
However, it has become apparent that inhibition of Ras pre-
nylation is not crucial for FTIs to exert their antineoplastic
effects (8, 26). Instead, an alternate model, in which alteration
of RhoB prenylation and function is crucial, has been corrob-
orated (26, 35, 37). Specifically, elevation of the geranylgera-
nylated isoform (RhoB-GG), rather than loss of the farnesy-
lated isoform, appears to be the key step in mediating the
biological response to FTI treatment. Thus, the FTI-Rho hy-
pothesis for the mechanism suggests a different target for drug
action but also proposes a gain-of-function mechanism involv-
ing increased production of RhoB-GG, an event that occurs
due to the unencumbered activity of GGT-I in FTI-treated
cells (35). The shift in RhoB prenylation pattern is correlated
with an apparent depletion from its normal endosomal local-
ization and a loss of growth-potentiating function in fibroblast
models (24, 25). Strikingly, elevation of RhoB-GG is sufficient
to mediate the effects of FTI treatment in transformed murine
fibroblasts or in frank human carcinoma cells (9, 11). One
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caveat to these studies was that the engineered RhoB-GG
isoform used was not exactly identical to cellular RhoB-GG in
structure. Moreover, although RhoB-GG was sufficient, it re-
mained to be shown whether it was necessary or whether al-
teration of other farnesylated proteins by FTIs was also suffi-
cient. To address these questions, we examined the FTI
response in cells where the rhoB gene was deleted by homol-
ogous recombination, eliminating the ability of FTIs to elevate
a bona fide RhoB-GG isoform.

MATERIALS AND METHODS

Plasmid constructions. Hemagglutinin (HA) epitope-tagged RhoB-WT (wild-
type) and RhoB-GG expression vectors have been described previously (9, 24).
A HindIII-BstXI restriction fragment excised from pCMV-HA-RhoB-WT was
blunt-ended by Klenow treatment and subcloned into the Hpal site of the
puromycin resistance gene-tagged retroviral vector pacMSCV (18) to generate
pacMSCV-HA-RhoB-WT. A HindIll/Xbal restriction fragment excised from
pCMV-HA-RhoB-GG was subcloned similarly to generate MSCV-HA-RhoB-
GG.

Tissue culture. The generation and characterization of r20B nullizygous (—/—)
mice, which lack apparent developmental abnormalities and which are fertile,
will be described elsewhere. The heads, limbs, and internal organs were removed
from a litter of E16.5 embryos and a litter of E14.5 embryos from pregnant mice.
The carcasses were minced in Dulbecco modified Eagle medium (DMEM,; Life
Technologies) and trypsinized for 20 min at 37°C individually. Fetal bovine
serum (FBS) was added to stop the trypsin, and the cell suspension was seeded
into 25-cm? flasks containing DMEM and 10% FBS. Cells were maintained in
the same media containing 10 U of penicillin-streptomycin (Cellgro)/ml. Focus
formation assays were performed with murine embryo fibroblasts (MEFs) using
a modified calcium phosphate protocol for DNA-mediated transfection (7).
Briefly, 5 X 10° cells were transfected with 10 wg of the human oncogenic H-Ras
vector pT22 and the adenovirus E1A vector pl1A/neo (39). Cells were passaged
at a 1:5 split ratio the day after transfection, and transformed cell foci were
scored 10 to 14 days later. Single foci were cloned and expanded into mass
culture for analysis. Derivatives of E1A- plus Ras-transformed MEFs were gen-
erated by infection with filtered supernatants harvested 48 h after transfection of
the ecotropic packaging cell line Bosc23, essentially as described previously (34),
with 20 pg of recombinant pacMSCV retrovirus vector DNAs. Cells were se-
lected in 2 pg of puromycin (Sigma), and transgene expression was confirmed by
Western analysis with anti-HA antibody 12CAS5 as described previously (9).

Cell morphology, viability, and proliferation assays. To document cell mor-
phology changes, 10* cells were seeded in a 10-cm-diameter dish and treated with
10 M FTI L-744832 or dimethyl sulfoxide (DMSO) carrier (22). After 48 h cells
were photographed on an Olympus microscope with a 35-mm camera attach-
ment. Cell viability was monitored by trypan blue exclusion. Cells (5 X 10°) were
seeded overnight onto 60-mm-diameter dishes. The next day 10 pM FTI was
added in DMEM containing 0.1% FBS. Viable cells excluding trypan blue were
counted at 12-h intervals. Anchorage-dependent growth curves and anchorage-
independent proliferation in soft-agar culture were determined as described
previously (9).

Apoptosis assays. FTIs have previously been shown to induce apoptosis of
Ras-transformed cells under low-serum conditions (10, 44). For in vitro assays,
5 X 10° cells were seeded onto 60-mm-diameter dishes and treated 16 h later
with FTT L-744832 or methanol carrier in DMEM containing 0.1% FBS. After 16
to 24 h cells were harvested by trypsinization, washed once with phosphate-
buffered saline (PBS), fixed in 70% ethanol, and stained in PBS containing 5 wg
of propidium iodide and 10 pg of RNase A/ml and 0.1% glucose. Flow cytometry
was performed using an EPIC/XL cell analyzer (Coulter). The proportion of cells
in the sub-G, phase DNA fraction, indicating DNA degradation, was taken as
the apoptotic population. The following protocol was used for in vivo determi-
nations of apoptosis. Severe combined immunodeficient (SCID) mice were in-
jected in each leg with 10° heterozygous (+/—) or —/— transformed MEFs and
3 weeks later were dosed once daily for 2 days by intraperitoneal injection with
FTIT L-744832 (40 mg/kg of body weight/day) or 30% DMSO carrier in a 0.2-ml
total volume. Twenty-four hours after the second dose, the mice were sacrificed
and tumor samples from each leg were processed for apoptotic determination
using a commercial fluorescence in situ terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay kit, following the in-
structions of the vendor (Roche Molecular Biochemicals). Positive cells on
tumor sections were assessed by fluorescence microscopy.

Tumorigenicity assay. E1A- plus Ras-transformed cell clones were tested for
tumorigenic potential in 4- to 6-week-old SCID mice (Fox Chase CB-17 SCID
mouse strain established at The Wistar Institute by D. Bosma). Mice were
injected subcutaneously in the upper thighs of different legs of the same animal
with 10 +/— or —/— cells suspended in 200 ml of DMEM. Palpable tumors
appeared at the injection site within 1 week, and visible nodules of >0.5 cm in
diameter were apparent within 2 weeks. For FTI experiments, when the tumor
reached ~50 to 100 mm?, mice were dosed once daily essentially as described
previously (22) by intraperitoneal injection with FTT L-744832 (40 mg/kg/day) or
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30% DMSO carrier in a 0.2-ml total volume. Tumor volumes were calculated
using the formula width squared X length X 0.52.

Akt kinase assay. Cells were lysed in extraction buffer containing 20 mM
Tris-HCI (pH 7.5), 137 mM NaCl, 15% glycerol, 1% NP-40, 2 mM phenylmeth-
ylsulfonyl fluoride, 2 pg of aprotinin and leupeptin/ml, 2 mM benzamidine, 20
mM sodium fluoride, 10 mM sodium pyrophosphate, and 1 mM sodium vana-
date. Lysates were aliquoted for protein expression and enzyme activity. For in
vitro kinase assays, lysates were first subjected to immunoprecipitation with
anti-Akt-1 antibody (Santa Cruz Biotechnology; catalog no. sc-1618) in the
presence of 30 pl of protein A-Sepharose beads for 4 h at 4°C and the precipitate
was incubated in 10 pCi of [y->*P]ATP (NEN)-4 uM cold ATP in a 25-pl
reaction buffer that contained 20 mM HEPES (pH 7.5), 10 mM MgCl,, 10 mM
MnCl,, 1 mM dithiothreitol, and 1 pg of histone H2B as the substrate. The
reaction mixture was incubated for 30 min at room temperature and fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Relative incorporation of radioactivity was determined by gel autoradiography.

Northern analysis. Endogenous RhoB RNA levels in wild-type (+/+), +/—,
and —/— cells were examined by fractionation of 10 g of total cytoplasmic RNA
on 1% formaldehyde gels, Northern blotting, and hybridization with a 32P-
labeled rat RhoB ¢cDNA probe, using standard methods.

Western analysis. Cells were washed in cold PBS and lysed in 1% NP-40 lysis
buffer. Cellular protein was quantitated by a Bradford assay, and 50 pg of cellular
protein was fractionated by SDS-PAGE. Gels were analyzed by standard West-
ern blotting methods using 1 pg of anti-HA antibody 12CAS (Boehringer Mann-
heim Biochemicals)/ml or anti-Akt-1 antibody (Santa Cruz Biotechnology; cat-
alog no. sc-1618). Detection of the primary antibody was carried out using a
chemiluminescence system for detection of murine antibodies (Amersham).

Actin immunofluorescence. Cells were seeded onto coverslips in 24-well dishes
and treated beginning the next day for 48 h with 10 M L-744832 or carrier. Cells
were fixed and stained with fluorescein-phalloidin (Molecular Probes) as de-
scribed previously (36) and analyzed using a confocal scanning microscope
(Leica).

RESULTS

Similar susceptibilities of embryo fibroblasts lacking RhoB
to E1A and Ras transformation or to FT inhibition. Elevated
levels of RhoB-GG are sufficient to elicit the effects of FTI
treatment in transformed Ratl fibroblasts as well as in human
carcinoma cell lines with or without activated K-Ras genes (9,
11). We reasoned that, if RhoB-GG was also necessary for
these effects, then malignantly transformed cells lacking RhoB
should be refractory to FTI treatment, because RhoB-GG
could not be elevated in these cells in response to the drug. To
test this hypothesis, we employed a model system using embryo
fibroblasts isolated from mice in which the single exon carrying
the rhoB gene was targeted for deletion by standard homolo-
gous recombination methodology (the exon was replaced with
a neomycin resistance gene cassette). Generation and charac-
terization of these mice, which develop apparently normally
and are fertile, will be described elsewhere. MEFs were iso-
lated from E14.5 or E16.5 embryos that were +/+, +/—, or
—/— for the rhoB gene. Northern analysis confirmed loss of the
rhoB message in —/— MEFs relative to +/— or +/+ cells (Fig.
1). Where examined +/+ and +/— cells exhibited similar re-
sponses, but —/— cells differed in most cases; this report pre-
sents observed differences between +/— and —/— cells.

Primary MEFs of each genotype derived from different em-
bryos from different mice were similarly susceptible to trans-
formation by adenovirus E1A plus the activated human T22
allele of H-Ras, as determined by focus formation efficiency
and soft-agar cloning efficiency (data not shown). Transformed
cell foci were cloned and expanded into cell lines for analysis;
cells used in this study were derived from different embryos
and were all transformed by E1A plus Ras, so for simplicity
they are referred to below only by genotype. Both —/— and
+/— cell lines formed colonies under anchorage-independent
conditions in soft-agar culture (Fig. 2) and formed histologi-
cally similar tumors in immunocompromised SCID mice with
the same efficiency (data not shown). We concluded that MEFs
lacking RhoB were susceptible to malignant transformation by
E1A and Ras.
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FIG. 1. Northern analysis of MEF RNA. Total cytoplasmic RNA isolated
from +/+, +/—, and —/— primary MEFs was fractionated by Northern analysis
and hybridized to radiolabeled rhoB and rhoA cDNA probes.
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To confirm that rhoB deletion did not affect the susceptibil-
ity of endogenous cellular FT to suppression by FTIs, we de-
termined whether H-Ras isoprenylation could be blocked with
similar efficiencies in +/— and —/— cells by the FT-specific
peptidomimetic inhibitor 1-744832 (22). Following 24 h of
treatment with FTT or vehicle only, cells were lysed and pro-
cessed for Western analysis with anti-Ras antibody Y13-259.
Similar shifts in Ras mobility, which are diagnostic for inhibi-
tion of isoprenylation, were observed in both cell types (Fig. 3).
This result was confirmed in additional clones of each geno-
type (data not shown). We concluded that loss of RhoB did not
affect the ability of FTI to suppress cellular FT activity. Fur-
thermore, since Ras isoprenylation was blocked with identical
efficiency in cells nullizygous for RhoB, we inferred that any
differences in biological response reflected Ras-independent
effects.

Loss of RhoB abolishes the actin cytoskeletal changes and
alters the phenotypic shift elicited in response to FTI treat-
ment. When treated with FT1, Ras-transformed fibroblasts un-
dergo a rapid and pronounced phenotypic shift that is associ-
ated with the appearance of a flat morphology and an extensive
network of actin stress fibers (36). The stress fiber response
was monitored by immunofluorescence microscopy following
cell staining with fluorescein-conjugated phalloidin, which
binds specifically to filamentous actin. The results of the ex-
periments are shown in Fig. 4. Stress fibers were induced
within 24 h of starting treatment with FTT in +/— cells but not
in —/— cells (Fig. 4A). Longer drug treatment times did not
elicit any change in actin structure. In addition, Western anal-
ysis confirmed that the lack of stress fiber response in —/— cells
was not caused by reduced expression of B actin in either
untreated or drug-treated cells (data not shown). To confirm
that the effect was due to loss of RhoB rather than some
nonspecific effect, we examined the response of —/— cells that
were infected with retroviral vectors expressing no insert or an
HA epitope-tagged wild-type RhoB cDNA (24). Western anal-
ysis confirmed the expression of RhoB in —/— cells infected
with the appropriate vector (Fig. 4B and C, bottom). In three
different clones tested, expression of RhoB complemented the
defective actin response whereas the empty vector had no
effect (Fig. 4B). Moreover, results for cells stably expressing an
engineered RhoB-GG isoform (9) from the same retroviral
vector indicated that RhoB-GG was sufficient to induce stress
fibers (Fig. 4C). This observation supported the notion that the
defective actin response was due to the inability of FTI to
elevate RhoB-GG levels. Whether this feature is specific to
RhoB-GG was unclear because of the inability to engineer a
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FIG. 2. RhoB deletion does not compromise E1A plus Ras cotransforma-
tion. Primary MEFs transformed by adenovirus E1A plus mutant H-Ras in a
focus formation assay were cloned and seeded into soft-agar culture to confirm
their ability to proliferate under anchorage-independent conditions.

RhoB isoform that is strictly farnesylated (i.e., RhoB-F). How-
ever, this issue is not germane to the FTI mechanism since
FTIs abolish rather than elevate RhoB-F levels. We concluded
that RhoB alteration was crucial for the actin cytoskeletal
response to FTI treatment.

In the absence of RhoB, the morphological response to FTI
was also blunted but not so dramatically as the actin response.
Within 24 h of FTI treatment, +/— cells underwent a dramatic
phenotypic shift to an enlarged flat morphology (Fig. 5A),
similar to that seen in other transformed-fibroblast models (20,
30, 36). In contrast, —/— cells exhibited only a partial shift,
suggesting a role for altered isoprenylation of proteins other
than H-Ras and RhoB. To confirm that the partial effect seen
was due to loss of RhoB, we examined the response of the cells
infected with the retroviral vectors described above. Expres-
sion of RhoB complemented the morphology defect, whereas
the empty vector had no effect, and RhoB-GG mimicked the
limited effect of FTI (Fig. 5B). We concluded that RhoB al-
teration played a partial role in phenotypic reversion by FTI
but that alteration of other non-Ras proteins was also involved.

Loss of RhoB compromises anchorage-dependent but not
anchorage-independent growth inhibition by FTI. To analyze
the consequences for FTI-induced growth suppression, we
treated +/— and —/— cells grown in serum-containing media
on plastic dishes or in soft-agar culture (to monitor anchorage-
dependent or anchorage-independent proliferation, respec-
tively). When serum growth factors are present, transformed
rodent fibroblasts exhibit cytostatic but not cytotoxic responses
to FTI treatment. Interestingly, —/— cells were resistant to
growth inhibition when they were cultured on plastic dishes but
sensitive to growth inhibition when they were cultured in soft
agar (Fig. 6). These results were not due to clonal variation,
because three different —/— cell lines tested exhibited the same
effect (data not shown). In contrast, +/— cells were sensitive to
growth inhibition under both conditions. Flow-cytometric anal-

—/—
control FTI control FTI
H-Ras p e — o  w—

FIG. 3. RhoB deletion does not affect the ability of FTT L-744832 to inhibit
farnesylation of H-Ras. Processing of H-Ras in cells treated with vehicle (con-
trol) or FTT L-744832 was monitored as described previously (29) except that
anti-Ras monoclonal antibody Y13-259 was used for hybridization to the West-
ern blot. The decrease in apparent mobility is diagnostic in the assay for loss of
farnesylation.

+/—
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FIG. 4. Defective actin stress fiber response to FTI treatment. (A) RhoB deletion abolishes FTI-induced stress fiber formation. Cells were treated with 10 uM FTI
or vehicle for 30 h and F-actin was visualized in paraformaldehyde-fixed cells by phalloidin staining and confocal microscopy. (B) Ectopic RhoB rescues the defective
actin response. Top, representative results for —/— cells that ectopically express vector sequences or HA epitope-tagged wild-type RhoB (24); bottom, Western analysis
of HA-RhoB in retrovirally transduced cell clones. (C) Ectopic RhoB-GG is sufficient to mediate stress fiber formation. Top, representative results for —/— cells that
ectopically express vector sequences or HA epitope-tagged RhoB-GG (9); bottom, Western analysis of HA-RhoB-GG in retrovirally transduced cell clones. V, vector only.

yses indicated that growth inhibition was not associated with a
block to cell cycle transit in a particular phase of the cell cycle
(data not shown). Stable expression of RhoB-GG achieved by
retroviral transfer showed that RhoB-GG was sufficient to
inhibit the growth of —/— cells approximately twofold under
anchorage-dependent conditions (data not shown), consistent
with previous observations of H-Ras-transformed Rat1 fibro-
blasts (9). Thus, when taken together, the results indicated that
RhoB alteration was only one of at least two events elicited by
FTI that were sufficient to inhibit anchorage-independent
growth. In addition, the results implied that RhoB-GG was
sufficient to mediate growth inhibition but that it only contrib-
uted a partial necessary role if cells had substratum attach-
ment.

A)

control !

Loss of RhoB abolishes the apoptotic response to FTI. To
assay the effects of rhoB deletion on FTT-induced apoptosis, we
treated cells cultured in suboptimal concentrations of serum.
Under these conditions, the response of transformed fibro-
blasts shifts from a cytostatic response to a cytotoxic response
(10, 44). Strikingly, whereas +/— cells underwent massive apo-
ptosis when treated with FTI, —/— cells remained fully viable
(Fig. 7A). Similar effects were observed if cells were deprived
of substratum attachment, as seen previously in H-Ras-trans-
formed Ratl cells (27). A partial flattening seen in —/— cells
under low-serum conditions was consistent with observations
made in growth media, confirming that additional FTT targets
contribute to full phenotypic reversion. In previous work we
established that Akt kinase is not targeted for inhibition by

FIG. 5. Defective morphological response to FTI treatment. (A) RhoB deletion partially compromises FTI-induced phenotypic reversion. Cells were photographed
30 h after treatment with 10 uM FTT or vehicle. (B) Ectopic rescue by RhoB and effect of RhoB-GG. Cells were infected with recombinant retroviruses as indicated,

and the phenotypic response was monitored as for panel A. N.D., not done.
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FIG. 6. Defect in FTI-induced growth inhibition under anchorage-dependent but not anchorage-independent conditions. (A) Anchorage-dependent growth curve
in plastic dishes. The results represent the averages = and standard errors of the means for three cell lines of each genotype tested. Vehicle or FTI was added at days
0, 2, and 4. (B) Anchorage-independent growth in soft-agar culture. Cells (10%) for three cell lines of each genotype were seeded into soft-agar culture as described

previously (9) and were photographed 14 days later. A representative field is shown.

FTIs in H-Ras-transformed cells (in fact, activated Akt op-
poses FTI action [10]). This was confirmed for apoptosis-sen-
sitive +/— MEFs by the finding that endogenous Akt-1 activity
was not altered during FTI-induced cell death (Fig. 7B). Nei-
ther rhoB deletion nor FTI treatment affected basal levels of
Bcl-2 or Bax expressed in cells, as shown by Western blotting
(data not shown). Flow cytometry performed to quantitate the
extent of DNA degradation showed that cell death occurred
rapidly in +/— cells and that —/— cells were as resistant to
FTI-induced apoptosis as primary untransformed +/— or —/—
MEFs (Fig. 7C). To confirm that the resistance of —/— cells
was due to lack of RhoB rather than to some nonspecific cause,
we compared the response of —/— cells that were retrovirally
transduced with wild-type RhoB with that of those transduced
with engineered RhoB-GG. In three separate wild-type RhoB-
expressing clones tested we observed complementation of the
defect by RhoB, whereas the vector had no effect (Fig. 7D).
Ectopic RhoB-expressing clones exhibited a slight delay in
response relative to parental cells. In cells that stably expressed
RhoB-GG, we did not observe apoptosis upon serum depriva-
tion. However, transient expression experiments using green
fluorescent protein to mark transfected cells revealed a major
population of rounded, apoptotic cells (data not shown). Thus
a negative selection against overexpressed RhoB-GG appears
to occur, even in the presence of serum, possibly reflecting
differences of bona fide and engineered RhoB-GG or the in-
creased dosage of the retrovirally delivered gene. Nevertheless,
the data supported the interpretation that RhoB-GG was pro-
apoptotic and that FTIs must elicit RhoB-GG to drive apo-
ptosis in transformed cells. We concluded that RhoB alteration
was a required part of the mechanism through which FTIs
exert their cytotoxic effects.

Loss of RhoB blunts the antitumor efficacy of FTIs due
to reduced apoptotic response. RhoB-GG was dispensable
for anchorage-independent growth inhibition by FTIs, so one
might predict that —/— cells grown as tumor xenografts would
remain sensitive to FTI treatment. However, RhoB-GG had a
crucial role in the apoptotic response to FTIs, so —/— cells
grown as tumor xenografts might exhibit significant resistance
to FTIs. To distinguish these possibilities, we compared the
FTI responses of +/— and —/— cells grown in SCID mice.

Cells (107) of different genotypes were injected into the oppo-
site thighs of the same animal to control for nonspecific envi-
ronmental effects. A total of 16 mice in each group were
treated in this manner. Palpable +/— and —/— tumors in each
animal formed within 7 days of injection. One week after the
xenograft was initiated mice were assigned randomly to control
or drug treatment groups. The drug treatment group was
dosed once daily for 16 days by intraperitoneal injection with
40 mg of L-744832/kg as described previously (22). Control
mice were given vehicle carrier only. Tumor volumes were
calculated every 4 days from caliper measurements taken at
various times during the trial. We noted no adverse side effects
of L-744832 administration consistent with previous observa-
tions (3, 22, 29). At the end of the trial, mice were euthanized
and their tumors were surgically excised for weighing and ex-
amination.

Significantly, while +/— and —/— xenografts grew at similar
rates in control mice they exhibited dramatic differences in
their susceptibilities to suppression by FTI treatment (Fig. 8A).
Tumors of both genotypes grew at similar rapid rates in control
animals during the trial. +/— xenografts were strongly inhib-
ited by the drug protocol and grew little relative to controls. By
the end of the experiment, +/— tumors in the drug-treated
group were quite small and 2 of 8 were only apparent by
surgical examination. In contrast, the —/— tumors continued to
grow under FTI treatment and by the end of the experiment
were grossly apparent on all mice and had achieved ~50% of
the size of control tumors (Fig. 8B). The approximately two-
fold suppression in the growth of —/— tumors was consistent
with the susceptibility of —/— cells to anchorage-independent
cell growth inhibition by FTIs, because while RhoB-GG was
sufficient it was not necessary for this effect. However, the fact
that —/— tumors continued to grow during the trial implied
that the blunted apoptotic capacity of —/— cells played a pre-
dominant role in the in vivo response to FTIs.

To explicitly determine whether —/— tumors were less sus-
ceptible to FTT-induced apoptosis, we performed a second trial
in which four mice were challenged with 10° +/— or —/— cells
per thigh and tumors were allowed to form for 3 weeks before
drug treatment began. As before, mice were then dosed daily
except that 24 h after the second dose mice were euthanized
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FIG. 7. Defect in FTI-induced apoptosis. (A) Morphology. Cells were seeded into 35-mm-diameter dishes and photographed after treatment for 24 h in DMEM
containing 0.1% FBS plus either 10 pM FTI or an equivalent volume of vehicle. Flow cytometry and viable cell determination by trypan blue exclusion confirmed the
appearance of degraded DNA and loss of viability. (B) FTI L-744832 does not inhibit endogenous Akt-1. Cells were treated as for panel A and then processed for Akt
kinase activity using histone H2B as the substrate as described in Materials and Methods. Bottom, Western analysis of Akt-1 showing equivalent protein in the assay.
FCS, fetal calf serum. (C) RhoB deletion renders E1A-plus Ras-transformed cells resistant to FTI-induced apoptosis. Cells (5 X 10°) were seeded into 60-mm-diameter
dishes, treated as for panel A, and processed for flow cytometry. The proportion of cells in the sub-G, phase DNA fraction (degraded DNA) relative to control cells
is presented as a measurement of loss of viability. The means and standard errors computed from three trials are shown. (D) Complementation by ectopic RhoB. —/—
cells transformed by E1A plus Ras were infected with recombinant retroviruses expressing vector sequences only (vect) or HA-RhoB (RhoB), treated as for panel A,
and analyzed for apoptosis by flow cytometry. Three trials using three different clones are presented to address caveats of clonal variation.

and their tumors were harvested and processed for in situ
TUNEL analysis using a fluorescence detection assay. Analysis
of the sections by immunofluorescence microscopy revealed a
significant difference in the extent of TUNEL-positive cells in
—/— and +/— tumors (Fig. 9). +/— tumors exhibited extensive
apoptosis relative to —/— tumors, consistent with the in vitro
resistance of —/— cells to FTI treatment. Thus, the reduced
apoptotic susceptibility of —/— cells was well correlated with
the blunted antitumor response. We concluded that RhoB
alteration was required for efficient suppression of malignant
tumor growth by FTIs.

DISCUSSION

This report offers genetic proof of the hypothesis that RhoB
alteration is central to the antineoplastic mechanism engaged
by FTI treatment. Previous work implicated the increased ex-
pression of RhoB-GG elicited by FTIs as a sufficient cause for
growth inhibition in transformed rodent cells and human car-
cinoma cell lines (9, 11). In this study, we showed that RhoB-
GG is necessary for FTI-induced apoptosis and crucial for
antitumor efficacy in a xenograft model. The results indicated
that RhoB-GG also has a necessary role for efficient growth

inhibition by FTI under anchorage-dependent conditions.
However, RhoB-GG was dispensable for inhibition of anchor-
age-independent growth, implying that if RhoB is absent the
alteration of another protein(s) (possibly H-Ras in this model)
could also provide a sufficient event for this process. One
question addressed here was whether the engineered RhoB-
GG construction previously used to establish RhoB-GG as a
sufficient condition for growth inhibition and apoptosis by FTI
accurately mimicked a bona fide cellular RhoB-GG (the con-
struction had included a small number of RhoA-derived resi-
dues). The finding that loss of cellular RhoB-GG significantly
blunts the FTT response argues against the concern that the
engineered construct acted through a nonspecific rather than
specific gain-of-function mechanism. Some differences in the
apoptotic potency of exogenous engineered RhoB-GG versus
that of the endogenous isoform were noted. Nevertheless the
data supported the conclusion that RhoB-GG has proapopto-
tic activity in transformed cells.

Despite the close structural similarity between RhoB-GG
and RhoA, it was clear that RhoA could not complement
losses in RhoB-GG, because RhoA was expressed similarly
regardless of rhoB genotype. As mentioned above, the exact
basis for the growth-inhibitory and apoptotic properties of
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FIG. 8. RhoB deletion compromises the antitumor efficacy of FTIs. (A) Xenograft assay. +/— and —/— E1A- plus Ras-transformed cells were injected subcuta-
neously into opposite thighs of each of 16 SCID mice. Mice were assigned randomly to drug treatment or control groups and 1 week later were dosed daily for 16 days
by intraperitoneal injection with FTI L-744832 (40 mg/kg) or vehicle carrier as described in the text. Tumor size was measured by caliper, and tumor volume was
computed as described in Materials and Methods. The data represent the average tumor volumes * standard errors of the means computed at the times indicated.
(B) Representative tumors from control or drug treatment animals. Tumors were excised at the end of the experiment from euthanized animals and fixed in formalin

before being photographed.

RhoB-GG is unclear, but we favor the interpretation that mis-
localization of this isoform in FTI-treated cells (25) is key to
understanding its action. We previously suggested that loss of
the farnesylated RhoB isoform (RhoB-F) may have some role
in the FTI response but this study argues strongly against this
possibility. In summary, our observations provide direct evi-
dence that RhoB-GG elevation by FTIs is not only sufficient
but also necessary for apoptosis and a robust antineoplastic
response.

A significant finding of this study was that the apoptotic
defect of —/— cells treated with FTIs was correlated with a loss
of antitumor efficacy in vivo. This observation implied that
RhoB-GG was needed to mediate efficient tumor suppression
because it was needed to drive apoptosis. One question con-
cerns the strength of the apoptotic response of E1A- plus
Ras-transformed MEFs in vivo, which differed from the more-
limited apoptosis that occurs in other xenograft models that
have been published. To our knowledge, this is the first study
in which oncogene-transformed primary cells were tested. Pri-
mary cells have greater sensitivity to apoptosis, especially
anoikis (which may be crucial in in vivo settings), than estab-
lished lines which have been examined previously in xenograft
assays. Moreover, this greater sensitivity is retained in onco-
gene-transformed primary cells (31). In addition, since E1A
“epithelializes” cells (13), the more pronounced apoptotic re-
sponse to FTT that was seen in the MEF model might reflect a
sensitization of the model to anoikis, which is characteristic of
epithelial cells but not fibroblasts. In any case, while accentu-
ated, apoptosis of murine tumors in response to FTI is not
unique, insofar as it has been seen in a variety of transgenic
models (3, 22, 28, 29, 33).

Dominant inhibitory genetic methods have argued that Rho
functions are required for efficient transformation of Rat1 cells
by activated H-Ras (38, 40), but we found that 7zoB null MEFs
were fully susceptible to cotransformation by adenovirus E1A

plus activated H-Ras. This susceptibility could mean either
that RhoB is dispensable in this context or that E1A comple-
ments a RhoB requirement. An additional possibility is that
RhoB may have a Janus or modifier role, perhaps determined
by positive- or negative-acting cell surface receptors relevant to

+/— —/—

FIG. 9. RhoB nullizygous tumors are resistant to FTI-induced apoptosis.
Four animals were injected in each thigh with 10° cells of +/— or —/— genotype,
and tumors were allowed to grow untreated for 3 weeks. Two mice each were
dosed with FTT L-744832 (40 mg/kg) or vehicle as described for Fig. 8 except that
24 h after the second dose mice were euthanized and tumors were excised and

processed for in situ TUNEL analysis using a fluorescence-based method. Rep-
resentative fluorescence microscope fields of processed tumor sections are shown.

control

+ FTI
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different cellular contexts. In any case, it is clear that RhoB has
nonredundant functions, insofar as other ubiquitous and even
highly related Rho proteins such as RhoA cannot complement
the effects of RhoB deficiency. To further investigate the func-
tion of RhoB in cell transformation and growth regulation, we
are generating 3T3 cells for analysis as well as comparing the
susceptibilities of rhoB null mice to 7,12-dimethyl-benz[a]an-
thracene-induced skin carcinogenesis, which involves Ras ac-
tivation as the initiating step (41).

Concerning the relevance of genetic context, it is worth
noting that mutant K-Ras and mutant H-Ras have similar
abilities to sensitize fibroblasts to apoptosis by FTIs (10, 44).
Therefore, we believe that the proapoptotic action of FTT and
RhoB-GG is unlikely to be a specific feature of H-Ras in the
model. Nevertheless, it will be interesting to learn whether loss
of RhoB compromises the FTI response in K-Ras-transformed
cells and cells with other genetic backgrounds. K-Ras- plus
E1A-transformed MEFs might be expected to differ in growth
suppression but to remain similarly susceptible to apoptosis,
given the observations of Suzuki and colleagues with K-Ras-
transformed NRK cells (44). The effects of 7hoB deletion on
apoptosis in different genetic backgrounds will be important
since levels of reliance on Rho signaling pathways may differ in
such backgrounds. Crossing rhoB nullizygous animals with
animals carrying various oncogenes is one way in which FTI
susceptibilities to apoptosis, growth suppression, and tumori-
genesis could be addressed in future work.

We observed that RhoB-GG promoted apoptosis in a man-
ner that was not correlated with inhibition of endogenous Akt
activity in E1A-plus Ras-transformed MEFs. These observa-
tions were consistent with previous evidence that FTI-induced
apoptosis is not associated with Akt inhibition (10, 23). How-
ever, this issue deserves careful examination in a variety of
models because of evidence that FTIs may influence Akt ac-
tivity in certain settings. The RhoB effector kinase Prk has
been found to associate with and regulate the activity of Pdkl1,
the kinase responsible for activating Akt following its mem-
brane recruitment (2). For reasons that remain unclear, in
FTI-treated cells RhoB-GG is mislocalized away from the en-
dosomal site where RhoB is normally found (25). Therefore,
RhoB-GG may sequester RhoB effector signaling molecules
such as Prk away from the endosome. If so, this sequestration
could impact the activity of Pdk1 and Akt, due to the ability of
Prk to regulate Pdk1. While this biochemical linkage must be
considered tentative at this time, it is interesting that one
recent study has suggested that FTT may promote apoptosis in
certain human epithelial tumor cell lines by inhibiting the Akt-
2 isoform (21). In transient expression assays of COS epithelial
cells, we have observed that both FTIs and RhoB-GG can
inhibit Akt-1 activation by mutant Ras or epidermal growth
factor (A.-X. Liu and G. C. Prendergast, submitted for publi-
cation). These observations are consistent with a potential
Prk-Pdk1 connection and raise the possibility that cell type or
genetic background may dictate the mechanism through which
RhoB-GG acts. However, the physiological relevance of these
observations remains to be established, since the weight of the
evidence to date suggests that FTIs do not influence endoge-
nous Akt-1 activity in transformed Ratl or MEF cells under
conditions where the drugs can induce apoptosis. Recognizing
the above caveats, we interpret our findings to mean that
RhoB-GG can mediate the proapoptotic effects of FTIs
through an Akt-1-independent mechanism.

Apoptosis would be expected to be an important component
of any successful clinical application of FTIs. In this regard, we
note that the results of preclinical experiments and human
clinical trials to date suggest strongly that FTIs will need to be
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applied combinatorially with other agents to achieve efficacy
(i.e., cell death). We have reported that inhibitors of cell ad-
hesion or phosphatidylinositol 3'-kinase cooperate with FTT to
efficiently kill Ras-transformed cells (10, 27). In addition, oth-
ers have shown that FTIs synergize with classical cytotoxic
cancer therapeutics and irradiation (4, 32, 43). Based on this
and other studies, we propose that RhoB-GG provides a cru-
cial signal(s) needed to mediate the synergistic effect of FTI
when combined with other modalities. In support of this pro-
posal, we have observed that E1A- plus Ras-transformed —/—
cells are resistant to apoptosis induced by irradiation or doxo-
rubicin treatment and that they lack susceptibility to FTI-in-
duced sensitization to these treatments (A.-x. Liu and G. C.
Prendergast, unpublished observations).

In closing, we remain intrigued by the connections between
Rho and apoptosis (5) and how the organization of integrins
and the actin cytoskeleton regulated by Rho impact the anti-
neoplastic response to FTIs. We have suggested that the means
by which FTIs cause cell death ultimately involve partial or
abortive responses of the transformed cell to induction of some
integrin-dependent process (27). Normal cells would be im-
mune to this process since they already exist in a state where
such processes are fully operative. Since RhoB-GG induces
actin stress fiber formation, it is tempting to speculate that it
acts by facilitating the organization of focal adhesions and
integrins in malignant cells, leading to a conflict with onco-
gene-mediated signals which suppress this organization. As
mentioned, since focal adhesions and integrins are already in a
highly ordered state in normal cells, this model offers an ap-
pealing explanation for why FTIs do not affect normal cells
(35).
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