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Introduction 

We proposed to test the hypothesis that RhoB alteration is responsible for 

mediating FTI action malignant epithelial cells of the breast. Recent studies suggest 

that prooncogenic Rho proteins play an important role in driving breast cancer, for 

example, as in highly aggressive inflammatory breast cancers where overexpression of 

RhoC is a key oncogenic driver ^^.   RhoB is an antioncogenic member of the Rho gene 

family which regulates cellular actin structure, adhesion, motility, proliferation, and 

survival ^ RhoB may contribute to the regulation of a signaling cascade that mediates 

proliferation in response to epidermal growth factor (EGF) ^, a major mitogen for normal 

and neoplastic breast cells. Moreover, RhoB has been assigned a specialized role in 

the intracellular trafficking of the EGF receptor ^. 

Recent work in our laboratory has identified RhoB as a key target for alteration 

by farnesyltransferase inhibitors (FTIs), an experimental class of cancer therapeutics 

that are being tested in clinical trials for breast cancer treatment ^. In preclinical models, 

FTIs have displayed relatively unique properties: while largely nontoxic to normal cells 

they dramatically inhibit the proliferation and/or survival of neoplastically transformed 

cells. These 'cancer-selective' properties are of significant interest, in part because of 

they can be traced to molecules other than the molecule that was initially strategized as 

a target for FTIs, namely Ras ^. Interestingly, several lines of genetic evidence that 

have been obtained strongly support a model in which that the antineoplastic properties 

of FTIs are mediated by a gain-of-function in the antioncogenic RhoB protein ^'^. 

Although the main support has derived from mouse models, there is also more recent 

evidence that RhoB mediates the antineoplastic FTI response in human breast 

carcinoma cells or RhoC-transformed human mammary epithelial cells ^•''°. 

The purpose of the presently supported research was focused on two aims. 

First, we aimed to test whether deletion of the RhoB gene compromised the antitumor 

response to FTI treatment in mouse models of human breast cancer, as predicted by 

studies in other model systems. This work was to be performed by breeding RhoB 



"knockout" mice to different strains of breast cancer-prone mice, namely tlie MMTV-neu, 

iVIIVITV-TGFa, and IVIIVITV-H-ras mice (wliich are resistant [neu] or susceptible [TGFa, 

H-Ras] to FTI treatment. Second, we aimed to explore a role in the antineoplastic 

response for PRK, a key downstream mediator of RhoB signaling in cells. This work 

was to be performed by determining whether the FTI response mediated by RhoB could 

be ablated by genetic strategies to suppress or augment PRK signaling in cells. 

Progress on these Aims is reported. 

Body 

In January 2002, the laboratory of the principal investigator's mentor relocated 

from The Wistar Institute to the Lankenau Institute for Medical Research (LIMR). Due to 

this move, as well as the departure of the principal investigator (postdoctoral fellow) 

from the mentor's research group who was initially supported by the DoD postdoctoral 

grant, transfer of the grant to a new principle investigator is only just now being 

completed. As a result, limited progress was made during 8 months of the 12 month 

period covered by this progress report. However, of the work that was completed, 

several reportable outcomes were achieved, in part through collaborative activity with 

another research group studying the role of RhoB in the FTI response of human breast 

cells. 

Aim 1. This aim included initial mouse breeding experiments to move the rhoB 

null allele from a rhoB "knockout" mouse onto various 'oncomouse' models for breast 

cancer. These included the well-documented mice called mouse mammary tumor virus 

(MMTV)-neu, MMTV-tumor growth factor-alpha (TGFa), and MMTV-H-ras mice. 

Although matings to generate the desired MMTVonc; rhoB-/- strains were initiated, we 

did not obtain the final strains for testing, due in part to breeding difficulties and 

unsupported costs related to the relocation of the laboratory. Still, from what breeding 

experiments and genotyping that was accomplished, we were able to learn that the 

MMTV-H-Ras strain is unsuited to the study, because of fertility problems in males that 

appeared to be exacerbated by crossing the rhoB null allele into this strain. MMTV-H- 

ras mice will not be used for further work. Instead, we will concentrate solely on the 



FTI-resistant MMTV-neu strain and the FTI-susceptible MMTV-TGFa strain, neither of 

which appear to have the same issue as the MIVITV-H-ras strain. With regard to Tasl<s, 

we partially completed Tasks 1a and 1b during this period. 

Aim 2. This aim focused on cell biology experiments to assess a possible role for 

PRK kinase - a key effector kinase for RhoB signaling - in the FTI response. In initial 

experiments, we have obtained positive evidence that confirm the hypothesis that RhoB 

and PRK mediate the suppression of epithelial cell transformation by FTI. We also 

corroborated this hypothesis by experiments performed in a fibroblast model. Briefly, 

we demonstrated that RhoB is elevated strongly in cells by FTI, and that ectopic RhoB 

could phenocopy the antiproliferative response to FTI in epithelial ceils transformed by 

activated K-Ras or Rac1 oncogenes. Using effector mutants of RhoB, we obtained 

evidence that interactions between RhoB and PRK kinase is involved in this effect. By 

a second approach, which altered the level, localization, or activity of PRK in H-Ras- 

transformed fibroblasts, we also obtained evidence in support of the hypothesis that 

PRK was involved in the FTI response. 

The results of the studies described above have been accepted for publication in 

Oncogene, where they are currently in press (see Appendix for manuscript containing 

experimental details). It should be noted that these studies were conducted in rat 

intestinal epithelial (RIE) cells, and in established Rat1 fibroblasts, due to arising issues 

that were related to the use of rodent breast cells in the laboratory. However, we 

believe the evidence obtained in RIE cells is relevant to breast epithelial cells, based on 

other work as related below. 

With regard to Aim 2 Tasks, we completed Task 2a in the RIE and Rat1 models; 

fully completed Task 2b; and completed Task 2c in the RIE and Rati models. No 

progress has been made yet on Task 2d; recent preliminary results call into question 

the rationale behind this task, which may be replaced. 



To address questions of the relevance of results obtained in RIE cells, rather 

than breast cells, we formed a collaboration with the laboratories of Drs. Kenneth van 

Golen and Sofia Merajver at the University of Michigan, who study malignant 

transformation of human mahimary epithelial cells (HMECs). The studies of Drs. van 

Golen and Merajver were particularly relevant, because of their focus on RhoC signaling 

in breast cell transformation and malignant progression "^■''^■■'3, and because of our 

previous work which suggested that the antioncogenic RhoB protein blocks the 

prooncogenic RhoA or RhoC proteins in transformed cells ^. Briefly, the collaborative 

work showed the following. First, that FTI could elevate RhoB in normal or transformed 

HMEC. Second, that FTI could dramatically inhibit the transformation of HMEC by 

RhoC (a model for inflammatory breast cancer ^^), even though FTI could not block 

RhoC modification (RhoC is resistant to direct inhibition because it is 

geranylgeranylated in cells, and FTis do not block protein geranylgeranylation, only 

protein farnesylation).   Third, and most significantly, that ectopic RhoB could 

phenocopy the antitransforming effects of FTI treatment in RhoC-transformed HMEC. 

Along with the RIE study, the results supported our hypothesis that elevation of the 

antioncogenic RhoB protein resulted in inhibition of signaling by the prooncogenic RhoC 

protein, probably due to competitive interactions with common key effector proteins, 

such as PRK. The HMEC study performed in collaboration with Drs. van Golen and 

Merajver was published this year in Molecular Cancer Therapeutics (see Appendix for 

copy of published article containing experimental details and findings). 

Key Research Accomplishments 

1. Discovery that MMTV-H-Ras mice are unsuitable to Aim 1 studies, due to male 

fertility problems possibly exacerbated by deletion of the RhoB gene. 

2. Evidence obtained in support of Aim 2 studies that the elevation of the antioncogenic 

RhoB gene is sufficient to mediate suppression of epithelial cell transformation by FTI 

(in rat intestinal and human breast epithelial cell model systems). 



3. Evidence obtained in support of Aim 2 studies that interactions witli the RhoB 

effector kinase PRK are important for the antitransforming effects of FTI in cells. 

Reportable Outcomes 

1. MMTV-H-ras 'oncomice' are unsuited to studies of the role of RhoB in tumor 

formation and FTI treatment. 

2. FTIs should be considered as a novel treatment for inflammatory breast cancer. In 

collaboration with Drs. van Golen and Merajver, we showed that RhoB elicited by 

FTI is sufficient to suppress breast epithelial cell transformation by RhoC. This is 

an important finding, because it supports the hypothesis that FTI may be useful 

to treat inflammatory breast cancer - a new idea. Previous to this work, there 

would be no rationale to use FTI to treat this cancer - RhoC is not directly 

targeted by FTI action, so FTI would not be expected to be useful against this 

cancer. However, our studies show that RhoC can be /nd/recf/y targeted by FTI, 

through the induction of the antioncogenic RhoB protein that antagonizes RhoC 

signaling. Therefore, our studies suggest that FTIs should be considered as a 

possible therapeutic for inflammatory breast cancer. 

3. Mechanism of FTI action is connected to PRK interactions. By elevating levels of the 

antioncogenic RhoB protein, FTIS act to competitively inhibit signaling by 

prooncogenic Rho proteins that may drive invasion, survival, and metastasis 

through interactions with key effector kinases such as PRK. 

Conclusions 

RhoB is further substantiated as a key mediator of FTI action in epithelial cells, 

including human breast epithelial cells. Elevation of the antioncogenic RhoB protein by 

FTI may antagonize signaling by RhoC and other prooncogenic Rho proteins, which are 

frequently overexpressed in breast cancer and causally linked to invasion and 

metastasis. The mechanism by which RhoB antagonizes transformation may be by 

competing with prooncogenic Rho proteins (e.g. Rac1, RhoC) for effector molecules, 

such as PRK. 
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Farnesyltransferase inhibitors: 
mechanism and applications 
George C Prendergast & Neena Rane 
DuPont Pharmaceuticals Company, Cancer Research Group, Glenolden Laboratory, GlenoUenPA 
19036, USA 

Farnesyltransferase (FT) inhibitors (FTIs) are among the first wave of signal 
transduction inhibitors to be clinically tested for antitumour properties. FIs 
were designed to attack Ras oncoproteins, the function of which depends 
upon post-translational modification by farnesyl isoprenoid. Extensive pre- 
clinical studies have demonstrated that FTIs compromise neoplastic transfor- 
mation and tumour growth. In preclinical models, FTIs display limited effects 
on normal cell physiology and in Phase I human trials FTIs have been largely 
well tolerated. Exactly how FTIs selectively target cancer cells has emerged as 
an important question, one which has become more pressing with the some- 
what disappointing results from initial Phase II efficacy trials. Although FTI 
development was predicated on Ras inhibition, it has become clear that the 
drugs' antineoplastic properties are based to a large degree on altering the 
prenylation and function of proteins other than Ras. One key candidate that 
has emerged is RhoB, an endosomal protein that has been implicated in 
selective growth inhibition and apoptosis in neoplastic ceils. On the basis of 
mechanistic studies and other recent developments, we propose that FTIs 
may be useful to treat a unique spectrum of diseases including not only 
inflammatory breast cancer and melanoma but also non-neoplastic diseases 
such as diabetic retinopathy and macular degeneration. 

^ywoids: angic^enesis, apoptosis, cancer, FTI, Ras, Rho 

Expert Opin. Investig. Drugs (2001) 10(12):2105-2116 

1. Introduction  

Although cancer research has permitted the cure, through surgery and radiother- 
apy techniques, of many patients with localised cancers, only 10 - 12% of the 
patients with disseminated cancer are cured by existing treatments [i|. Thus, can- 
cer remains one of the leading causes of death in the developed world. In the past 
two decades, significant advances have been made in unravelling the molecular 
mechanisms upon which malignancy is founded. Drug development has followed 
suit, seeking to identify rational strategies to target cancer cells in a more specific 
manner than that which has been achieved by empirical approaches [2]. One such 
strategy has been based upon advances in cancer genetics. It is now known that at 
least three classes of genes contribute to the pathogenesis of cancer cells, including 
oncogenes, tumour suppressor genes and genes that ensure faithful chromosomal 
replication. Mutations in tumour suppressor gene products and DNA repair 
enzymes typically cause 'loss of function changes. Proteins suffering 'loss of func- 
tion changes offer poor targets for drug development because small synthetic 
organic molecules are rarely capable of restoring biological activity to mutated 
proteins. On the other hand, mutations in oncogene proteins cause 'gain of func- 
tion changes that offer more attractive targets for drug intervention. The develop- 
ment of FTIs represents an indirect strategy to attack the function of ras, which 
was among the first oncogenes to be defined in human cancer almost twenty years 

2001 © Ashley Publications Ltd ISSN 1354-3784 2105 



Farnesyltransferase inhibitors: mechanism and applications 

ago. As FTI research has recently been considered in signifi- 
cant depth [3-9], this review will focus on the latest advances 
and issues, with particular emphasis on drug mechanism. 

2. Ras oncogenes  

Ras oncogenes are among the most commonly mutated proto- 
oncogenes in human solid tumours. Nearly 25% of all human 
cancers harbour Ras mutations that can promote uncontrolled 
cell proliferation and tumour formation [lO]. Ras genes have 
central roles in regulating cell division [Ii-13]. Their frequent 
mutation in human cancer has made them a major focus for 
cancer therapeutic strategies. While three Ras genes are tran- 
scribed in human cells {H-Ras, K-Ras and N-Ras), the K-Ras 
gene is by far the most commonly mutated Ras gene in 
human cancers. Nevertheless, all mutated Ras genes can trans- 
form rodent fibroblast and epithelial cell lines and, in co- 
operation with other oncogenes, can induce transformation of 
primary cells. Moreover, in vivo studies have demonstrated 
that mutated Ras can drive the formation of spontaneous can- 
cer in transgenic animals [14-16]. Lastly, mutated Ras is needed 
to maintain the malignant status of tumour cells [17,18]. There- 
fore, drugs that could target Ras or Ras-'induced cell physiol- 
ogy, particularly for K-Ras, would be considered good 
candidates for anticancer interventions. 

3. Ras proteins  

Ras proteins are small GTP-binding proteins that participate in 
the regulation of many cellular functions as on-off swtches 
between GTP- and GDP-bound states. The conversion of the 
inactive Ras-GDP to active Ras-GTP state occurs through 
interaction with guanine nucleotide exchange factors. In the 
GTP-bound state, Ras is aaivated and sends signals to begin 
cellular processes, including cell growth, differentiation and 
intracellular signal transduction. These signals are attenuated by 
interaction with GTPase aaivating proteins that stimulate GTP 
hydrolysis and return of Ras to its inaaive GDP-bound form. 
However, mutated Ras lacks GTPase activity and remains stabi- 
lised in its aaive form leading to uncontrolled Ras-driven cell 
proliferation [12]. In light of this situation, several strategies to 
block Ras fiinaions have been tried: 

• restoring GTPase activity to mutated Ras proteins 
• inhibiting Ras interactions with downstream effector mole- 

cules 
• preventing post-translational modification which is 

required for Ras activity. This strategy has gained the most 
attention during the past decade [19,20]. 

The post-translational modification of Ras proteins occurs at 
their carboxy-terminal tetrapeptide, or CAAX box (where C = 
cysteine, A = any aliphatic amino acid and X = serine or 
methionine). The CAAX box serves as the substrate for con- 
secutive enzymatic reactions leading to the formation of 

mature Ras proteins. The first reaction is isoprenylation at the 
cysteine residue with farnesyl isoprenoid, an intermediate in 
cholesterol biosynthesis. The second and third steps are prote- 
olytic cleavage of the three carboxy-terminal AAX residues 
and the carboxymethylation of the newly isoprenylated 
cysteine by methyltransferase. Investigations of Ras matura- 
tion in cells has spawned major research areas in protein iso- 
prenylation, endoproteolysis and methylation and as many as 
0.5% of cellular proteins have been argued to be isoprenylated 
[21]. Where it occurs, isoprenylation is critical for biological 
activity and in the case of Ras proteins this even is sufficient 
for oncogenic activity [22]. Thus, interference with Ras far- 
nesylation has been pursued avidly by many pharmaceutical 
and academic groups as a strategy to stanch Ras-driven malig- 
nancies in the clinic. 

4. Farnesyltransferase 

Investigations into the maturation of Ras superfamily GTPases 
led to the discovery of three protein prenyltransferases in 
eukaryotic cells [23]. Protein prenylation is defined as a covalent 
modification of thio-ether bonds to C-terminal cysteine resi- 
dues of cellular proteins. Ras studies identified FT as the 
enzyme that catalyses Ras farnesylation. In addition, prenyl- 
transferases called geranylgeranyltransferase type-I (GGT-I) and 
geranylgeranyltransferase Type II (GGT-II) were identified. FT 
catalyses the transfer of the 15-carbon isopren)d group on far- 
nesyl diphosphate (FPP) to its protein substrates via the forma- 
tion of a covalent thio-ether bond. Similarly, GGT-I or GGT-II 
transfers the 20-carbon isoprenyl group on geranylgeranyl 
diphosphate (GGPP) to its target proteins. FT and GGT-I 
share a similar mechanism of action for modifying Ras and Rho 
proteins, while GGT-II is mechanistically different and modi- 
fies Rab proteins. All Ras proteins are preferentially farnesylated 
by FT; however, in the absence of FT activity K-Ras and N-Ras 
are apparently geranylgeranylated efficiently by GGT-I [24-26]. 
This shunt pathway' for modification of K-Ras or N-Ras has 
implications for understanding how FT inhibitors inhibit K- 
Ras or N-Ras transformation, as discussed below. 

5. Preclinical studies of FT inhibitors: ceil 
biology and mechanistic questions  

As mentioned above, FTIs were developed as a strategy to 
inhibit Ras-driven timiours, by inhibiting the processing of Ras 
proteins in cells [19]. There are numerous reviews of the chemi- 
cal aspects of FTI development in the literature; here we survey 
biological propenies of CAAX peptidomimetic inhibitors that 
have been most widely investigated. Perhaps the most interest- 
ing development in preclinical studies has been the emergence 
of strong evidence that the antineoplastic properties of FTIs are 
not so readily traced to Ras inhibition as to alterations in the 
prenylation status of other proteins in cells [7,27,28]. 

The FTI response in Ras-transformed cells in monolayer 
cell culture has several hallmarks, including marked cell 
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enlargement, flattening and actin stress fibre formation in 
cell culture [29]. FTIs inhibit both anchorage-independent 
and anchorage-dependent growth of Ras-transformed cells, 
with H-Ras-transformed cells exhibiting the greatest sensi- 
tivity in terms of morphological changes as well as growth 
inhibition. Growth inhibition has been reported in various 
studies with preferential arrests or delays in the Gj or G2/M 
phases of the cell cycle, sometimes with co-ordinate activa- 
tion of p21WAFl, the cell cycle kinase inhibitor [30-36]. In 
some human tumour lines, G2/M arrests have been associ- 
ated with an alteration of cycUn Bl levels and with effects on 
spindle pole formation and chromosome alignment [35,37]. 
Apoptosis is marked in Ras-transformed cells only under 
conditions where cells are deprived of growth factors or 
forced into suspension [38-40]. However, apoptosis has been 
reported in human tumour cell lines in limited cases [35,4i]. 

Pronounced morphological or actin changes do not occur 
in all transformed cell types where growth inhibition may 
be apparent. It is notable, however, that such shape and 
actin fibre changes also occur in normal cells, where growth 
inhibition is fairly negligible [29]. In these cells, the loss of 
anchorage-independent growth correlates with reversion to 
a flat cell phenotype with division rates similar to normal 
cells [29]. Cells transformed by non-Ras oncoproteins such 
as v-Raf that do not undergo prenylation are not affected by 
FTIs, consistent with specificity towards the post-transla- 
tional modification event on Ras [42]. However, the presence 
of mutant Ras is not a prerequisite for response: for exam- 
ple, one study of human cancer cell lines showed that more 
than 70% of cells were sensitive when treated with low 
micromolar concentrations of FTI, but that cells harbour- 
ing mutant Ras were not necessarily any more susceptible to 
growth inhibition than cells harbouring wild type Ras [43]. 
A caveat to these observations was provided by evidence of 
a correlation between the FTI response and Ras-GTP status 
(rather than mutant Ras status) in a study of astrocytoma 
cell lines [44]. Nevertheless, it is striking that FTIs can 
inhibit malignant growth induced by activated K-ras or N- 
ras, despite the fact that under such circumstances these 
proteins are geranylgeranylated by GGT-I and in principle 
remain active [16,24-26,45,46]. In a combinatorial study, FTIs 
were sufficient to achieve the same extent of growth inhibi- 
tion in K-Ras-transformed cells whether or not GGT-I 
inhibitors were included [47]. FTIs can also inhibit cell 
transformation by H-Ras proteins that are engineered to be 
modified by N-myristoylation or geranylgeranylation [48,49]. 
There is consequently considerable evidence that FTIs can 
control cancer cell growth in a Ras-independent fashion, as 
we have argued elsewhere [50]. 

6. Preclinical studies of FT inhibitors: tumour 
biology  

A wide variety of FTIs have been tested for antitumour 
activity in tumour xenograft assays performed in nude mice. 

In these studies, tumours that were tested for drug response 
were derived either from oncogene-transformed rodent 
fibroblasts or human tumour cell lines. The results of such 
studies have been surveyed elsewhere recently [4,9,51]. Recent 
reports and some key studies are summarised below. 

The FTI R115777 showed cell growth inhibition in 
75% of the 53 human tumour cell lines tested, independ- 
ent of/?<ZJ-mutational status [52]. when administered orally 
to nude mice bearing mutant H-Ras, mutant K-Ras and 
wild type Ras genes, R115777 showed significant antitu- 
mour effects. However, tumour cell lines bearing mutated 
K-Ras genes required high doses [52]. In another study, 
SCH-66336 showed very specific antitumour activity 
against BCR/ABL leukaemic cells as well as human astro- 
cytomas cell lines [44,53]. SCH-66336 also inhibited pri- 
mary human cells derived from chronic myeloid leukaemia 
[54]. Interestingly, mice treated with SCH-66336 for BCR/ 
ABL-induced leukaemia remained disease-free for more 
than a year [54]. A G2/M arrest was noted in this model. In 
another study, BIM-46228 reduced the growth rate of 
xenografi:ed human tumour cell lines with mutated K-Ras 
gene but no tumour regressions were observed [55]. Also, an 
in vitro combined therapy of FTI with chemotherapeutic 
agents and radiotherapy proved to be beneficial as a combi- 
natorial regimen [55]. Experiments in transgenic 'onco- 
mouse' models have previously demonstrated the 
antitumour efficacy of FTIs. In the H-Ras 'oncomouse' 
model, where FTIs display robust tumour regression activ- 
ity in the absence of apparent toxicities [56], FTI L-744,832 
was shown to elicit regression of large mammary tumours 
elicited by H-Ras or JMyc/H-Ras induction in manner 
associated with p53-independent cell cycle inhibition and 
apoptosis [31]. Regression associated with apoptotic induc- 
tion was also observed with the FTI SCH-66336 in the 
related WAP/H-Ras 'oncomouse' model, which is also sub- 
ject to mammary tumours [57]. 

Several groups have reported additive or synergistic 
effects of FTI treatment with classical chemotherapeutics. 
FTI SCH-66336 potentiates the effects of paclitaxels 
against human tumour xenografts [58], consistent with the 
results of a similar study of FTI-2148 [59] and with in vitro 
studies of FTI h-lAAS^l against human tumour cell lines 
[60]. FTI SCH-66336 was also reported to synergize in a 
sequence- and cell line-specific manner when added with 
cisplatin to several human tumour cell lines [6I]. While 
this study did not test the combination in mice, its find- 
ings were consistent with previous in vitro studies of L- 
744,832 that evidenced co-operation with gamma irradia- 
tion [62,63], as well as with an earlier report that FTI-2148 
can synergize with DNA damaging agents to block 
tumour growth in mice [59]. The latter study noted collab- 
oration not only with paclitaxel and cisplatin but also 
gemcitabine [59], the latter of which has shown some 
promising efficacy in combination with FTIs in human 
trials (see below). 
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7. Clinical trials 

A summary of the results from initial Phase I and Phase II 
clinical testing of several different FTIs has recently been con- 
sidered in depth elsewhere [8,51]. To date, several FTIs have 
been evaluated in such trials as a single agent or as part of a 
combinatorial regimen with other cancer chemotherapeutics. 
FTIs including L-778123, R115777, SCH-66336, BMS- 
214662, CP-609754 and AZD-3409 are being assessed for 
antitumour activities with less toxicities. One of these mole- 
cules, R115777, has entered Phase III testing for pancreatic 
and colorectal cancer. 

L-778123 was evaluated in a continuous 14- or 28-day iv. 
at 140 - 560 mg/m^/day schedule. The dose limiting toxicities 
were QTc prolongation, grade 4 neutropenia, fatigue and 
myelosuppression. A combination trial with radiotherapy of a 
total of 21 patients resulted in 2 complete and 4 partial 
responses with dose levels between 280 - 560 mg/m^/day for 
1, 2, 4, 5 and 7 weeks schedule. A general grade III diarrhoea 
and grade IV haematological toxicity was seen. A dosage of 
280 mg/m^/day is recommended for Phase II trials for a 
number of solid tumours, including those of the pancreas, 
breast, colon and lung. 

Rl 15777 has been evaluated for relapsed and refractory 
acute leukaemias. An oral b.i.d. dosage of 100, 300 , 600 and 
900 mg for 21 days for up to 4 cycles were administered. Four 
of 20 patients had stable disease during treatment, two other 
patients showed normal reconstitution of haematopoiesis with 
out any toxicities. In another study, administration of 
R115777 at a dose of 50 - 500 mg b.i.d. showed partial remis- 
sion in one patient with dose limiting toxicities at 400 mg, 
which included neutropenia, thrombocytopenia and fever. A 
300 mg b.i.d was considered as a future chronic dosing level 
for Phase II trials. During Phase II trial, three out of 26 breast 
cancer patients showed partial response, while 9 other patients 
showed stable disease at the 3 months evaluation time. Cur- 
rendy, this drug has entered into Phase III trials for wide vari- 
ety of solid tumours. A combination regimen with either 
gemcitabine or capecitabine showed well tolerated dosage 
with less toxicity levels. 

Recently, a study involving oral administration of SCH- 
66336 was completed in patients with advanced solid 
tumours. These patients were given different dose levels of 
FTI up to 400 mg, twice daily. A dose-limiting toxicity at 
400 mg consisted of gastrointestinal toxicities along with 
neutropenia and thrombocytopenia. However, at 200 mg 
SCH-66336 was safely administered on long-term proto- 
col without any myelosuppression toxicity [64]. A combina- 
torial therapy with paclitaxel and gemcitabine was also 
evaluated in a Phase I trial for solid tumours. Out of 18 
evaluable patients, 6 patients showed partial responses with 
minor toxicities for paclitaxel, whereas 2 partial and 2 
minor responses were achieved with gemcitabine treat- 
ment. In addition, 11 of 25 patients showed stability of 
disease for > 6 months. 

BMS-214662 has entered Phase II trials for pancreatic, head 
and neck, lung and colorectal cancers. In the Phase I trial 
BMS-214662 was given as a 1 h infusion with a starting dose 
of 56 mg/m^ through 209 mg/m^ ranging from 1-30 weeks 
of treatment. Toxicity ranged from grade 3 neutropenia, vom- 
iting and hypotension at the higher doses. 

Several other compounds, including CP-609754 and 
AZD-3409, have also entered into clinical trials but as yet no 
data is available from these studies. 

In summary, some might judge the results of Phase II test- 
ing of FTIs to be rather disappointing, based on the promis- 
ing preclinical data which had accumulated previous to 
human trials. However, combinatorial applications of FTIs 
with other cancer chemotherapeutics shows sufficient promise 
at this juncture to be worth pursuing. 

8. Mechanisms of action: evidence that RhoB is 
a critical target of FTIs  

FTIs were designed as a strategy to inhibit Ras. However, per- 
haps the most pressing question in the field is whether the 
antineoplastic effects of FTIs are actually related to Ras inhibi- 
tion. There are few doubts that Ras may be a sufficient target 
but is it necessary? The doubts that inhibition of mutant Ras is 
indeed crucial for FTI action have previously been discussed in 
detail [4,6,27,28,50,51]. Some of the earliest studies of FTI action 
raised anomalies in the model that FTI action was based 
directly in Ras inhibition, even in the case of H-Ras which 
cannot be geranylgeranylated in FTI-treated cells like K-Ras or 
N-Ras. First, the kinetics of morphological reversion observed 
in H-Ras transformed Ratl cells upon FTI treatment were too 
rapid to be explained by depletion of processed H-Ras from 
cells [29]. Given that the half-life of fully modified H-Ras is 
24 h, processed H-Ras cannot be depleted significantly from 
cells for 2 - 3 days after FTI treatment (since FTIs block the 
H-Ras prenylation rather than the steady-state level or activity 
of mature H-Ras). However, reversion of H-Ras transforma- 
tion is achieved within 18 - 24 h of drug treatment, when 
modified Ras persist at > 50% of their pre-treatment level. In 
addition, once cells are treated with FTIs, the reverted pheno- 
type persists for several days after the FT activity and fully 
modified Ras returns to pre-treatment levels [29]. This interest- 
ing long-lived phenotype has been traced to upregulation of 
collagen Ia2, a long-lived growth inhibitory collagen isoform 
that Ras must suppress in order to transform fibroblasts [65,66] 
and that FTIs must derepress to induce and maintain the 
reverted phenotype [67]. Thus, studies in H-Ras-transformed 
cells suggested that neither initiation nor maintenance of 
reversion to a non-transformed phenotype by FTIs was well 
correlated with steady-state depletion of farnesylated Ras pro- 
teins. A converse set of observations indicates that FTIs can 
inhibit transformation by Ras proteins that are resistant to 
direct inhibition by the drugs, including N-myristylated and 
geranylgeranylated Ras isoforms, K-Ras and N-Ras, as men- 
tioned above. Moreover, there are explicit examples where 
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Figure 1. How FTls affect RhoB versus Ras proteins. Newly synthesised precursor proteins are normally modified by farnesyl 
transferase (FI) or geranylgeranyl transferase (GGT-I). FT inhibitors (FTls) block the farnesylation of H-Ras, resulting in a loss of function. 
In contrast, K-Ras becomes geranyigeranylated by GGT-I in FTI-treated cells, remaining membrane-associated and active. FI also blocks 
synthesis of RhoB-F, but RhoB-GG accumulates due to geranylgeranylation of all newly synthesised protein by GGT-I. The shift in 
prenylation pattern of RhoB is associated with elevated expression and misiocalisation of RhoB-GG away from its normal endosomal 
location in cells. 

blocking H-Ras farnesylation is insufficient to block H-Ras 
transformation itself [49,68]. More extreme sceptics might even 
entertain doubts that the antineoplastic effects of FTls are 
related to FT inhibition, as the biology of FTls has not yet 
been explored in cells that lack FT itself (e.g., in mouse cells 
where the gene encoding the P subunit of FT has been 
homozygously deleted). However, the correlations reported for 
most FTls are sufficiently tight to reasonably argue against this 
extreme view, at least in most cases. In contrast, given the 
many clear indications in the literature, many investigators 
have come to the view that many biological properties of FTls 
may not be based solely upon Ras-dependent mechanisms. 

"What other potential drug targets have been identified and 
what causal relationships have been developed? A leading candi- 
date is RhoB, a small GTPase in the Ras superfamily which can 
be both famesylated and geranyigeranylated in cells [69,70]. 
RhoB is a member of the Rho family of small GTPases involved 
in regulation of the actin cytoskeleton, vesicle trafficking and 
numerous other cell processes. Two recent reviews muster the 
compelling evidence that RhoB alteration is a cause of the cellu- 
lar response to FTls [7,71]. Interestingly, RhoB responds to FTI 
treatment by a gain-of-fimction alteration, not a loss-of-func- 
tion alteration as in the case of H-Ras. The gain-of-fimaion 
alteration is critical to mediate aain-based phenotypic changes, 
growth inhibition and apoptosis in FTI-treated cells. The initial 
clue for the involvement of a Rho protein in the FTI response 
was the observation that FTls can induce actin stress fibres in 
normal cells [29]. RhoB responds rapidly to FTI treatment, with 
kinetics that are consistent with biological response as mature 
RhoB proteins turnover quickly [49]. 

RhoB is a direct target of FT in cells but it responds in a 
complex manner to FTI treatment because of its dual prenyla- 
tion status in cells. FTls block produaion of the farnesylated 
RhoB isoform (RhoB-F) but cause an elevation of the geran- 
yigeranylated RhoB isoform (RhoB-GG), due to the contin- 
ued activity of GGT-I in FTI-treated cells [70]. This shift in 
prenylation pattern is correlated not only with an elevation in 
the level of RhoB-GG but also a change in its intracellular 
localisation [49]. A contributing factor in the elevation of 
RhoB-GG in FTI-treated cells appears to be increased tran- 
scription of the rhoB gene (S Sebti, personal communication), 
an effect probably related to the fact that the gene is autoregu- 
lated [72]. Thus, FTls alter RhoB in a radically different man- 
ner than Ras (Figure l). 

FTls elicit a loss of RhoB-F and a gain of RhoB-GG. It has 
become apparent recently that the gain of RhoB-GG is a cru- 
cial event, since this is sufficient to phenocopy the FTI 
response [33,34]. The RhoB-GG isoform used to demonstrate 
this effect was engineered by substituting the normal C-termi- 
nus of RhoB with the C-terminus of RhoA, which can only 
direct geranylgeranylation [69]. Expression of this engineered 
isoform, which mislocalizes like wild type RhoB in FTI- 
treated cells [69], is sufficient to mediate growth inhibition and 
apoptosis in human tumour cells as well as in transformed 
rodent cells [33,34]. In contrast, RhoB-GG had litde effect on 
imtransformed rodent cells and is therefore similar to FTI 
treatment [33]. RhoB-GG is crucial for apoptosis and aain 
reorganisation induced by FTls, in particular, as demon- 
strated by the defective drug response of cells that are nul- 
lizygous for the rhoB gene [68]. It should be noted that RhoB- 
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Table 1. Summary of FTI trials in human subjects. 

Drug Trials Tumours Route      Schedule wrro Responses 

L-778123 With radiotherapy   Solid 1,2, 4 and 5 
weeks 

280 - 560 mglmV 
day 

2 CR, 4 PR 
Grade III diarrhoea 
and grade IV 
haematological 
toxicities 

Phase II (not 
evaluated) 

Solid 

R115777 Monotherapy/ 
Phase 1 

Acute 
leukaemias 

Oral Chronic bid for 
21 days 

300 mg b.i.d 6 PR, no significant 
haemotoxicities 

Solid Chronic b.i.d 400 mg b.i.d Neutropenia, 
thrombocytopenia, 
fever 

With capecitabine Solid Oral 14 days every 3 
weeks 

300 mg b.i.d 1 MR, 1 stable 

Monotherapy/ 
Phase II 

Advanced 
breast 

Oral 400 mg b.i.d 3 PR, 9 stable, 
myelosuppression 

SCH-66336 Monotherapy/ 
Phase 1 

Solid Oral 1 week; followed 
by 3 weeks rest 

25-400 mg b.i.d Weil tolerated 

With paclitaxel Solid Oral With 4 different 
dose levels 

100-150 mg b.i.d 
with 135-175 mg/ 
m^ paclitaxel 

6 PR 

With gemcitabine Solid Oral 1 week ISOmgwith 1000 
mg/m^ of 
gemcitabine 

2 PR, 2 MR, 11 stab 

Phase II (not 
evaluated) 

Solid 

BMS- 214662 Monotherapy/ 
Phase 1 

Solid iv/oral 1 h infusion, with 
either iv or oral 
every 3 weeks 

36 - 225 mg/m2 1 MR with 
gastrointestinal 
toxicity 

Phase 1 Solid iv. 1 h infusion for 
1 - 30 weeks 

56 -209 mg/m2 1MR 

CP-609754 

/\ZD-3409 

Phase I (not 
evaluated) 

Phase I (not 
evaluated) 

Solid 

Solid 

CR: Complete response, MRiMinor response, PR: Partial response. 

GG can selectively inhibit the growth of FTI-siisceptible but 
not FTI-resistant human carcinoma cells [34]. Thus, RhoB 
alteration is applicable to the FTI response in both rodent 
model systems as well as human epithelial cancer cells. 

As an FTI target, RhoB can address the long-standing 
puzzle of why FTIs have so few effects on the growth or dif- 
ferentiation of normal cells. Recently, gene targeting experi- 
ments in mice have demonstrated that the RhoB gene can be 
homozygously deleted without affecting development, fertil- 
ity or wound healing [73]. Thus, it can be inferred that any 
effect of FTIs on RhoB function would be inconsequential 
to normal cells, since RhoB can be eliminated altogether 
without discernible effect. The dispensability of RhoB to 
normal cell physiology in mice is interesting in light of the 

lack of apparent toxicity of FTIs to normal cells in mice [56]. 
Like FTIs, elevated levels of RhoB-GG do not affect the 
growth of normal cells even though this event is sufficient to 
dramatically affect the physiology of FTI-susceptible neo- 
plastic cells [33]. Therefore, it is apparent that RhoB has a 
peculiar transformation-associated role that mirrors the 
properties of the FTI response. Although the physiological 
functions of RhoB remain to be determined exactly, on the 
basis of 'gene knockout' studies in the mouse it would 
appear that RhoB plays a role as a negative modifier gene in 
stress-associated processes, including cancer [73]. The find- 
ings of this study, which support a negative-acting role for 
RhoB in cancer cells, are consistent with the evidence that 
the antineoplastic effects of FTIs are mediated by a gain-of- 
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function in RhoB. In conclusion, a self-consistent picture 
emerges from the FTI investigations and the mouse genetic 
analysis, supporting the notion of RhoB as a key FTI target, 
which acts through gain-of-fiinction. 

9. RhoB and apoptosis in cancer cells 

In support of its role in mediating apoptosis by FTIs, RhoB 
was recently demonstrated to be crucial for the apoptosis 
induced in transformed cells by DNA damaging agents or 
paclitaxel [74]. This requirement was defined using the gene 
knockout' mouse embryo fibroblast (MEF) model system 
that was used to define the requirement for RhoB in FTI- 
induced apoptosis [68]. As in that case, loss of RhoB did not 
compromise growth arrest but stanched apoptosis after cel- 
lular exposure to gamma irradiation, doxorubicin, or paclit- 
axel. This study also established that RhoB was crucial for 
the previously described ability of FTIs to co-operate with 
DNA damaging agents [74]. In the absence of the rhoB gene, 
FTIs could not elicit RhoB-GG and could not sensitise cells 
to gamma irradiation or doxorubicin, thus fiirther linking 
RhoB alteration to the FTI response in transformed cells. In 
summary, RhoB appears to be a crucial player in the apop- 
totic response of cells, not only to FTIs but also to DNA 
damaging agents and antimicrotubule agents. The latter two 
agents represent major classes of therapeutics in the arsenal 
of the clinical oncologist. 

10. RhoB as a target for prenyltransferase 
inhibitors 

A recent study demonstrating that RhoB overexpression is 
growth inhibitory in tumour cells, whether expressed as wild 
type, farnesylated or geranylgeranylated isoforms, has led 
one group to argue that RhoB cannot be a key FTI target 
[75]. The arguments used to arrive at this conclusion can be 
shown to be invalid. However, the results of the study 
prompt the interesting idea that RhoB may be a key target 
for GGT-I inhibitors as well as for FTIs. The argument 
raised against RhoB as an FTI target derive from the ques- 
tion as to whether the functions of RhoB-F and RhoB-GG 
differ or not. There is some support for distinct functions 
([70] and G Favre, personal communication) but also for 
overlapping functions [34,75]. The possibility of overlapping 
functions does not weaken the argiunent that RhoB is a pri- 
mary FTI target and to argue in this manner is invalid. FTI 
depletes RhoB-F from cells, so any inhibitory effects of 
RhoB-F elevation are irrelevant to the FTI response. Simi- 
larly, the argument that the loss of RhoB-F is not required 
for the FTI response is an invalid argument (termed a 'straw 
man argument in logic), as it is not loss of RhoB-F that is 
important but rather gain of RhoB-GG. The former event is 
only important insofar as it is a prerequisite for the RhoB- 
GG elevation and mislocation needed to elicit the drug 
response. This smaller role for RhoB-F loss is still impor- 

tant, however, because without it the F:GG imbalance that 
is needed for RhoB-GG to accumulate and mislocalise 
would not occur. Thus, RhoB-F has a staging role rather 
than a functional role in the FTI response and only RhoB- 
GG is crucial. As discussed in more detail below, the bottom 
hne is that FTIs may use RhoB (in the guise of RhoB-GG) 
to interfere with certain Rho signals in cells. 

Could GGT-I inhibitors also use RhoB, in this case RhoB-F, 
to mediate growth inhibition? In contrast to FTIs, GGT-I 
inhibitors increase the relative level of RhoB-F instead of 
RhoB-GG in cells. It is in this context that the growth inhibi- 
tory effects of RhoB-F are relevant and potentially interesting. 
With this expanded scope in mind, RhoB can be invoked as a 
generalised target of FTIs or GGT inhibitors. In short, the 
inhibitory efiFeas of RhoB-F may be sufficient for growth inhi- 
bition by GGT-I inhibitors, in the same way that RhoB-GG is 
sufficient for growth inhibition by FTIs. Each class of inhibitor 
would use RhoB (in the guise of either RhoB-F or RhoB-GG) 
to interfere with cell growth. What isn't known yet is whether 
changes in the ratio of F:GG isoforms elicited by each class of 
prenyltransferase inhibitor will affect RhoB fimction by 
direcdy affecting its localisation. In any case, it is important 
that FTIs not only elevate RhoB-GG but also mislocalise it 
[49]. Since localisation is probably compromised to some degree 
by overexpression, it will be important to test the response of 
cells and animals lacking RhoB to GGT-I inhibitors, as was 
done for FTIs, to obtain genetic proofs for or against the rele- 
vance of RhoB alteration to GGT-I inhibitor responses in cells. 

11. Expert opinion 

11.1 RhoB action 
Unravelling the mechanism by which FTIs act is important 
for at least two reasons. First, mechanistic insight may pro- 
mote more effective application of FTIs against disease, by 
allowing appropriate Phase II trials to be designed. Second, 
mechanistic insight may lead to a better understanding of 
neoplastic pathophysiology or to the problems that lie at 
the roots of cancer. Therefore, how does RhoB-GG act? 
Recent findings suggest that it may counter or interfere 
with Rho signals needed for the proliferation and perhaps 
the viability of transformed cells. Rho proteins regulate a 
wide spectrum of cellular processes. Members of this family, 
including the prototypes RhoA, Racl and Cdc42, were ini- 
tially identified as regulators of cytoskeletal actin organisa- 
tion. However, it has become clear that Rho proteins have 
many other roles in cells, include the regulation of adhe- 
sion, motility, vesicle trafficking, cell cycle progression, 
cytokinesis and transcription. This diversity of roles is 
reflected in the large number of effector signalling pathways 
activated by various Rho proteins, as well as the intimate 
linkages between them. There is increasing evidence that 
Rho proteins influence a variety of important processes in 
cancer, including cell transformation, survival, invasion, 
metastasis and angiogenesis. Although Rho proteins do not 
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appear to be mutated in cancer cells, their expression is 
often elevated, suggesting that Rho dysregulation promotes 
malignant phenotypes. There is increasing interest in the 
key role that Rho proteins may play in driving the complex 
phenomena that underlie tumourigenesis. 

As summarised above, RhoB can mediate growth inhibi- 
tion and apoptosis in neoplastic cells exposed to FTIs or 
apoptosis of such cells exposed to DNA damaging agents or 
paclitaxel. These roles contrast with other Rho proteins, such 
as RhoC, which have positive roles in cancer [76-79]. The effec- 
tor domains of RhoA, RhoB and RhoC are virtually identical 
and in several cases 'RhoA effectors' have been confirmed to 
interact with RhoB. Thus, moving RhoB between different 
cellidar compartments, as FTIs appear to do, may allow RhoB 
to compete for effector functions that are normally unavaila- 
ble. Competition for Rho GEFs, GAPs or GDIs is conceiva- 
ble, widening the scope of RhoB action to include many Rho, 
Rac or Cdc42 proteins, which share many of these factors. In 
this way, RhoB could act as a 'natural' dominant inhibitor 
that disrupts or counters Rho signals involved in proliferation, 
survival, or transformation (RhoB-GG effects elicited by FTIs 
may represent one mechanism for how this can be done). 

The concept of RhoB as a natural inhibitor of transform- 
ing Rho signals is supported by recent work. Ectopic expres- 
sion of RhoB-GG can phenocopy the ability of FTI L- 
744,832 to effectively inhibit the anchorage-independent 
growth of K-Ras- or Rac-transformed rat intestinal epithelial 
cells (RIE cells) (PY Zeng, W Du and GC Prendergast, 
unpublished observations). Similarly, ectopic expression of 
RhoB-GG can phenocopy the ability of FTI L-744,832 to 
effectively inhibit RhoC-dependent transformation of 
human mammary epithelial cells (HMECs) (K van Golen 
and S Merajver, manuscript in preparation). Since FTI L- 
744,832 can not directly block the prenylation of K-Ras, 
Racl, or RhoC (the latter of which are normally geranylgera- 
nylated in cells), the drug must act by some indirect route 
such as by eliciting RhoB-GG. The ability of RhoB-GG to 
mimic the drug effect in consistent with previous findings in 
H-Ras-transformed Rat 1 fibroblast models [33]. The sim- 
plest interpretation is that FTIs act by eliciting RhoB-GG 
and that RJioB-GG acts as a 'dominant inhibitor' of Racl or 
RhoC signals required to maintain the transformed pheno- 
type, in either rodent or human epithelial cells. The fact that 
FTIs cause a mislocalisation as well as an elevation of RhoB- 
GG fits well with the classical genetic notion of a dominant 
inhibitor. A further prediction of this model is that genoto- 
xic stresses, which apparently require RhoB to activate apop- 
tosis, should both elevate and alter the localisation of one or 
both RhoB isoforms. The first prediction is supported by a 
report that the RhoB gene is induced by genotoxic stress [80]. 
Exactly how RhoB-GG may influence apoptotic susceptibil- 
ity is not yet clear, although biochemical linkages between 
RhoB and Akt, NFKB, or Gj/M events via the Rho effector 
mDia are being entertained ([41,71.81,82] and L Benjamin, 
personal communication). 

11.2 Where the RhoB mechanism leads: cancer 
applications 
The hypothesis that RhoB counters pathological Rho signals 
leads one to consider the use of FTIs against a wider spectrum 
of diseases than originally planned. With regard to cancer, one 
may wish to apply FTIs to counter types of malignancy where 
Rho signals are oncogenic drivers. The roles for positive-act- 
ing Rho and Rac proteins in cancer is an exciting area that has 
emerged recently [76,77,79,83-86]. However, at the current time 
there is less information about what settings Rho proteins 
might be critical drivers of malignancy. However, recent evi- 
dence suggests that RhoC may be such a driver in inflamma- 
tory breast cancer and in malignant melanoma [78,79]. Since 
RhoB-GG is sufficient to phenocopy the effects of FTIs in 
RhoC-dependent transformation (as mentioned above), one 
might propose diat FTIs could be useful agents to treat 
inflammatory breast cancer and melanoma. Both these 
tumours tend to lack Ras mutations and so would not have 
received attention for clinical testing with FTIs. A Phase II 
trial may begin based on the mechanistic advance implicating 
RhoB in the FTI mechanism as well as the intriguing preclin- 
ial data mentioned [87]. 

11.3 Where the RhoB mechanism leads: other 
applications 
FTIs may be useful in neoplastic but also non-neoplastic dis- 
eases that are marked by pathological angiogenesis. Despite the 
significant interest in anti-angiogenic strategies for cancer ther- 
apy and intensive investigation of FTIs, these two research areas 
have not overlapped significantly to date. This should change 
shortly given evidence that FTIs have anti-angiogenic activity 
that in some settings may be RhoB-dependent. Several years 
ago. Bob Kerbel and his colleagues demonstrated that FTIs 
could inhibit H-Ras-induced elevation of vascular endothelial 
growth faaor (VEGF) and they su^ested that this might par- 
tially explain the tumour-selective effects of FTIs in animals 
[88]. In H-Ras-transformed Ratl fibroblasts, VEGF suppression 
by FTIs is mediated at the level of RNA accumulation, includ- 
ing mechanisms that affect RNA turnover and/or transcription 
(W Du, unpublished observations). Although diis work was 
not followed up, another group subsequently described the 
anti-angiogenic effeas of FTIs tested in a set of in vitro and 
in vivo models [89]. This line of investigation has recently been 
extended significandy in Laura Benjamin's laboratory, which 
has demonstrated that FTI L-744,832 exquisitely inhibits 
sprouting angiogenesis during retinal development. Notably, 
non-sprouting angiogenesis is imaffected in mice treated with 
FTI, in contrast to VEGF inhibitors, which broadly inhibit 
both types of angiogenesis in animals. Interestingly, FTI effects 
are associated with rapid apoptosis of sprouting endothelial cells 
in the retina, are correlated with Akt suppression and exhibit a 
requirement for RhoB (I Adini, N Sater, AX Liu, GC Prender- 
gast and LE Benjamin, manuscript submitted). The latter find- 
ing suggests that the ability of FTIs to elicit RhoB-GG is 
important for anti-angiogenesis aaivity. Based on the discus- 
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sion above, one might rationalise the observations based on a 
requirement for Rho signalling in the survival, motility and/or 
polarity of sprouting endothelial cells. 

These observations are interesting because they suggest 
that FTIs might be useful to treat pathological but non- 
neoplastic forms of angiogenesis that characterise certain 
diseases, such as diabetic retinopathy and macular degener- 
ation. These diseases are widespread among the elderly and 
cause blindness. They are treatable by laser therapy in the 
opthalomology clinic, but to date there is not an orally 
available small molecule therapy, as might be provided by 
FTI, which would consequently displace this current treat- 
ment regimen. A Phase II trial to test the efficacy of FTI in 
such disorders might be initiated based on the intriguing 
mouse data presented above. As in cancer settings, a link to 
RhoB alteration is appealing, given the apparent function 
of RhoB in stress environments that do not characterise 
normal cells. 

11.4 Conclusion and expert opinion 
The above discussion aims at illustrating the potential utility 
in determining how FTIs act in cells. Although originally 
developed as an anti-Ras agents, FTIs have been shown to 

act through non-Ras targets to a rather large and unexpected 
extent. The utility of mouse genetic analysis lends sound 
support to the case for RhoB as a key target. A shift from Ras 
to Rho in thinking about how FTIs elicit various biological 
responses leads one to new vantages on how these drugs 
might be exploited in the clinic. Phase I trials have deter- 
mined efficacious dosages with minimum toxicity as regards 
cancer. Additional Phase I trials may be required to assess the 
non-neoplastic applications for FTI suggested here. In Phase 
II trials, FTIs need to be further evaluated for tumour types 
and thus appropriate patient populations. Given evidence of 
role for RhoB in the drug response and the evidence that 
RhoB alterations can interfere with Rho transforming sig- 
nals, tumours driven by Rho, such as inflammatory breast 
cancer or melanoma, may be a good choices for clinical eval- 
uation. Recent work suggests that FTIs should also be tested 
to treat non-neoplastic diseases marked by pathological ang- 
iogenesis, such diabetic retinopathy or macular degeneration. 
Extending the RhoB paradigm may also suggest applications 
in other diseases characterised by hyperplastic pathology. 
FTI research would be anticipated to continue its move in 
the direction of mechanistic insights and its subsequent 
translation into clinical applications. 

Bibliography 
Papers of special note have been highlighted as 

either of interest (•) or of considerable interest (••) 

to readers. 

1. DEVITA V, HELLMAN S, ROSENBERG 

S: Cancer Principles and Practice of Oncology 

(5th ed.) Lippincott Raven Press, 

Philadelphia, USA (1997). 

2. GIBBS JB: Mechanism-based target 

identification and drug discovery in cancer 

research. Science (2000) 287:1969-1973. 

3. END DW: Farnesjrl protein transferase 

inhibitors and other therapies targeting the 

Ras signal transduction pathway. Invest. New 

£)n(^ (1999) 17:241-258. 

4. ROWINSKYEK,WINDLEJJ,VON 

HOFF DD: Ras protein fernesyltransferase: a 

strategic target for anticancer therapeutic 

development./. Clin. Oncol (1999) 

17:3631-3652. 

•      Outstanding comprehensive review on 

FTIs. 

5. ASHAR HR, ARMSTRONG L, JAMES LJ 

etal: Biological effects and mechanism of 

aaion of farnesyl transferase inhibitors. 

Chem. Res. ToxicoL (2000) 13:949-952. 

6. PRENDERGAST GC, OLIFF A; 

Farnesyltransferase inhibitors: antineoplastic 

properties, mechanisms of artion, and 

clinical prospects. Sem. Cancer BioL (2000) 

10:443-452. 

12. 

PRENDERGAST GC: Farnesyltransferase 

inhibitors: antineoplastic mechanism and 

cUnical prospects. Curr. Opin. Cell BioL 

(2000) 12:166-173. 

ADJEIAA: Blocking oncogenic Ras 

signalling for cancer therapy. / Nat. Cancer 

Imt. (2001) 93:1062-1074. 

SEBTISM, HAMILTON AD: 

Farnesyltransferase and 

geranylgeranyltransferase I inhibitors and 

cancer therapy: lessons from mechanism and 

bench-to-bedside translational smdies. 

Oncogene (2000) 19:6584-6593. 

BOS JL: Ras gene mutations and human 

cancer. In: Molecular Genetics in Cancer 

Diagnosis. Cossman J (Ed.), Elsevier 

Scientific Publishing Co., USA (1990):273- 

287. 

BOLLAG G, MCCORMICK F: Regulators 

and effectors oiras proteins. Ann. Rev. Cell 

BioL (1991) 7:601-632. 

LOWYD, WILLUMSEN B: Regulators and 

effeaors of Ras. Ann. Rev. Block (1993) 

62:851-891. 

CLARKE GJ, DER CJ: Ras proto-oncogene 

activation in human malignancy. In: Cellular 

Cancer Markers. Sell S, Garrett, CT (Eds.) 

Humana, USA (1995):17-52. 

MANGUES R, SEIDMAN I, PELLICER A, 

GORDON JW: Tumourigenesis and male 

sterility in transgenic mice expressing a 

MMTV/N-ras oncogene. Oncogene (1990) 

5:1491-1497. 

15. SINNE,MULLERW,PATTENGALEP, 

TEPLER I, WALLACE R, LEDER P: Co- 

expression of MMTV/v-Ha-ras and MMTV/ 

c-myc genes in transgenic mice: synei^istic 

action of oncogenes in vivo. Cell (1987) 

49:465-475. 

16. OMERCA,CHENZ,DIEHLRErt/zi;: 

Mouse mammary tumour virus-Ki-RasB 

transgenic mice develop mammary 

carcinomas that can be growth-inhibited by a 

farnesyl:protein transferase inhibitor. Cancer 

Res. (2000) 60:2680-2688. 

•      Definitive evidence that FTIs can block K- 

Ras-dependent proliferation even though 

they do not block K-Ras ptenylation. 

17. CHINL,AT,POMERANTZJrta£: 

Essential role for oncogenic Ras in tumour 

mainrenance. Nature (1999) 400:468-472. 

18. SHIRASAWAS,FURUSEM,YOKOYAMA 

N, SASAZUia T: Altered growth of human 

colon cancer cell lines disrupted at activated 

Ki-Ras. Science (1993) 260:85-88. 

19. GIBBS J, OLIFF A, KOHL NE: 

Farnesyltransferase inhibitors: Ras research 

yields a potential cancer therapeutic. Cell 

(1994) 77:175-178. 

20. GIBBS JB, OLIFF A- The potential of 

fernesyltransferase inhibitors as cancer 

chemotherapeutics. Ann. Rev. Pharm. Tox. 

Expert Opin. Investig. Drugs (2001) 10(12) 2113 



Famesyltransferase inhibitors: mechanism and applications 

(1997)37:143-166. 

21. MARSHALL CJ: Protein prenylation: a 

mediator of protein-protein interactions. 

Science (1993) 259:1865-1866. 

22. KATOK,COXAD,HISAKAMM, 

GRAHAM SM, BUSS JE, DER CJ: 

Isoprenoid addition to Ras protein is the 

critical modification for its membrane 

association and transforming activity. Proc. 

Natl. Acad. Sci. USA (1992) 89:6403-6407. 

23. CASEY PJ.SEABRAMC: Protein 

prenyltransferases. / BioL Chem. (1996) 

271:5289-5292. 

24. LERNER EC, ZHANG TT.KNOWLES 

DB, QIAN YM, HAMILTON AD, SEBTI 

SM: Inhibition of the prenylation of K-Ras, 

but not H- or N-Ras, is highly resistant to 

CAAX peptidomimetics and requires bodi a 

fernesjdtransferase and a 

geranylgeranyltransferase-I inhibitor in 

human tumour cell lines. Oncogene (1997) 

15:1283-1288. 

25. WHYTEDB.KIRSCHMEIERP, 

HOCKENBERRYTN etd.: K- and N-ras 

geranylgeranylated in cells treated with 

farnesyl protein transferase inhibitors./. Biol. 

Chem. (1997) 272:14459-14464. 

26. ZHANG FL,KIRSCHMEIERP,CARRD 

etaL: Characterisation of Ha-ras, N-ras, Ki- 

Ras4A, Ki-Ras4B as in vitro substrates for 

farnesyl protein transferase and 

geranylgeranyl protein transferase Type I. / 

Biol. Chem. (1997) 272:10232-10239. 

27. COX AD, DER CJ: Farnesyltransfeiase 

inhibitors and cancer treatment: targeting 

simply Ras? Biochim. Biophys. Acta (1997) 

1333:F51-F71. 

28. LEBOWITZPEPRENDERGASTGC: 

Non-Ras targets for farnesyltransfeiase 

inhibitors: focus on Rho. Oncogene (1998) 

17:1439-1447. 

29. PRENDERGAST GC, DAVIDE JP, 

DESOLMS SJ etd.: Farnesykransferase 

inhibition causes morphological reversion of 

nzj-transfbrmed cells by a complex 

mechanism that involves regulation of the 

actin cytoskeleton. Mol. Cell. Biol. (1994) 

14:4193-4202. 

•      First study to introduce the concept of Rho 

as a non-Ras target for FTIs. 

30. MIQUEL K, PRADINES A, SUN J etd.: 

GGTI-298 induces GQ-GJ block and 

apoptosis vifhereas FTI-277 causes G2-M 

enrichment in A549 cells. Cancer Res. (1997) 

57:1846-1850. 

31. BARRINGTONRE,SUBLERMA, 

RANDS E etd.: A famesyltransferase 

inhibitor induces tumour regression in 

transgenic mice harbouring multiple 

oncogenic mutations by mediating 

alterations in both cell cycle control and 

apoptosis. Afo/: Cell. Biol. (1998) 18:85-92. 

32. SEPP-LORENZINOL,ROSENN:A 

farnesyhprotein transferase inhibitor induces 

p21 expression and Gj block in p53 wild 

type tumour cells./. BioL Chem. (1998) 

273:20243-20251. 

33. DU W, LEBOWrrZ P, PRENDERGAST 

GC: Cell growth inhibition by 

famesyltransferase inhibitors is mediated by 

gain of geranylgeranylated RhoB. Mol. Cell. 

BioL (1999) 19:1831-1840. 

••     Demonstrated that RhoB-GG elevation is 

sufficient to phenocopy the FTI response in 

a rodent model cell system. 

34. DUW, PRENDERGAST GC: 

Geranylgeranylated RhoB mediates 

inhibition of human tumour cell growth by 

famesyltransferase inhibitors. Cancer Res. 

(1999) 59:5924-5928. 

•       Demonstrated that RhoB-GG elevation is 

sufficient to phenocopy the FTI response in 

human carcinoma cells. 

35. SONG SY MESZOELYIM, COFFEY RJ, 

PIETENPOL JA, LEACH SD: K-Ras- 

independent effects of the farnesyl transferase 

inhibitor L-744,832 on cyclin Bl/cdc2 

kinase activity, G2/M cell cycle progression 

and apoptosis in human pancreatic ductal 

adenocarcinoma cells. NeopLisia (2000) 

2:261-272. 

36. ASHAR HR, JAMES L, GRAY K« a/:: The 

fernesyl transferase inhibitor SCH 66336 

induces a G(2) -> M or G(l) pause in 

sensitive human tumour cell lines. Exp. Cell 

Res. (2001) 262:17-27. 

37. CRESPO NC, OHKANDA J, YEN Tf, 

HAMILTON AD, SEBTI SM: The 

farnesyltransfeiase inhibitor, FTI-2153, 

blocks bipolar spindle fbrmation and 

chromosome alignment and causes 

prometaphase accumulation during mitosis 

of human lung cancer cells./ BioL Chem. 

(2001)276:16161-16167. 

38. LEBOWrrZPESAKAMUROD, 

PRENDERGAST GC: Famesyltransferase 

inhibitors induce apoptosis in Ras- 

transformed cells denied substratum 

attachment. Cancer Res. (1997) 57:708-713 

•       First study to reveal apoptotic activity of 

FTIs, which was linked here to altered 

adhesion status of transformed cells 

39. SUZUKI N, URANO J, TAMANOI F: 

Famesyltransferase inhibitors induce 

cytochrome c release and caspase 3 activation 

preferentially in transformed cells. Proc. NatL 

Acad. Sci. USA (1998) 95:15356-15361. 

•      Demonstrated that FTIs can induce 

apoptosis in K-Ras-ttansformed cells despite 

the inability of FTIs to inhibit K-Ras 

prenylation. 

40. DU W, LIU A, PRENDERGAST GC: 

Activation of the PI3'K-AKT padiway masks 

the proapoptotic effect of fernesyltransferase 

inhibitors. Cancer Res. (1999) 59:4808-4812. 

41. JIANG K, COPPOLA D, CRESPO NC et 

aL: The phosphoinositide 3-OH kinase/ 

AKT2 pathway as a critical target for 

famesyltransferase inhibitor-induced 

apoptosis. MoL OH. BioL (2000) 20:139- 

148. 

42. KOHL NE, MOSSER SD, DESOLMS SJ et 

aL: Selective inhibition of na-dependent 

transformation by a famesyltransferase 

inhibitor. Science (1993) 260:1934-1937. 

43. SEPP-LORENZINOL, MA Z, RANDS E 

etaL: A peptidomimetic inhibitor of 

farnesyl:protein transferase blocks the 

anchorage-dependent and -independent 

growth of human tumour cell lines. Cancer 

Res. (1995) 55:5302-5309. 

44. FELDKAMPMM.LAUN.RONCARIL, 

GUHAA: Isotype-specific Ras.GTP-levels 

predict the efficacy of farnesyl transferase 

inhibitors against human astrocytomas 

regardless of Ras mutational status. Cancer 

Res. (2001) 61:4425-4431. 

45. COX AD, HISAKA MM, BUSS JE, DER 

CJ: Specific isoprenoid modification is 

required for function of normal, but not 

oncogenic, Ras function. MoL Cell BioL 

(1992) 12:2606-2615. 

46. MANGUESR, CORRAL T, KOHL NE« 

aL: Antitumour effect of a farnesyl protein 

transferase inhibitor in mammary and 

lymphoid tumours overexpressing N-ras in 

transgenic mice. Cancer Res. (1998) 58:1253- 

1259. 

47. SUN J, QL\N Y, HAMILTON AD, SEBTI 

SM: Both famesyltransferase and 

geianylgeranyltransferase I inhibitors are 

required for inhibition of oncogenic K-Ras 

prenylation but each alone is sufficient to 

suppress human tumour growth in nude 

mouse xenografts. Oncogene {199S) 16:1467- 

1473. 

48. COXAD,GARCIAAM,WESTWICKJK 

etaL: The CAAX peptidomimetic compound 

B581 specifically blocks farnesylated, but not 

geranylgeranylated or myristylated, 

oncogenic ras signalling and transformation. 

/ BioL Chem. (1994) 269:1-4. 

2114 ExpertOpin. Investig. D/xigs(2001) 10(12) 



> 

Prendergast & Rane 

49.    T FBOWrrZ PF, DAVIDE JP, non-thiol-containing peptidomimetic cells that were null for the RhoB gene 

PRENDERGAST GC: Evidence that inhibitors of fernesyltransferase and exhibited a defective response to 111 

fernesyl transferase inhibitors suppress Ras geranylgeranyltransferase I: combination treatment, particularly with regard to actin 

transformation by interfering with Rho therapy with the cytotoxic agents cisplatin. reorganisation and apoptosis. 

activity. AfoZ Cell. Biol (1995) 15:6613- Taxol, and gemcitabine. Cancer Res. (1999) 69.   ADAMSONP, MARSHALL CJ, HALL A, 
6622. 59:4919-4926. TILBROOK PA: Post-translational 

50.    PRENDERGAST GQDUW: Targeting 60.   MOASSER MM, SEPP-LORENZINO L, modification of p21rho proteins. /. Biol 

fernesyltransferase: is Ras relevant? Drug KOHLNE etal: Farnesyl transferase Chem. (1992) 267:20033-20038. 

Resist. Updates (1999) 2:81-84. inhibitors cause enhanced mitotic sensitivity 70.    LEBOWITZ P, CASEY PJ, 

51.    SEBTISM, HAMILTON AD: to taxol and epothilones. Proc. Natl Acad. PRENDERGAST GC, THISSEN J: 

Farnesyltransferase and Sci. USA (1998) 95:1369-1374. Farnesyltransferase inhibitors alter the 

geranylgeranyltransferase I inhibitors in 61.   DJEIAA, DAVIS JN, BRUZEK LM, prenylation and growth-stimulating fimction 

cancer therapy: important mechanistic and ERUCHMAN C, KAUFMANN SH: of RhoB./. Biol Chem. (1997)272:15591- 

bench to bedside issues. Expert Opin. Investig. Synergy of the protein fernesyltransferase 15594. 

Dru^ (2000) 9:2767-2782. inhibitor SCH66336 and cisplatin in human •      Identified RhoB as an FTI targec 

52.    ENDDW,SMETSG,TODDAV«a/.: cancer cell lines. Clin. Cancer Res. (2001) 71.    PRENDERGAST GC: Actin' up: RhoB in 

Characterisation of the antitumour effects of 7:1438-1445. cancer and apoptosis. Nature Rev. Cancer 

the selective fernesyl protein transferase 62.   BERNHARDEJ,KAOG,COXADrta/: (2001) 1:162-168. 

inhibitor KWy/// in vivo and in vitro. The farnesyltransferase inhibitor FTI-277 ••     Comprehensive review of RhoB fiinction in 

Cancer Res. (2001) 61:131-137. radiosensitizes H-ras-transformed rat embryo cancer and therapeutic apoptosis. 

53.    REICHERT A, HEISTERKAMP N, fibtoblasts. Cancer Res. (1996) 56:1727- 72.    FRITZ G, KAINA B: rhoB encoding a UV- 

DALEY GQ, GROFFEN J: Treatment of 1730. inducible ras-related small GTP-binding 

Bcr/Abl-positive acute lymphoblastic 63.   BERNHARD EJ, MCKENNA WG, protein is regulated by GTPases of the rho 

leukaemia in P190 transgenic mice with the HAMILTON AD etal: Inhibiting Ras family and independent of JNK, ERK, and 

fernesyl transferase inhibitor SCH66336. prenylation increases the radiosensitivity of p38 MAP kinase./ Biol Chem. (1997) 

Blood {imi) 97:1399-1403. human tumour cell lines vidth activating 272:30637-30644. 

54.    PETERS DG, HOOVER RR, GERLACH mutations of ras oncogenes. Cancer Res. 73.    UU A-X, RANE N, LIU J-P, 

MJ etal: Activity of the fernesyl protein (1998) 58:1754-1761. PRENDERGAST GC: RhoB is dispensable 

transferase inhibitor SCH66336 against 64.   ADJEIAA,ERLICHMANC, DAVIS JN^f for mouse development, but it modifies 

BCR/ABL-induced murine leukaemia and al: A Phase I trial of the fernesyl transferase susceptibihty to tumour formation as well as 

primary cells from patients with chronic inhibitor SCH66336: evidence for biological cell adhesion and growth feaor signalling in 

myeloid leukaemia. Blood(2001) 97:l404- and clinical activity. Cancer Res. (2000) transformed cells. Mol Cell Biol (2001) in 

1412. 60:1871-1877. press. 

55.    PREVOST GP, PRADINES A, BREZAK 65.   TRAVERSH, FRENCH NS, NORTON *      Characterisation of the phenotype of rhoB 

MC et al: Inhibition of human tumour cell JD: Suppression of tumorigenicity in Ras- knockout mice. 

growth in vivo by an orally bioavailable transformed fibroblasts by alpha 2(1) 74.    LIU A-X, CERNIGLIA GJ, BERNHARD 

inhibitor of human fernesyltransferase, BIM- collagen. Cell Growth Diff (1996) 7:1353- EJ, PRENDERGAST GC: RhoB is required 

46228. Int.J. Cancer (imi) 91:718-722. 1360. for the apoptotic response of neoplastically 

56.    KOHL NE, OMER CA, CONNER MW et 66.   ANDREUT BECKERS XTHOENESE, transformed cells to DNA damage. Proc. 

al: Inhibition of fernesyltransferase induces HILGARD P VON MELCHNER H: Gene Natl Acad. Sci. USA (2001) 98:6192-6197. 

regression of mammary and saUvary trapping identifies inhibitors of oncogenic •      Demonstrated a crucial role for RhoB in the 

carcinomas in ras transgenic mice. Nature transformation: the tissue inhibitor of apoptotic response of transformed cells to 

Med (1995) 1:792-797. metalloproteinases-3 (TIMP3) and collagen gamma irradiation, doxorubicin, and 

57.    LIU M, BRYANT MS, CHEN J etal.: Type I-alpha-2 (COL1A2) are epidermal paclitaseL Loss of RhoB promoted long- 

Antitumour activity of SCH 66336, an orally growth feaor-regulated growth repressors. / term survival in vitro and in vivo following 

bioavailable tricyclic inhibitor of fernesyl Biol Chem. (1998) 273:13848-13854. irradiation of transformed cells. 

protein transferase, in human tumour 67.    DU W, LEBOWITZ PF, PRENDERGAST 75.    CHEN Z, SUN J, PRADINES A, FAVRE 

xenograft models and wap-ras transgenic GC: Elevation of a2(I) colleen, a suppressor G, ADNANE J, SEBTISM: Bodi 

mice. Cancer Res. (1998) 58:4947-4956. of Ras transformation, is required for stable fernesylated and geranylgetanylated RhoB 

58.    SHIB,YAREMKOB,HAJL\NGfta/.: phenotypic reversion by farnesyltransferase inhibit malignant transformation and 

The fernesyl protein transferase inhibitor 

SCH66336 synergizes with taxanes in vitro 

inhibitors. Cancer Res. (1999) 59:2059-2063. suppress human tumour growth in nude 

68.   LIU A-X, DU W, UU J-P, JESSFT T, TM, 
mice./ Biol Chem. (2000)275:17974- 

17978. 
and enhances their antitumour activity in PRENDERGAST GC: RhoB alteration is 

vivo. Cancer Chemother. Pharmacol. (2000) required for the apoptotic and antineoplastic 76.    SUWAH,OHSHIOG,IMAMURATrt 

46:387-393. responses to farnesyltransferase inhibitors. al: Overexpression of the rhoC gene 

59.    SUNJ,BLASKOVICHMA,KNOWLESD Mol Cell. Biol (2000) 20:6105-6113. correlates with progression of duaal 

adenocarcinoma of the pancreas. Br. J. 
et al: Antitumour efRcacy of a novel class of ••     A genetic proof that RhoB-GG elevation is 

crucial to the FTI response. Transformed Cancer (1998) 77:147-152. 

Expert Opin. Investig. Drugs (2001) 10(12) 2115 



Farnesyltransferase inhibitors: mechanism and applications 

77. 

78. 

79. 

80. 

81. 

VAN GOLEN KL, DAVIES S, WU ZF et 

al.: A novel putative low-afRnity insulin-like 

growth lactor-binding protein, LIBC (lost in 

inflammatory breast cancer), and RhoC 

GTPase correlate with the inflammatory 

breast cancer phenotype. Clin. Cancer Res. 

(1999)5:2511-2519. 

CLARK EA, GOLUB TR, LANDER ES, 

HYNES RO: Genomic analysis of metastasis 

reveals an essential role for RhoC. Nature 

(2000) 406:532-535. 

VAN GOLEN KL, WU Z-E QIAO XT, 

BAO LW, MARAJVER SD: RhoC GTPase, 

a novel transforming oncogene for human 

mammary epithelial cells that partially 

recapitulates the inflammatory breast cancer 

phenotype. Cancer Res. (2000) 60:5832- 

5838. 

FRITZ G, KAINA B: Transcriptional 

activation of the small GTPase gene rhoB by 

genotoxic stress is regulated via a CCAAT 

element. Nuc. Acids Res. (2001) 29:792-798. 

LIU A-X, PRENDERGAST GC: 

Geianylgeranylated RhoB is sufficient to 

82. 

83. 

84. 

85. 

86. 

mediate tissue-specific suppression of Akt 

kinase activity by farnesyltransferase 

inhibitors. FEBSLett. (2000) 481:205-208. 

Suggests a mechanism by which RhoB-GG 

elevation may elicit apoptosis in malignant 

epithelial cells and in endothelial cells. 

FRITZ G, KAINA B: Ras-related GTPase 

RhoB represses NF-kappaB signalling. /. 

BioL aem. (2001)276:3115-3122. 

FRITZ G, JUST I, KAINA B: Rho GTPases 

are overexpressed in human tumours. Int. J. 

anf<T(1999) 81:682-687. 

ITOH K, YOSHIOKA K AKEDO H, 

UEGATA M, ISHIZAM T, NARUMIYA S: 

An essential part for Rho-associated kinase in 

the transcellular invasion of tumour cells. 

NatureMed. (1999) 5:221-225. 

MICHIELS F, COLLARD JG: Rho-like 

GTPases: their role in cell adhesion and 

invasion. Biochem. Soc. Symp. (1999) 65:125- 

146. 

YOSHIOKA K, HAKAMORIS, ITOH K: 

Overexpression of small GTP-binding 

protein RhoA promotes invasion of tumour 

cells. Cancer Res. (1999) 59:2004-2010. 

87. PRENDERGAST GC: Mode of action of 

ftrnesyltransfeiase inhibitors. Lancet 

Oncology (2000) 1:73. 

88. RAK J, MITSUHASHIY, BAYKO LetaL 

Mutant ras oncogenes upregulate VEGF/vPF 

expression: implications for induction and 

inhibition of tumour angiogenesis. Cancer 

Res. (1995) 55:4575-4580. 

89. GU W-Z, TAHIR SK, WANG Y-C et al.: 

Effect of novel CAAX peptidomimetic 

farnesyltransferase inhibitor on angiogenesis 

in vitro and in vivo. Eur J. Career (1999) 

35:1394-1401. 

Affiliation 
Neena Rane' & George C Prendergast'^^* 

^Author for correspondence 

'The Wistar Institute, Philadelphia, PA 19104, 

USA 

^e DuPont Pharmaceuticals Company, Cancer 

Research Group, Glenolden Laboratory, 

Glenolden, PA 19036, USA 

Tel: +1 610 237 7847; Fax: +1 610 237 7937; 

E-mail: george.c.prendergast@dupontpharma.com 

2116 Expert Opin. Imestig. Drugs (2001) 10(12) 



PERSPECTIVES 

Normal colon cells: 
two APC mutations 

Adenomatous polyp: 
one RAS mutation 

Dysplastic polyp: 
two TP53 mutations 

Colon carcinoma: 
Other events; 
Cliromosomal 
aberrations 

Metastatic carcinoma 

Figure 51A possible five-hit scenario for 
colorectai cancer, showing the mutational 
events that correlate with each step in the 
adenoma-carcinoma sequence. Based on a 
model from Fearon and Vogelstein (REE 47). 

birth rate and decreasing death rate. 
Interestingly, loss of TP53 leads to defective 
centrosome replication and numerous 
chromosomal abnormalities''^ the feature 
of cancer that first attracted the notice of 
von Hansemann and Boveri. 

Inactivation of several other cloned 
tumour-suppressor genes, including the APC 
gene of FAP, is associated with hereditary can- 
cer and with benign precursors of malignant 
tumours. These benign lesions, usually adeno- 
matous, are all 'two-hit' tumours that are 
found in large numbers in the target tissues, 
undergo malignant transformation at low fre- 
quency and require other mutations to do so. 
These genes, including APC, seem to inhibit 
passage through the cell cycle, so their loss or 
inactivation increases cell birth rate. In many 
cases, the transition to frank malignancy 
involves loss or inactivation of TP53 (REFS 47,48), 
thereby reducing cell death rate. Mutations and 
losses of these two genes could account for 
four events in the pathway to colon cancer. 

The well-known 'adenoma-carcinoma' 
sequence in colorectai cancer has made this 
disease a popular model for a multihit can- 
cer'". Events on the path to cancer include 
not only mutations in AFC and TP53, but 
also in one copy of the Ras oncogene*'. This 
path would seem to involve five mutational 
events, a number that is quite compatible 
with David Ashley's estimate of four or five, 
which, as described earlier, was calculated 

from a comparison of log-log plots of age- 
specific colon cancer incidence in normal 
and FAP persons, long before we knew of 
the existence of oncogenes or tumour-sup- 
pressor genes (FIG. 5). This number of events 
could occur at normal spontaneous muta- 
tion rates — given the number of cell divi- 
sions that occur in the colon over many 
years, and the clonal expansion that occurs 
because of selection for mutants that have 
increased growth rates and decreased death 
rates from apoptosis during cell turnover*'. 
However, the transition from polyp to carci- 
noma has been reported to be associated 
with occult genomic instability'"'^', as judged 
by changes in DNA that are not associated 
with visible karyotypic abnormalities. It 
seems that DNA lesions are normally 
repaired by processes, such as recombina- 
tional repair, that leave the chromosome 
intact. When the induction of this repair is 
compromised, apoptosis should ensue. This 
process fails in the presence of TP53 muta- 
tions, and florid karyotypic changes emerge 
abruptly. This is the state of chromosomal 
instabUity(CIN)=^l 

Although it is true that some cancers show 
only one or a few chromosomal abnormali- 
ties, most are, like colon cancer, very abnor- 
mal at diagnosis. The continued growth of 
such cancers usually leads, in the absence of 
intervention, to invasion, metastasis and 
death over a relatively short time; for most 
cancers, these events are not rate limiting. The 
idea that a small number of events can lead to 
cancer might be correct, but at death there 
might be many more, some of which provide 
a further growth advantage subject to clonal 
selection. Centrosome abnormalities, the 
emergence of chromosomal breakages, 
fusions and bridges, and widespread heterol- 
ogous translocations characterize this period 
in the life of most cancers. This state clearly 
represents a 'mutator phenotype'^^ 

A second kind of genomic instability— 
mutational microsatellite instability (MIN)'^ 
— is not associated with CIN. Tumours that 
occur in people with hereditary nonpolypo- 
sis colorectai cancer (HNPCC) have greatly 
elevated (~1,000- fold) rates of specific locus 
mutations'*. The inherited mutation occurs 
in mismatch repair (MMR) genes, most fre- 
quently MSH2 or MLHl. A somatic muta- 
tion in, or loss of, the remaining normal 
allele renders the affected cell homozygously 
defective for MMR. Especially vulnerable is 
the TGFBR2 gene, which encodes a receptor 
in an important signal transduction path- 
way^'. Mutations in this receptor are strongly 
selective for increased growth rate. The 
number of other events that are necessary 

for production of a carcinoma cell in 
HNPCC has not been determined. The cells 
with homozygous mutations in MMR genes 
clearly have a 'mutator phenotype', even 
though they do not show CIN. What CIN 
and MIN seem to have in common is the 
ability to increase the rate of transit along the 
path to clinical cancer. 

The view ahead 
The genetics of cancer has passed from infan- 
cy to maturity in the past century and has 
brought us to a dazzling, often confusing, 
view. Cancer cells themselves experience 
birth, development and death (too often with 
the patient). In some, karyotypic changes are 
few, whereas in others there is a bewildering 
array of abnormalities. Consideration of can- 
cers from many perspectives raises the possi- 
bility that the crucial changes on the initiating 
path to all cancers are few, affect both birth 
and death processes, and are strongly selected 
for. In tumours with a single genetic defect, a 
solitary oncogenic translocation (as seems to 
be the case in chronic-phase CML), the 
prospect of developing a successfijlly targeted 
therapeutic agent promises to be the greatest. 
By contrast, developing therapies for the 'mtdti- 
hit' tumours wiU be more challenging, as one 
agent acting on one target might not be suffi- 
cient. On the other hand, the time intervals 
between multiple hits might be windows of 
opportunity for preventive agents, in which 
transition to the next step (such as the second 
hit in generating the colonic adenomatous 
polyp) could be delayed or prevented. 
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OPINION 

Actin' up: RhoB in cancer and apoptosis 

George C. Prendergast 

RhoB is a small GTPase that regulates actin 
organization and vesicle transport. It is 
required for signalling apoptosis in 
transformed cells that are exposed to 
farnesyltransferase inhibitors, DNA-damaging 
agents ortaxol. Genetic analysis in mice 
indicates that RhoB is dispensable for normal 
cell physiology, but that it has a suppressor or 
negative modifier function in stress- 
associated processes, including cancer 

Rho proteins are receiving increasing atten- 
tion from cancer researchers owing to evi- 
dence that they modulate the proliferation, 
survival, invasion and angiogenic capacity of 
cancer cells. This family of actin regulatory 
small GTPases (BOX i) is not mutated in cancer. 
However, their altered expression or activity 
might be crucial to cancer progression and 
therapeutic responses. 

Recent advances indicate that RhoB 
is a specialized activator of apoptosis in 
transformed cells. Through a gain-of-function 
mechanism, RhoB has an important role 
in mediating the cellular response to 
farnesyltransferase inhibitors (FTIs). These 

experimental therapeutics are widely known 
for their selective effects on neoplastically 
transformed cells. Although some questions 
remain about exactly how RhoB alteration 
fits into the FTI response, many of the bio- 
logical effects of FTI treatment have been 
linked to RhoB. Of particular interest, evi- 
dence indicates that RhoB is a crucial target 
for FTI-induced apoptosis. Recently, this 
role was extended with the finding that 
RhoB is required for the apoptotic response 
of transformed cells to DNA damage or 
taxol. Genetic analysis in mice indicates that 
RhoB is dispensable for normal cell physiol- 
ogy, but that it limits cancer susceptibility 
and modifies growth factor and adhesion 
signalling in transformed cells. What are 
RhoB's effector mechanisms, and how 
might they promote apoptosis? 

Unique features of RhoB 
Rho proteins, which are themselves a subset 
of the Ras superfamily of isoprenylated small 
GTPases, can be further divided into sub- 
groups of Rho, Rac and Cdc42 proteins. 
These regulate a number of cellular processes' 
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Box 1 I Rho cycles; a primer on small GTPase action  

;i Rho proteins are a subfamily of the Ras superfamUy of small GTP-binding proteins. Like other 
; members of this superfamily, Rho proteins regulate intracellular signal transduction, acting as 
! switches that cycle between GTP- and GDP-bound states (see figure). In the GTP-bound state, 
r Rho proteins are competent to bind to effector molecules that facilitate downstream signal 
!• transmission. This process is shut off by GTP hydrolysis, which is promoted in cells by 
; GTPase-activating proteins (GAPs). In the GDP-bound state, Rho proteins are inactive for 
; signalling, but can be reactivated by GTP exchange. This process is catalysed in cells by guanine 
nucleotide exchange factors (GEFs), which are themselves activated by upstream signals. Rho 

■ GEFs are marked by a common domain known as the DBL domain — named after the DBL 
P GTP -►• Effector signals     oncogene, which is the prototype of this 

class. A third level of regulation is provided 
by guanine nucleotide dissociation 
inhibitors (GDIs), which block nucleotide 
hydrolysis or exchange and which 
coordinate protein movement between 
membranes and the cytosol when bound. 
A large number of Rho GEFs, GAPs and 
GDIs have been identified in cells, but their 
physiological roles and specificities are 
poorly characterized in most cases. 

(BOX 2). The Rho subgroup includes the close- 
ly related and well-studied RhoA, RhoB and 
RhoC proteins. These are quite similar to each 
other in structure (-90% identity) and, in 
particular, their effector domains are identi- 
cal. However, as each protein has a different 
biological role, differences in subcellular 
localization presumably lead to a partitioning 
of possible effector interactions and thereby 
to a differentiation of functions. All Rho pro- 
teins regulate actin stress fibres at some level, 
but how this common property is integrated 
with their distinct biological functions is not 
yet understood. One appealing possibility is 
that Rho proteins regulate various actin- 
dependent steps in vesicle transport^. The 
possibility that actin and vesicle movement 
might directly impact cancer biology is no 
longer as speculative as we might imagine (for 
example, see REF. 3). As discussed below, RhoB 
might have a special function in transformed 
cells, relating to its localization to early endo- 
somes or other intracellular membranes*"', 
and to its role in intracellular transport of 
cell-surface receptors'-'". 

RhoB has several additional features that 
are distinct among Rho proteins. First, unlike 
most small GTPases, which are relatively sta- 
ble, RhoB is turned over quickly and its syn- 
thesis is rapidly upregulated by various growth 
and stress stimuli^""'*. Second, RhoB is 
expressed as either geranylgeranylated (RhoB- 
GG) or farnesylated (RhoB-F) isoforms in 
cells (BOX 3). Although the significance of this 
unique feature is uncertain, it is clear that dif- 
ferent prenyltransferases are responsible for 
generating each isoform in cells". Last, 
although early studies showed that RhoB has a 

positive role in grovrth regulation^'"''''"^, more 
recent studies indicate that RhoB might also 
negatively regulate cell proliferation''"^". A 
negative role in growth control and/or TRANS- 

FORMATION would contrast with the positive 
effects of RhoA and RhoC in these process- 
es^'". However, as RhoB is upregulated by 
both growth and stress stimuli, it seems more 
likely to act in a contextual manner. Therefore, 
we might more accurately describe RhoB as 
having a modifier function—that is, a func- 
tion that alters the physiological setting that is 
required for the operation of certain signalling 
pathways, as illustrated by the way that inte- 
grins dictate the competence of growlh factors 
to stimulate mitogenesis. 

RhoB is a crucial FTI target 
RhoB was littie studied before it became the 
focus of an intensive investigation into how 
neoplastic transformation is blocked by 
p'pj523,24_ jjjjj j-jjjj of cancer therapeutics 

was originally developed as a strategy to 
inhibit Ras function in tumour cells, by 

blocking the post-translational farnesyla- 
tion of Ras (which is required for the mem- 
brane localization and oncogenic activity of 
mutant Ras proteins). Early preclinical 
studies showed that FTIs were exquisitely 
selective antagonists of Ras-dependent neo- 
plastic transformation, with few, if any, sig- 
nificant effects on untransformed cells (at 
pharmacologically relevant drug concentra- 
tions). However, mechanistic investigations 
showed that Ras inhibition could not 
entirely explain their antitransforming 
properties^''^^ So, although FTIs inhibit Ras 
farnesylation, their biological effects can be 
traced beyond this effect. 

The biology, mechanism and applications 
of FTIs have been considered indepth else- 
where^''^"". Here, I summarize the evidence 
that prompted a Rho-based model for FTI 
action2''2«6. pjrst, FTIs had little effect on the 
proliferation of untransformed cells, but they 
dramatically inhibited the proliferation of 
cells transformed by oncogenic Ras proteins. 
These observations were paradoxical, as wild- 
type Ras proteins require farnesylation, and 
their function is important for the prolifera- 
tion of untransformed cells. Second, the 
kinetics of FTI biology are rapid, outpacing 
the kinetics of elimination of processed Ras 
from cells". Last, although FTIs had little 
effect on the proliferation of untransformed 
cells, they induced actin stress-fibre forma- 
tion in those cells". These observations indi- 
cated that the FTI response might be mediated 
by alteration of a short-lived protein that 
affected actin organization — RhoB fulfilled 
these criteria^'. 

Subsequent investigations led to a genetic 
proof of the model that RhoB alteration is 
crucial to the FTI response in Ras-trans- 
formed cells'''''''^ Unexpectedly, it was found 
that FTIs caused a gain of function in RhoB, 
rather than a loss of function, and that this 
event was sufficient to mediate phenotypic 
reversion, growth inhibition, cytoskeletal 
actin reorganization and apoptosis (reviewed 
in REF. 24). As discussed in more detail below. 

Box 2 I Rho proteins have diverse biological roles 

Rho proteins regulate a wide spectrum of cellular processes. Members of this family, including the 
prototypes RhoA, Racl and Cdc42, were initially identified as regulators of cytoskeletal actin 
organization. However, it has become apparent that Rho proteins have diverse cellular functions, 
which include the regulation of adhesion, motility, vesicle transport, cell-cycle progression, 
cytokinesis and transcription. This diversity is reflected in the large number of effector signalling 
pathways that are activated by various Rho proteins, as well as the intimate linkages between 
them, making functional investigations complex. There is increasing evidence that Rho proteins 
influence a variety of important processes in cancer, including cell transformation, survival, 
invasion, metastasis and angiogenesis. Although Rho proteins do not seem to be mutated in 
cancer cells, their expression is often elevated, indicating that Rho dysregulation promotes 
malignant phenotypes. 
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Box 3 I RhoB-F and RhoB-GG; same or different functions?  

RhoB is post-translationally modified at its carboxyl terminus with either farnesyl (C15) or 
geranylgeranyl (C20) isoprenyl groups in cells. The ratio of F:GG isoforms can be altered by 
specific prenyltransferase inhibitors such as farnesyltransferase inhibitors (FTIs) or 
geranylgeranyltransferase inhibitors (GGTIs). In the presence of a specific FTI, only RhoB-GG 
can be synthesized; conversely, in the presence of a specific GGTI, only RhoB-F can be synthesized. 
Do these proteins differ in function? There is some support for this idea'', but also for overlapping 
functions"". A caveat is that the evidence for overlapping fiinctions is based on engineered 
isoforms that, on overexpression, probably mislocalize. It is not known whether engineered 
RhoB-F is properly localized", as the C-terminal mutation made in this mutant might also affect 
protein palmitoylation''. Engineered RhoB-GG is mislocalized*, although this mimics the effect of 
FTI on wild-type RhoB'. It will be important to confirm any putative functions of the engineered 
RhoB-F using RhoB''' cells. Changes in the ratio of F:GG isoforms might alter RhoB localization 
and therefore function (BOX 5). The role of RhoB as a primary FTI target is not compromised by 
the possibility of overlapping functions for RhoB: FTIs deplete RhoB-F from cells, so any 
inhibitory actions that RhoB-F might have are irrelevant in FTI-treated cells (although they might 
be relevant to GGTI-treated cells). This area deserves further attention, as any differences in 
function might merely reflects differences in localization. 

the gain of function was manifested as an 
altered pattern of prenylation, elevated 
expression and subcellular mislocalization. 
So, FTIs alter RhoB in a radically different 
manner from Hras (FIG. i). The relative 
obscurity of RhoB and the greater complexity 
of its function in the effects of FTIs continues 
to prompt investigations into its action. 
Nevertheless, the necessity of RhoB gain of 
function in the FTI response has now been 
established with the recent demonstration of 
a defective FTI response in mice that are 
genetically null for the RhoB gene". 

One of the most interesting aspects of 
RhoB as an FTI target is that it is dispensable 

for normal physiology in the mouse^". 
Similarly, FTIs have few, if any, discernable 
effects on mouse physiology (for example, see 
REF. 33). From these observations, it can be 
inferred that any alteration in RhoB activity 
induced by FTIs is inconsequential in 
untransformed cells, as the RhoB gene can be 
entirely deleted without consequence™. By 
contrast, FTI-induced alteration of RhoB 
has marked effects in Ras-transformed cells. 
Therefore, it is apparent that, as an FTI tar- 
get, RhoB has a transformation-selective 
quality. Of the other FTI targets that might 
participate in the FTI response, many 
would seem to be important to normal cell 

RhoB-F RhoB-GG RhoB-GG RhoB-GG 

GGT-i 

k3 
(inactive) 

Figure 1 | How FTIs affect RhoB versus Ras proteins, a | Newly synthesized precursor proteins are 
normally modified by farnesyltransferase (FT) or geranylgeranyltransferase type I (GGT-I). b | FT inhibitors 
(l=Tls) block the farnesylation of Hras, resulting in a loss of function. By contrast, Kras becomes 
geranylgeranylated by GGT-i in FTI-treated cells, remaining membrane-associated and active. FTIs also 
biocl< formation of RhoB-F, but RhoB-GG accumulates owing to geranylgeranylation of all newly 
synthesized protein by GGT-i. The shift in prenylation pattern of RhoB is associated with elevated 
expression and mislocalization of RhoB-GG away from its normal endosomal location in ceils. 

physiology, making it more difficult to 
invoke their alteration as a way to explain 
the transformation-selective effects of 
FTIs (BOX4). 

FTI's ability to accentuate the function of 
RhoB, rather than to abolish it, relies on the 
fact that cells express two differently prenylat- 
ed RhoB isoforms and that 'pure' FTIs do not 
inhibit geranylgeranyltransferase type I 
(GGT-I), the enzyme responsible for geranyl- 
geranylating RhoB'-\ Because FTIs do not 
stop the formation of RhoB-GG, the relative 
level of RhoB-GG increases as RhoB-F 
decreases (pre-existing RhoB-F turns over 
and is not replenished)'^ Accumulation of 
RhoB-GG might be promoted further by a 
forward feedback mechanism that is associat- 
ed with increased transcription of the RhoB 
gene (S. Sebti, personal communication). 
This mechanism is uncharacterized, but 
probably reflects the fact that RhoB is autoreg- 
ulated^''. Notably, the altered prenylation and 
expression elicited by FTI are associated with 
subcellular mislocalization: RhoB-GG 
becomes separated from the endosomal com- 
partment, where it is normally found''^ 
Although the exact consequences of mislocal- 
ization remain to be established, this event 
might have important consequences for how 
FTIs work (BOX 5). 

Strikingly, much of the FTI response in cells 
that are neoplastically transformed by Ras can 
be mimicked simply by elevating the levels of 
an engineered RhoB-GG isoform''. This iso- 
form was generated by substituting the normal 
carboxyl terminus of RhoB with that of RhoA, 
which can be geranylgeranylated but cannot be 
farnesylated''. Expression of this engineered 
isoform — which mislocalizes, like wild-type 
RhoB-GG in FTI-treated cells'* — was suffi- 
cient to mediate growth inhibition and apo- 
ptosis in human tumour cells as well as in 
transformed rodent cells"''". By contrast, the 
RhoB-GG isoform had little effect on untrans- 
formed rodent cells, similar to FTI treatment". 

The conclusion that RhoB-GG elevation is 
also crucial for the FTI response came from a 
comparison of the FTI response in geneti- 
cally distinct populations of MOUSE EMBRYO 

HBROBi^sTs (MEFs) that were co-transformed by 
adenovirus ElA and mutant Ras. This combi- 
nation of oncogenes offers a standard tool for 
the neoplastic transformation of primary cells. 
Transformed wild-type MEFs showed a char- 
acteristic FTI response in all regards. By con- 
trast, transformed cells that were genetically 
null for RhoB showed a variety of defects in 
their FTI response. These defects were striking 
because farnesylation of mutant Ras was inhib- 
ited to the same extent in both Rho''' and 
Rho*'" cells. Because FTIs could not elevate 
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Box 4 I Proposed FTI targets 

The best-studied farnesyltransferase inhibitor (FTI) targets so far are the Ras proteins (Hras, 
Kras and Nras) and RhoB. So far, RhoB is the only FTI target that has been critically assessed for 

! its involvement in the FTI response using a mouse gene-knockout system. Kras and Nras become 
■ geranylgeranylated by geranylgeranyltransferase type I (GGT-I) in FTI-treated cells, where they 
; can continue to function in signal transduction and neoplastic growth. By contrast, Hras cannot 
be prenylated in FTI-treated cells, so it is inactivated (FIG. l). Some investigators have proposed 
that a loss of Hras function in tumour cells driven by mutant Kras, Nras or other oncogenes 
might tmderlie the antiproliferative or proapoptotic effects of FTIs in such settings. Hras 

- knockout mice, which are viable*", offer an excellent model to critically assess this hypothesis. 
; Many other farnesylated proteins have been proposed as candidate FTI targets, but whether 
inhibiting the farnesylation of these proteins is involved in mediating the transformation- 
selective properties of FTIs has yet to be established. A partial list of these candidate targets 

■ includes the lamin A and B proteins; the protein phosphatases PTPl and PTP2; the peroxisomal 
■protein PXF; the molecular chaperone HDJ-2; inositol trisphosphate 5'-phosphatase; the small 

5 GTPases RhoD, RhoE/Rnd and Rheb; the skeletal muscle a- and p-phosphorylase kinases; and 
■ the centromere-binding proteins CENPE and CENPF. 

RhoB-GG in the absence of the RhoB gene, the 
different response oiRhoB''~ cells to FTI treat- 
ment was attributed to the absence of RhoB- 
GG'l This study also addressed the caveats of 
previous studies that used an engineered 
RhoB-GG isoform to establish sufficiency'''", 
by confirming that the endogenous wild-type 
RhoB-GG isoform was crucial to the FTI 
response. Of particular note, this study identi- 
fied a necessary role for RhoB-GG in cytoskele- 
tal actin reorganization and apoptosis induced 
by FTI. The apoptotic defect was vital, because 
it compromised the drug's antitumour activity 
in vivo^^. So, the most interesting feature of 
FTIs — their ability to selectively activate 
apoptosis in transformed cells — involves a 
gain of RhoB function that is based on an 
alteration or accentuation of its activity. 

RhoB in apoptosis by DNA damage 
Recent evidence indicates that RhoB is 
required for the apoptotic response of trans- 
formed cells to DNA-damaging agents or to 
taxoP'. This conclusion was derived from a 
study that used the same genetically defined 
MEFs as the FTI study. Untransformed prima- 
ry MEFs respond to DNA damage by under- 
going cell-cycle arrest and chromosomal 
repair. These cells are highly resistant to apop- 
tosis, presumably because they can appropri- 
ately arrest and repair any damage. In contrast, 
MEFs that are transformed by ElA and 
mutant Ras are highly susceptible to DNA- 
damage-induced apoptosis, following a tran- 
sient cell-cycle arrest, presumably because they 
cannot engage an appropriate arrest-and- 
repair response''. RhoB was dispensable for the 
cell-cycle arrest response of MEFs that were 
exposed to y-irradiation, which causes DNA 
strand breaks, or to doxorubicin, which indi- 
rectly causes strand breakage by inhibiting 
DNA topoisomerase. By contrast, transformed 

cells lacking RhoB did not undergo apoptosis 
after DNA damage; this defect was comple- 
mented by ectopic expression of RhoB^^. 
Consistent with previous work, RhoB was also 
found to be required for FTIs to sensitize cells 
to DNA-damage-induced cell death'''-'*. In 
support of these findings are reports that geno- 
toxic stress can stimulate transcription of 
RhoB", and that RhoB overexpression can sen- 
sitize certain cells to apoptosis by DNA-alkylat- 
ing agents''. Notably, RhoB deletion did not 
affect the susceptibility of transformed MEFs 
to apoptosis by the broad-spectrum kinase 
inhibitor staurosporine'^. So, RhoB was not 
generally required for apoptosis. However, loss 
of RhoB also diminished the apoptotic suscep- 
tibility to taxol". Together, these findings 
revealed a significant role for RhoB in apopto- 
sis that is induced by agents that damage DNA 
in transformed cells or that interfere with 
microtubules — actions that encompass two 
classes of cancer chemotherapeutic drugs. 

Significantly, the defective apoptotic 
response of transformed RhoB~'~ cells 
improved their long-term survival after 

DNA damage in vitro. Moreover, this defect 
promoted cell survival in tumours that were 
challenged by y-irradiation in a tumour 
XENOGRAFT ASSAY". AS DNA-damaging agents 
and taxanes, such as taxol, represent an 
important part of the arsenal of the clinical 
oncologist, these observations indicated 
that RhoB might be involved in many thera- 
peutic responses in cancer. Furthermore, 
these results indicated that loss or inactiva- 
tion of RhoB, or its effector signalling path- 
ways, might contribute to the development 
of radioresistance or chemotherapeutic 
resistance in cancer. 

Dose-response studies showed that DNA- 
damage-induced apoptosis was initiated in 
i??ioB*'"-transformed cells after a transient 
arrest in the G2/M phase of the cell cycle, con- 
sistent vnth previous observations''. In RhoB''~ 
cell populations, however, there was a progres- 
sive increase in the number of cells arrested in 
the G2/M phase, without any subsequent 
apoptosis. As noted above, RhoB loss also 
compromised cell death by taxol, which is 
believed to induce death by arresting the 
microtubule-based spindle apparatus at mito- 
sis". Together, these observations indicate that 
RhoB might participate in an apoptotic path- 
way that is engaged following a terminal block 
in mitosis. This faulty apoptotic response fol- 
lowing G2/M arrest was not related to p53- 
mediated cell-cycle arrest". Therefore, as sum- 
marized in FIG. 2, it can be concluded that 
RhoB does not participate in activation of the 
DNA-damage-response pathway, but instead 
acts downstream or in parallel to this pathway 
as a death effector or modifier, respectively. 

RlioB as a suppressor or modifier 
RhoB~'~ mice do not have any apparent 
defects in development, fertility or wound 
healing^". However, there is evidence that 
RhoB might be necessary for appropriate cell 
adhesion and growth control during cell 

Box 5 I Does RlioB interfere witii Rlio-transforming signals?  

RhoB can mediate growth inhibition and apoptosis in neoplastic cells. These functions contrast 
with other Rhoproteins, such as RhoC, which is tumorigenic"'^''"". The effector domains of 
RhoA, RhoB and RhoC are virtually identical, and in several cases 'RhoA effectors' have been 
confirmed to interact with RhoB. Moving RhoB between different cellular compartments, as FTIs 
seem to do, might allow RhoB to compete for effector functions that are normally unavailable. 
Competition for Rho guanine nucleotide exchange factors (GEFs), GTPase-activating proteins 
(GAPs) or guanine nucleotide dissociation inhibitors (GDIs) is also conceivable, widening the 
scope of RhoB action to include many Rho, Rac or Cdc42 proteins, which share many of these 
factors. In this way, RhoB coidd act as a dominant inhibitor that disrupts or counters Rho signals 
involved in proliferation, survival or transformation (RhoB-GG effects elicited by FTIs might 
represent one mechanism for how this can be done). Two predictions of such a dominant 
inhibitory model are that FTIs should inhibit transformation by geranylgeranylated Rho 
proteins, such as Racl or RhoC, and that stresses that elicit RhoB-dependent apoptosis, such as 
genotoxic stress, should lead to elevation and altered localization of one or both RhoB isoforms. 
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DNA damage 

Cell-cycle arrest Apoptosis 

Figure 2 | RhoB is needed for apoptosis of 
transformed ceiis after DNA damage. RhoB is 
dispensable for detecting DNA damage and for 
upstream signals tfiat elicit celi-cycie arrest, sucli 
as activation of Atm or p53. RhoB Is required in an 
apoptotic effector or modifier pathway, which 
might become activated in the G2/M phase of 
transformed wild-type oelis, presumably 
downstream of or in parallel to p53. 

stress. For example, primary RhoB''- MEFs 
showed a defect in motility on fibronectin. As 
no defects in wound healing were observed 
in vivo, the defect observed in MEFs was 
interpreted to be conditional on stresses that 
are caused by in vitro culture (for example, 
see REF. 4o). A role in motility has also been 
indicated by RhoB upregulation in motile 
neural crest cells during avian development". 
No defects in MEF attachment or spreading 
were observed, but neoplastic transformation 
of RhoB'''MEVs by adenovirus ElA and 
mutant Ras led to a marked reduction in the 
rate of attachment and spreading relative to 
RhoB"-MEVS. 

RhoB loss also accentuated proliferative 
responses in transformed cells. Consistent with 
in vitro observations, RhoB-'- cells formed 
tumours more efficienctly than RhoB^'-ctWs 
after injection into the intraperitoneal cavity of 
mice. The stromal environment was important 
to this effect, because no differences in tumour 
formation efficiency were observed if cells were 
injected subcutaneously'^'^ More significant 
support for a suppressor or negative modifier 
role was evidenced by the elevated rate of 
papilloma formation in RhoR'- mice subjected 
to a classical skin carcinogenesis assay, 
which involves initiation with the carcinogen 
7,12-dimethylbenz[a]anthracene (DMBA) 
and promotion with phorbol ester™. The find- 
ings that RhoB suppresses tumorigenesis and 
restrains the transformed characteristics of 

neoplastic cells were consistent with the evi- 
dence that the antitransforming effects of FTIs 
are mediated by a gain of fijnction in RhoB. In 
summary, a self-consistent picture emerges 
from the FTI investigations and the mouse 
genetic analysis, indicating that RhoB is a sup- 
pressor or negative modifier that operates 
under cell stress conditions, including stresses 
caused by neoplastic transformation. 

How does RhoB act? 
RhoB influences adhesion and proliferation'^'' 
in transformed cells, but its most interesting 
feature might be its ability to cause trans- 
formed cells to undergo apoptosis. Because of 
the identity between the effector domains of 
RhoA and RhoB, many putative RhoA effec- 
tors that have been identified might actually 
be relevant to RhoB action (BOX 5). Two such 
effector molecules are the protein kinase C- 
related kinase (Prk) and the actin-micro- 
tubule regulatory protein mouse Diaphanous 
(mDia)'. Prk kinases, including Prkl and 
Prk2, have been implicated in Rho-dependent 
processes, such as cell motility and cell polarity. 
mDia proteins, including mDial and mDia2, 
are Rho-binding adaptor proteins that coordi- 
nate the organization of actin filaments and 
microtubules. The cell-survival kinase AKT and 
the transcription factor NF-KB might also be 
effectors of RhoB, as each is influenced by FTIs 
and/or RhoB. 

The interest in the Rho effector kinases 
Prkl or Prk2 is based on the possibility that 
they might link the activities of RhoB and 
Akt. RhoB can recruit Prkl and Prk2 to early 
endosomes for vesicle transport'-'". Prk kinas- 
es further recruit the Akt regulatory kinase 
Pdkl to generate a ternary complex that 
depends on RhoB for its formation''^ This 
complex might be relevant to Akt regulation 
by RhoB, based on the suggestion that Prk- 
Pdk interactions are required for phosphory- 
lation of the Akt regulatory site Ser473 (REF.43). 

Although this biochemical linkage is specula- 
tive, it offers a possible explanation for the 
finding that FTIs and RhoB-GG can regulate 
Akt activit/l In this model, mislocalization 
of the RhoB-GG-Prk-Pdkl complex in cer- 
tain FTI-treated cells might lead to inhibition 
of Akt and subsequent cell death (FIG. 3). 

FTIs suppress Akt activity in ovarian and 
pancreatic carcinoma cells'". Similarly, FTIs or 
RhoB-GG suppress Akt activity in COS cells 
or MCF-7 breast carcinoma cells''-\ Lastly, 
FTIs suppress Akt activity in a RhoB-depen- 
dent manner in retinal endothelial cells 
(L. Benjamin, personal communication). 
These effects are tissue specific, as neither FTIs 
nor RhoB-GG suppress Akt activity in trans- 
formed fibroblasts'". However, activated 

(N-myristoylated) Akt can suppress apopto- 
sis that would normally be induced by FTIs 
in transformed fibroblasts or ovarian carci- 
noma cells''''''"*, in support of the notion that 
RhoB-GG might elicit apoptosis, at least in 
part, by causing mislocalization of Akt and 
suppressing its activity at appropriate sites in 
the cell. Further investigations are clearly 
required to determine how relevant the 
RhoB-Prk-Pdkl linkage might be in these 
settings, and the extent to which RhoB- 
dependent apoptosis is founded on Akt sup- 
pression. The availability oiAkt''' cells and 
mice would help to resolve this issue. 

Another cell-survival regulator that might 
mediate downstream signalling from RhoB is 
NF-KB (FIG. 3), based on the recent finding that 
RhoB can suppress NF-KB by interfering with 
IKB turnover"'. The biochemical linkage 
between RhoB and IKB regulation has not 
been defined; moreover, effects of RhoB on 
NF-KB might be tissue specific, because FTI- 
induced apoptosis was not found to be 
causally linked with NF-KB modulation in 
one study"'. Nevertheless, given the likelihood 
that Rho proteins regulate NF-KB'"''", includ- 
ing in response to genotoxic stress'", further 
investigations in this area are warranted. 

Glossary 

Also known as protein kinase B. This is a serine/ 
threonine protein kinase activated by the phos- 
phatidyIinositoI-3-OH kinase pathway that activates 
survival responses. 

ANAPHASE-PROMOTING COMPLEX 
(APC). This complex triggers chromosome separation 
at the end of mctaphase in mitosis. It is inactivated by 
checkpoint pathways that are triggered by damage to 
the mitotic spindle or by kinetochore problems that 
cause chromosomes to be released from the spindle. 

MOUSE EMBRYO FIBROBLASTS 
(MEFs). These cells are widely used to characterize the 
gross effects of gene deletion because they can be 
readily cultured from mice, including knockout mice 
that do not survive to term. 

NF-KB 

A helerodimeric transcription factor that is regulated 
by a variety of extracellular stimuli, including many 
that regulate cell survival. 

TAXOL 
A chemotherapeutic agent that kills cancer cells in 
mitosis by stabilizing microtubules. 

TRANSFORMATION 
The processes through which normal cells acquire 
malignant character. 

XENOGRAFT ASSAY 
A tumour-formation assay in which heterologous 
tumour cells are grown in an immunologically compro- 
mised mouse, or other animal, often under the skin. 
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Apoptosis 

Mitotic effects 
(apoptosis) 

Figure 3 | Potential RhoB death effector 
pathways. RhoB-GG levels are elevated by FTIs 
and this suppresses Akt (which is activated by 
phosphatidylinositol(3,4,5) trisphosphate 
(Rdlns(3,4,5)P3) in epithelial and endothelial cells. 
Akt activity might be modulated by a ternary 
complex that contains RhoB, a Prk effector 
kinase, and the Akt regulatory kinase Pdk1 (REFS 

42,43). The Rho effector mDia can interact with 
RhoB and might also contribute to apoptotic 
induction by DNA-damaglng agents and taxol (not 
shown), as well as FTIs; all of these stimuli might 
activate apoptosis from the G2/M phases of the 
cell cycle. Although it has not been linked to 
RhoB-dependent apoptosis, NF-KB should be 
investigated further in this regard as it might be 
regulated by RhoB (see text). 

Another effector molecule that might be 
relevant to apoptotic signalling by RhoB is 
mDia (FIG. 3). This adaptor protein coordi- 
nates the orientation of actin fibres and 
microtubules in a Rho-dependent fashion, 
and might be involved in mediating commu- 
nication between the mitotic spindle and the 
cleavage furrow during mitosis". Although 
this is speculative, mDia has appeal as a 
potential RhoB death effector based on the 
unexpected findings that apoptosis induced 
by taxol involves RhoB, and that apoptosis 
induced by DNA damage might be initiated 
during the M phase of the cell cycle^^. 
Potential interaction between RhoB-GG and 
mDia might also address the marked effects 
of FTIs within the G2/M phases of the cell 
cycle in cancer cells^^^^^ including interesting 
effects on spindle-formation patterns^^. A 
tumour-suppressor or negative-modifier 
function for a RhoB-mDia pathway is 
intriguing in this context, especially in light 
of the recent description of a new actin- 
dependent and ANAPHASE-PROMOTING COMPLEX 

(APC)-independent checkpoint for spindle 
alignment in fission yeast'^. This checkpoint 
apparently monitors actin-microtubule inter- 
actions. Interestingly, its engagement involves 
activation of the ATFl gene, which is homolo- 
gous to the mammalian transcription factor 
ATF2 that regulates RhoB transcription'''. 
This speculative checkpoint mechanism 
might be relevant to RhoB-induced apopto- 
sis, based on the role of mDia in coordinating 
actin-microtubule organization, the ability of 
DNA-damaging agents, taxol and FTIs to 
disrupt M phase events, and the ability of the 
new checkpoint to elicit cell death. 

Implications 
RhoB is dispensable for physiological cell 
death, but important for apoptosis that is 
induced in transformed cells by several types 
of cancer therapeutics. This speciahzed role 
differs from that of most 'classical' apoptosis 
regulators, which act in both untransformed 
and malignantly transformed cells. One 
implication of Rho's involvement in cancer- 
cell-specific apoptosis concerns the clinical 
application of FTIs. As I have argued else- 
where'*, FTIs might be useful to treat Rho- 
driven cancers, such as inflammatory breast 
cancer or melanoma^^'', if RhoB-GG coun- 
ters or disrupts Rho-transforming signals, as 
hypothesized'' (BOX 5). As RhoB-GG can sup- 
press Akt activity in some settings, FTIs might 
also be useful against cancers in which Akt 
activation is implicated, such as prostate can- 
cer. A second implication of recent work is a 
possible role for RhoB in a DNA-damage 
checkpoint or death effector pathway, per- 
haps linked to the actin-microtubule organi- 
zation and/or vesicle transport. This area 
opens new vistas in the areas of apoptotic sig- 
nalling, cancer pathophysiology, tumour pro- 
gression and therapeutic responses. Given its 
role in stress responses, it is conceivable that 
RhoB might be relevant to other pathological 
states involving cell stress, such as inflamma- 
tory responses or reperfusion injury. Last, 
recent work implies that inactivation of RhoB 
or its effectors could generate drug resistance 
or radioresistance in cancer cells. Further 
investigations into how RhoB suppresses 
transformation and activates cancer-cell 
suicide might produce new insights into the 
roots of neoplasia, cancer-cell apoptosis, and 
improved methods to treat cancer patients in 
a more specific manner. 
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Abstract 
Inflammatory breast carcinoma (IBC) is a highly 
aggressive form of locally advanced breast cancer that 
has the ability to invade and block the dermal 
lymphatics of the skin overlying the breast. In a 
previous series of studies, our laboratory identified 
overexpression of RhoC GTPase in >90% of IBCs (K. L. 
van Golen et al., Clin. Cancer Res., 5; 2511-2519, 1999) 
and defined RhoC as a mammary oncogene involved in 
conferring the metastatic phenotype (K. L. van Golen et 
al., Cancer Res., 60; 5832-5838, 2000). RhoC GTPase is 
involved in cytoskeletal reorganization during cellular 
motility. Farnesyl transferase inhibitors (FTIs) were 
previously shown to be effective in modulating tumor 
growth in Ras-transformed tumor cells. Recently, 
studies have focused on RhoB as a putative non-Ras 
target of FTI action. In the present study, we assessed 
the effect of the FTI L-744,832 on RhoC-overexpressing 
IBC and RhoC-transfected human mammary epithelial 
(HME-RhoC) cells. Treatment of the SUM149 IBC cell 
line and HME-RhoC transfectants with the FTI L- 
744,832 led to reversion of the RhoC-induced 
phenotype, manifested by a significant decrease in 
anchorage-independent growth, motility, and invasion. 
Although RhoC expression and activation were not 
affected, RhoB levels were increased by FTI treatment. 
Transient transfection of geranylgeranylated RhoB 
(RhoB-GG) into the same cells reproduced the effects 
of the FTI, thus suggesting that FTI-induced reversion 
of the RhoC phenotype may be mediated by an 
increase in RhoB-GG levels. These data provide direct 
evidence that FTIs may find use in the clinic when 
directed against RhoC-overexpressing tumors and 

suggest appropriate biological markers to evaluate 
during FTI treatment. 

introduction 
The term IBC^ was first coined in 1924 by Drs. Lee and 
Tannenbaum to describe a phenotypically distinct form of 
locally advanced breast cancer (LABC) (1, 2). IBC is a fast- 
growing, highly invasive, and metastatic form of LABC, which 
Is clinically characterized by primary skin changes (1-4). 
These primary skin changes are the result of blockage of the 
dermal lymphatics of the skin overlying the breast resulting in 
edema, peau d' aurange, and nipple retraction (1-4). At the 
time of diagnosis, nearly all tumors have spread to the re- 
gional lymph nodes and on close inspection, more than 
one-third of patients have gross distant metastases (1-4). 
Despite aggressive multlmodality treatments, the 5-year 
disease-free survival rate for women with IBC Is <45%, 
making IBC the deadliest form of breast cancer (1-4). 

During Investigation of the genetic mechanisms responsi- 
ble for the unique IBC phenotype, our laboratory Identified 
overexpression of RhoC GTPase In >90% of IBCs (5). RhoC 
GTPase Is a member of the Ras-homology family of small 
GTP-blndIng proteins and Is responsible for cytoskeletal re- 
organization during cellular motility (6-10). RhoC belongs to 
a highly homologous subfamily comprised of RhoA, RhoB, 
and RhoC (1,1). Although these family members have >90% 
sequence homology to one another, their roles In the cell are 
distinct (11). To determine the contribution of RhoC GTPase 
overexpression to the IBC phenotype, we generated stable 
RhoC-overexpressIng HME cell lines (HME-RhoC) (12). The 
HIVIE-RhoC clones nearly recapitulated the Invasive features 
of the IBC phenotype. Specifically, the cells grew under 
anchorage-independent conditions and produced tumors 
when orthotopically Injected Into athymic nude mice (12-14). 
The cells were highly motile and invasive and produced 
conditioned medium rich in pro-angiogenic cytoklnes in vitro 
(12-14). Taken together, these data demonstrate that over- 
expressed, active RhoC GTPase Is a mammary oncogene 
leading to advanced disease. 

Regulation of the GTPase activity of both the Ras and the 
Rho proteins is achieved through interactions of GAPs, GDIs, 
GDF, and GEFs (15,16). RhoA, RhoC, and a fraction of RhoB 
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are geranylgeranylated, and the remaining portion of RhoB is 
farnesylated (17-19). For the Rho proteins to enter the GDP/ 
GTP cycle they must be transported and localized to the 
membrane (19, 20). GTP binding produces a conformational 
change in the GTPase, thereby allowing interaction with 
downstream effector proteins (15, 21). Hydrolysis of GTP to 
GDP by the intrinsic Rho GTPase activity modulates the 
interaction with the effector protein (22, 23). The GTPase 
activity is greatly increased by activated GAPs, thus leading 
to increased hydrolysis of GTP (24). The entire process is 
balanced by the GDIs, which prevent GDP dissociation by 
binding to the prenylation group of the GTPase and seques- 
tering the complex in the cytoplasm (25). The GTPase is 
subsequently liberated from the GDI by GDFs, closing the 
cycle (25). 

In light of evidence demonstrating that FTIs can target 
non-Ras molecules, such as the RhoB protein, and recent 
work suggesting that RhoB alterations, specifically, the ac- 
cumulation of RhoB-GG, may interfere with transforming Rho 
signals, we sought to test the effect of FTIs on RhoC-trans- 
formed breast cells. 

Materials and Methods 
Cell Culture. Cell lines were maintained under defined cul- 
ture conditions for optimal growth in each case as described 
previously (26-28). E6/E7 immortalized HME cells (29) were 
grown in 5% FBS (Sigma Chemical Co., St. Louis, MO)- 
supplemented Ham's F-12 medium (JRH BioSciences, Le- 
nexa, KS) containing insulin, hydrocortisone, epidermal 
growth factor, and cholera toxin (Sigma Chemical Co.). Sta- 
ble HME transfectants containing either the human RhoC 
GTPase or control /3-ga/ genes were maintained in the de- 
scribed medium supplemented with 100 fig/ml hygromycin 
(LifeScience Technologies; Gaithersburg, MD) as described 
previously (12, 13). The SUM149 IBC cell line was grown in 
5% FBS-supplemented Ham's F-12 medium containing in- 
sulin and hydrocortisone. The HIVIE cells were characterized 
as being keratin 19 positive, thus ensuring that they are from 

Ahe same differentiation lineage as the SUIVI149 IBC tumor 
cell line. For FTI treatment, actively growing cells were 
treated with 25 /XM FTI L-744,832 and harvested 48 h later. 
Cell viability was assessed prior to assays using a trypan 
blue exclusion assay. Harvested cells were washed in 10 ml 
of HBSS (LifeScience Technologies). A 100-/xl aliquot was 
taken, diluted 1:1 with prediluted trypan blue (Sigma Chem- 
ical Co.), and counted on a hemacytometer. 

Transient transfections were performed by growing cells in 
100-mm plates until reaching 50% confluence. Expression 
constructs for wild-type RhoB, RhoB-GG, and a gera- 
nylgeranyl-deficient RhoB mutant were generated as de- 
scribed previously (30-32). The RhoB containing vectors or 
a vector control were introduced into the cells using Fu- 
Gene6 transfection reagent (Roche, Indianapolis, IN) as de- 
scribed previously (12). Transient transfectants were used in 
biological assays 24 h after transfection. 

Anchorage-independent Growth and Focus Formation. 
For anchorage-independent growth assays, a 2% stock of 

-sterile low-melt agarose was diluted 1:1 with 2x MEM. Fur- 
ther dilution to 0.6% agarose was made using 10% FBS- 

supplemented Ham's F-12 medium complete with growth 
factors, and 1 ml was added to each well of a six-well plate 
as a base-layer. The cell layer was then prepared by diluting 
agarose to 0.3% and 0.6% with 10^ cells (either untreated or 
25 /LM FTI L-744,832 for 24 h) in 2.5% FBS-supplemented 
Ham's F-12/1.5 ml/well. A 1-ml layer of medium was main- 
tained on top of the agar to provide nutrients and, in the case 
of the treated cells, additional inhibitor. Colonies >100 /am in 
diameter were counted after a 2-week incubation at 37°C in 
a 10% CO2 incubator. 

A modified focus formation assay was performed by har- 
vesting treated and untreated cells and plating at dilutions of 
1000, 500, and 100 cells/35-mm dish. The cells were then 
cultured for 2 weeks at 37°C in a 10% CO2 incubator. The 
plates were washed with 10 ml of PBS, fixed for 10 min with 
ice-cold methanol, and stained for 10 min with 2% methyl- 
ene blue in 50% ethanol, and visible foci were counted. 

Western Blot and RhoC Activation Analysis. Proteins 
were harvested from cell cultures using radioimmunoprecipi- 
tation assay buffer (1 x PBS, 1 % NP40, 0.5% sodium de- 
oxycholate, 0.1% SDS, 0.1 mg/ml phenylmethylsulfonyl flu- 
oride, 1 mw sodium orthovanadate, and 0.3 mg/ml aprotinin; 
Sigma Chemical Co.) Ten-/j,g aliquots were mixed with Lae- 
mmli buffer, heat-denatured for 3 min, separated by SDS- 
PAGE, and transferred to nitrocellulose. Nonspecific binding 
was blocked by overnight incubation with 2% powdered milk 
in Tris-buffered saline with 0.05% Tween'20 (Sigma Chem- 
ical Co.). Immobilized proteins were probed using antibodies 
specific for RhoC GTPase (33), or RhoB GTPase (Cytoskel- 
eton Inc. Denver, CO). Protein bands were visualized by ECL 
(Amersham-Pharmacia Biotech, Piscataway, NJ). 

A RhoC activation assay was performed as described 
previously (34, 35). Cells grown to 40% confluence were 
incubated in the presence or absence of 25 /JLM FTI L-744,832 
for 24 h. Proteins were harvested using GST-FISH buffer (34) 
and were centrifuged. The supernatant was mixed with a 
slurry of GST-rhotekin fusion protein bound to glutathione- 
sepharose beads. Only GTP-bound Rho binds to the GST- 
rhotekin fusion protein. The mixture was centrifuged, sepa- 
rated by SDS-PAGE, transferred to nitrocellulose and probed 
using a RhoC-specific antibody (33). Protein bands were 
visualized by ECL and exposed to Hyperfilm (Amersham). 

Semiquantitative RT-PCR. Total RNA was harvested 
from actively growing cells at 50% confluence using Trizol 
Reagent (Life Technologies), and cDNA was made using the 
AMV-reverse transcriptase kit (Promega, Madison, Wl). 
RhoC and RhoB transcripts were PCR amplified from ali- 
quots of cDNA using a 1:100 dilution of Rho-specific primers 
mixed with GAPDH primers. PCR products were then sep- 
arated on a 1.2% TAE-agarose gel and were visualized by 
ethidium bromide. The relative intensity of the Rho and 
GAPDH bands was measured using an Alpha Imager 2200 
(Alpha Innotech Co., San Leandro, CA). 

Motility and invasion Assays. Random motility was de- 
termined using a gold-colloid assay (36). Gold colloid was 
layered onto glass coverslips and placed into 6-well plates. 
Cells were seeded onto the coverslips and allowed to adhere 
for 1 h at 37°C in a COj incubator (12,500 cells/3 ml in 
serum-free medium). To stimulate the cells, the serum-free 



Molecular Cancer Therapeutics    577 

medium was replaced with 5% FBS containing Ham's F-12 
supplemented with growth factors and allowed to incubate 
for 3 h at 37°C. The medium was aspirated and the cells fixed 
using 2% gluteraldehyde (Sigma Chemical Co.). The cover- 
slips were then mounted onto glass microscope slides and 
areas of clearing in the gold colloid corresponding to phago- 
kinetic ceil tracks were counted. 

The invasion assay was performed as described previ- 
ously with minor modification (37). A 10-;nl aliquot of 10 
mg/ml Matrigel (BD Biosciences, Bedford, IVIA) was spread 
onto a 6.5-mm Transwell filter with 8 /j,m pores (Costar, 
Corning, NY) air-dried in a laminar flow hood, and reconsti- 
tuted with a few drops of serum-free medium. The lower 
chamber of the Transwell was filled with either serum-free or 
serum-containing media. Cells were harvested and resus- 
pended in serum-free medium with 0.1 % BSA at a concen- 
tration of 3.75 X 10^ cells/mi, and 0.5 ml was added to the 
top chamber. The chambers were incubated for 24 h at 37°C 
in a 10% CO2 incubator. The cell suspension was aspirated, 
and excess Matrigel was removed from the filter using a 
cotton swab. The filters were then cut away from the Tran- 
swell assembly and fixed, gel side down, with methanol to a 
glass microscope slide, stained with H&E, and 20 random 
x40 magnification fields were counted. The number of cells 
that had invaded into the serum-free medium-containing 
lower chambers were consifdered background and were sub- 
tracted from the number of invaded cells in the serum- 
containing samples. 

Statistical analysis was performed using a two-tailed Stu- 
dent f test. 

Apoptosis Assay. Cytofluorometric analysis of cell cycle 
distribution and apoptosis was performed by PI staining of 
nuclei as reported previously (38, 39). Briefly, cells were 
treated with 25 ^m. FTI L-744,832 (Merck) alone, 10 /XM 

LY294002 (Calbiochem, San Diego, CA) alone, or a combi- 
nation of both FTf L-744,832 and LY294002. Untreated and 
treated cells, 1 x 10^, were harvested from 35-mm wells, 
washed once with ice-cold PBS (Fisher Scientific, Pitts- 
burgh, PA) and pelleted; supernatants were removed and 
500 ;u,l of Pl-hypotonic lysis buffer [0.1% sodium citrate, 
0.1% Triton X, 100 j^g/ml RNAse type l-A, 50 /xg/ml PI 
(SIGMA)] were added. Samples were analyzed by flow cy- 
tometry after a 20-min incubation at 25°C. 

Rhodamine-Phallodin Staining of Actin Filaments. Vh 
sualization of actin filaments was accomplished by staining 
the cells with a rhodamine-conjugated phallotoxin. Briefly, 
cells were grown on glass coverslips for 48 h and washed 
with PBS followed by fixation with 1:1 ice-cold acetone and 
methanol. After a 30-min incubation In PBS containing 1 % 
BSA, 5 \i\ of methanolic rhodamine-phalloidin stock (Molec- 
ular Probes, Eugene, OR) were added to each coverslip and 
allowed to stain for 20 min at room temperature. After re- 
peated washing with PBS, the coverslips were mounted onto 
glass microscope slides using Gel/Mount (Biomedia Co., 
Foster City, CA). Cells were visualized under a Zelss scan- 
ning laser confocal microscope equipped with a 573-nm 
fluorescence filter. 

— SEM. Cells (12,000) were fixed with buffered 2.5% glut- 
araldehyde for 1 h, rinsed, and post-fixed for an additional 

hour with buffered osmium tetroxide. After dehydration in 
ascending strengths of ethanol, the cells were critical-point 
dried, mounted onto standard SEM stubs, and gold-sputter 
coated. They were viewed using an AMRAY 1000-B Scan- 
ning Electron Microscope. 

Results 
Effect of FTI Treatment on RhoC-overexpressing Breast 
Cells. The ability of cells to grow in soft agar is a hallmark of 
malignant transformation (40). Previously, we found that 
RhoC overexpression led to the growth of mammary epithe- 
lial cells under anchorage-independent conditions (12, 14). 
As demonstrated In Fig. 1A, treatment of RhoC-overexpress- 
ing HME cells and the SUM149 IBC cell line with 25 ^M FTI 
L-744,832 resulted in a significant decrease in anchorage- 
independent growth. Although the HME-p-gal control-trans- 
fected cells did not readily grow under anchorage-indepen- 
dent conditions, they were slightly affected by FTI treatment. 
The 80% decrease in anchorage-independent growth of the 
Rho-expressing cells did not correlate with a decrease in 
monolayer growth rate as determined by a 3-(4,5-dimethyl- 
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(data not shown). It has been suggested that FTI treatment 
sensitizes dells to apoptotic death on treatment with the PI3K 
inhibitor LY294002 (31). However, in our system, we did not 
observe an increase in apoptosis in cells treated with FTI 
L-744,832 alone, LY294002 alone, or a combination of the 
two, as has been observed for Ras-transformed cells (data 
not shown). 

To evaluate the effect of FTI treatment on RhoC-mediated 
cellular motility, we assessed the same treated cell lines in 
colloidal-gold random motility assay. Cells were seeded onto 
glass coverslips overlayed with a gold colloid and stimulated 
with serum to induce motility. Dlscernable and quantifiable 
tracks were left as the cells moved and phagocytized the 
gold colloid. At 24 h after stimulation, the SUM149 and 
HME-RhoC cells treated with FTI L-744,832 were 1.8- to 
2-fold less motile than their untreated counterparts (Fig. IS). 
Both the HME-/3-gal control and the MCF10AT c1 (an 
MCF10A clone transfected with a constituitively active Ras; 
Ref. 41) were unaffected by FTI treatment. As determined by 
a trypan blue dye exclusion assay, the reduction in cell 
motility was not caused by a decrease in the number of 
viable cells (data not shown). 

As shown in Fig. 1C, when the FTI-treated cells were 
tested for their ability to Invade through a Matrigel-coated 
filter in response to a chemoattractant, it was found that the 
SUM149 and HME-RhoC cells were 2-fold less invasive than 
the untreated cells. Again, the control cell lines, HME-/3-gal 
and MCF10AT c1, were unaffected by FTI treatment. 

Taken together, these data suggest that treatment of 
RhoC-overexpressing cells with a FTI leads to the inhibition 
of RhoC-medlated anchorage-independent growth, motility, 
and invasion without significantly affecting cell growth or 
viability. 

As demonstrated in Fig. 2, C and £, rhodamine-phaliodin 
staining for actin filaments shows a highly organized and 
polarized cytoskeleton in the RhoC-overexpressing cells. 
These actin bundles are lost or diminished on treatment with 
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Fig. 1. A, comparison of anchorage-independent growth of untreated 
and FTI L-744,832 treated cell lines in 0.6% soft agar. The growth of RhoC 
overexpressing cell lines, HME-RhoC and SUM149, were significantly 
inhibited (P = 0.001) by FTI treatment, which suggests a reversion of 
malignant transformation. B demonstrates a significant reduction in the 
motility of FTI-treated HME-RhoC cells. A reduction in motility, although 
not significant, was also observed for the SUM149 cells. A significant 
reduction (P = 0.01) in the ability to invade through a Matrigel-coated filter 
was also observed for the HME-RhoC and SDMI 49 cells (C). None of the 
effects that resulted from treatment with FTI could be attributed to a 

-decrease in viable cells,-as determined by trypan blue dye-exclusion 
assays or by apoptosis assays. 

FTI L-744,832 (Fig. 2, D and /=). Numerous focal adhesions 
were visible on the periphery of the treated cells. However 
loss of cytoskeletal polarity led to morphological changes 
towards a rounded shape, as demonstrated by laser scan- 
ning confocal microscopy and scanning electron microscopy 
(Fig. 2, G-J). The morphology of the control HME-j8-gal cells 
was also similarly affected, albeit to a lesser degree, by FTI 
treatment, as these cells became dissociated and flattened 
(Fig. 2, A and S). 

Rho Protein Levels Increase as a Result of FTI Treat- 
ment. To determine the effect of FTI treatment on RhoC 
expression, we performed semiquantitative RT-PCR and 
Western blot analysis. As shown in Fig. 3A, RhoC mRNA 
expression increased in all of the cell lines on FTI treatment 
A concordant increase in RhoC protein levels was also ob 
served, as determined by Western blot analysis usina a 
RhoC-specific antibody developed in our laboratory (33) TUe 
activity of RhoC was assessed using a GST-pulldown assav 
(34, 35). This assay utilizes a GST-fusion protein of a Rho- 
binding domain motif found in a variety of Rho-effector pro- 
teins. GTP-bound Rho is in its active state and can bind the 
Rho-binding domain (35). Using this assay, we found that in 
the SUM149 and HME-RhoC ceil, the levels of GTP-bound 
RhoC were not affected by FTI treatment, which indicated 
that RhoC activation itself was unaffected by RhoB and 
RhoC accumulation. As expected from the mRNA and oro- 
tein levels, activated RhoC was elevated in all of the FTI- 
treated cells, including the HME-/3-gal control cells. 

Because previous studies suggested a role for RhoB in 
reverting the malignant phenotype of Ras-transformed cells 
treated with FTI (42), we performed semiquantitative RT-PCR 
and Western blot analysis for RhoB. As shown in Fig 3S 
RhoB mRNA levels markedly increased 24 h after treatment 
with FTI L-744,832 in all of the cell lines tested. Furthermore 
RhoB protein levels were also significantly increased 

These results support earlier observations that the accu- 
mulation of RhoB, likely RhoB-GG but not farnesylated 
RhoB, leads to a reversion of the malignant phenotype by FTI 
(30, 42, 43). The mechanism of FTI inhibition of the RhoC- 
induced phenotype appears to be independent of direct 
action of the FTI oh geranylgeranylated RhoC. This is dem- 
onstrated by an accumulation of RhoC protein and 
change in its activity. 

Expression of RhoB-GG Recapitulates the FTI-medi- 
ated Effects on RhoC-overexpressing Breast Ceils In 
light of the previous experiments, we hypothesized that the 
accumulation of RhoB protein, specifically the RhoB-GG 
isoform that accumulates in FTI-treated cells, would be suf- 
ficient to revert the RhoC-induced phenotype. To test this 
hypothesis, we transiently transfected breast cells with 
RhoB-GG construct and performed a focus formation and 
random motility assay. As controls, we also transfected cells 
with a geranylgeranyl-deficient mutant RhoB construct 
Transfection efficiency was assessed by cotransfection with 
a j3-ga/ reporter gene and found to be -30-50% for the 
SUIVi149 and HME-RhoC cells. This assay could not be 
performed for the HME-^-gai controls since these cells 
already express the p-gal gene. However, RT-PCR usina 
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Untreated FTl Treated 

RhoB-GG 
Transfected 

Fig 2 Laser scanning confocai fluorescence microscopy tfi-F) of untreated and L-744,832 treated cells after staining with a rhodamine-tagged phallotoxin 
that targets F-actin bundles. A and B, the HME-/3-gai control ceils untreated and FTl L-744,832-treated, respectively. C and E demonstrate a highly 
organized and polarized cytoskeleton in the SUM149 and HME-RhoC cells, respectively. D and F demonstrate dissociated actin bundles and decreased 
cellular polarity on FTl treatment. G and H, are laser scanning confocai microscopy images, and / and J are scanning electron microscopy images of 
untreated and FTl-treated HME-RhoC cells, respectively, showing the changes in cell morphology. K and L are RhoB-GG-transfected HME-RhoC and 
SUM149 cells, respectively. 

vector-specific primers demonstrated mRNA expression in 
all of the cell lines tested. 

—Table 1 shows the results of a focus formation assay for 
the transfectants. The SUM149 and HME-RhoC cells, tran- 

siently transfected with RhoB-GG, formed significantly fewer 
foci than did the RhoB-GG-deficient mutant transfectants or 
the nontransfected cells. The morphology of the RhoB-GG- 
transfected cells were similar to their FTl-treated counter- 
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Fig. 3. Results of semiquantitative RT-PCR and Western blot analysis for 
RhoC GTPase (A) and RhoB GTPase (8). Densitometric comparison of the 
PCR products with a GAPDH internal standard demonstrated a modest 
increase in RhoC mRNA expression in all of the cell lines treated with FTl 
L-744,832 as compared with the untreated cell line. Similarly, an increase 
in RhoB mRNA expression was observed only for the HME-RhoC and 
SUM149 cell lines (S). A concurrent increase in RhoC protein levels was 
observed for the FTI-treated cell lines (A). This was accompanied by a 

"slight increase in RhoC activityas determined by a C21-GST pulldown 
assay. As shown in 6, RhoB protein levels increased in FTI-treated cells. 
kDa, M, in thousands. 

Table 1   Mean focus formation and SD after transient transfection with 
RhoB-GG, a geranylgeranyl-deficient RhoB (RhoB-A3), and vector alone 

The number of foci were assessed in triplicate 35-mm plates. The data 
presented are from a seeding density of 100 cells/plate. However, similar 
trends were seen when cells were seeded at 1000 or 500 cells/plate. 
Focus formation was dramatically reduced in the RhoC-overexpressing 
HME-RhoC and SUM149 cells by expression of geranylgeranylated RhoB, 
but not an unprenylated mutant (RhoB-A3). Although a trend was noted, 
statistical analysis by a Kruskal-Wallis test did not demonstrate a signif- 
icant difference between the groups. 

Cell line Vector alone RhoB-GG RhoB-A3 

HME-p-gal 
HME-RhoC 
SUM149 
MCFIOATcl 

48.5 ± 5.5 
85 ±3 

19.5 ±1.5 
53.5 ± 0.5 

24.5 ± 1 
23.5 ± 1 

5 + 0.5 
25.5 ± 6 

36.5 ± 2.5 
69 ± 6.5 

20.5 ± 1 
46 ± 1.5 

■ Vectoralone  aRhoB.GS  aRhoB-AS 

HME- p.gal 

Fig. 4. Random motllity assay of HME-p gal, HME-RhoC, and SUM149 
cells transfected with either vector alone, RhoB-GG, or a geranylgeranyl 
mutant RhoB-A3. Although cell motility was not significantly altered, a 
trend was seen in the HME-RhoC and SUM149 cells transfected with 
RhoB-GG that resembled FTl treatment. 

parts (Fig. 2, K-L). Similarly, the RhoB-GG transfectants were 
less motile when tested in the colloidal-gold assay (Fig. 4). 
Although statistical significance was not reached for the 
transfectants, the trends indicate that expression of 
RhoB-GG leads to decreased motility in RhoC-overexpress- 
ing breast cells. These data provide evidence for a role for 
RhoB-GG as a mechanism for Inhibiting or reverting the 
RhoC-induced phenotype in these cells. 

Discussion 
The observation that H-Ras was inactive and not localized to 
its specific membrane compartment after FTl treatment led 
to the idea that these inhibitors could be used therapeutically 
(44-48). Like Ras, the Rho GTPases are posttranslationally 
modified to locate them to their distinct cellular compart- 
ment, so that they can carry out their specific function (17- 
19). Each Rho protein contains a COOH-terminal CAAX do- 
main that determines prenylation and polybasic residues in 
the hypervariable domain, upstream of the CAAX domain, 
which dictate proper membrane localization (49). 
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Membrane localization and trafficking of the Rho GTPases 
are complex phenomena. Rho proteins are, in their inactive 
state, localized in the cytosol, sequestered there by specific 
RhoGD (25). On activation, the GTP-bound protein is preny- 
lated and transported to its specific membrane compart- 
ment. The type of prenylation is dependent on the Rho 
protein (50-53). RhoG GTPase is geranylgeranylated, 
whereas RhoB is both geranylgeranylated and farnesylated 
(17-19,50,51). 

It has been demonstrated that in vitro, Rho GTPases can 
self-aggregate (54). Gdc42 and Rac2 homodimer formation 
has been implicated in the negative regulation of the activity 
of those proteins (55). RhoB and RhoC GTPase have been 
found to exist, not as homodimers, but as either monomeric 
or oiigomeric complexes. In addition, RhoC has been shown 
to have an arginine finger motif COOH-terminal to the CAAX 
domain, which imparts self-activated GTPase regulatory 
function (54). Specifically, GTP-bound RhoC, when in com- 
plex with itself, can self-convert to RhoC-GDP. In contrast, 
RhoB does not contain this arginine domain and, therefore, 
does not have intrinsic GAP activity. It is yet unknown 
whether RhoB and RhoC can form heterodimers either in 
vitro or in vivo. Because FTI cannot directly block gera- 
nylgeranyl RhoC function, one possible explanation for i=TI 
suppression of RhoC function is that accumulation of 
RhoB-GG leads to the ollgomerization of RhoC, which leads 
to increased intrinsic GAP activity and GTPase deactivation. 

The promise of FTIs as a potent therapeutic reagent has 
been supported by in vivo studies. Mammary tumors that 
develop in K-Ras transgenic mice can be growth inhibited by 
FTI treatment (56). Lebowitz etai. (30) and Prendergast etal. 
(57-59) have provided have evidence that FTI suppression of 
Ras transformation was accomplished by interfering with 
Rho activity, because Rho was shown to be critical in Ras- 
induced transformation. Subsequent experiments demon- 
strated that a shift from farnesylated RhoB GTPase to 
RhoB-GG occurred on FTI treatment (30, 31, 60, 61). The 
shift in the specific forms of prenylated RhoB is accompa- 
nied by the accumulation and mislocalization of RhoB-GG, 
which is normally a short-lived protein (with a half-life of 2-4 
h in cells; Refs. 30, 62). Our present data support these 
observations. In this study, we observed increased expres- 
sion and accumulation of RhoB, presumably RhoB-GG, on 
treatment with FTI L-744,832. We also demonstrated that 
transient transfection of RhoC-overexpressing breast cells 
with RhoB-GG, recapitulated the effects of FTI treatment, 
inhibiting focus formation and random motiiity, whereas 
transfection with the RhoB GG-deficient mutant failed to 
mimic FTI effects. 

In Ras-transformed cells, the effects of RhoB-GG may be 
attributable to a "gain-of-function" and relocalization of the 
protein (42, 43, 59, 63). Normally, RhoB GTPase is involved 
in vesicular and receptor trafficking (64). However, after FTI 
treatment, the inhibition of farnesylated RhoB and the accu- 
mulation of RhoB-GG, may lead to altered functions. The 
biosynthesis of geranylgeranyl PP, is the next step after the 
synthesis of farnesyl PP, in the acetyl-CoA pathway of cho- 
lesterol synthesislreviewed byXohen etal.; Ref. 48). There- 
fore, FTI treatment may provide more substrate for the gera- 

nylgeranyl PPi synthase to produce geranylgeranyl PP| and, 
ultimately, functionally geranylgeranylated Rho. Further- 
more, several investigators suggest that a membrane recep- 
tor may exist that binds to the Rho prenyl-group, thereby 
helping to specifically localize it to a membrane compart- 
ment (51, 65-67). in this scenario, the accumulation of 
RhoB-GG may compete with RhoC, displacing it and possi- 
bly preventing it from interacting with downstream effector 
molecules. 

In our experiments, we demonstrate that on FTI-treatment, 
RhoC levels also increase; however, the ratio of RhoB:RhoC 
remains increased over pretreatment levels. Furthermore, we 
speculate that RhoC may be accumulating in the cytoplasm, 
or, if it is reaching the inner membrane, its effect on the ceil 
is attenuated by RhoB-GG. These ideas have yet to be 
tested. As demonstrated by labeling the actin cytoskeleton 
with a rhodamine-labeled phallotoxin, the polarized actin 
bundles associated with the motile RhoC cells are nearly lost 
on FTI treatment. Although focal adhesions are visible in both 
treated and untreated cells, they are located exclusively 
around the outside edges of the FTI-treated cells. Both laser 
confocal and scanning electron microscopy demonstrate 
that, as observed previously (57), the cells have lost their 
polarity and are flattened. 

in contrast with Ras-transformed ceils, the growth rate of 
the RhoC-overexpressing cells was only slightly affected by 
FTI treatment. Cell viability was also unaffected. Again, this is 
In contrast to previous experiments, which demonstrated 
that a combination of FTI and LY294002 (an inhibitor of 
P13K) led to increased apoptosis in Ras-transformed cells 
(31) but not in RhoC-overexpressing cells. 

Taken together, these data suggest that FTIs may prove a 
potent novel therapeutic agent against tumors that overex- 
press RhoC GTPase. This is the first report of FTI inhibition of 
the cancer phenotype induced specifically by overexpres- 
sion of RhoC GTPase. The mechanism of FTI action In RhoC- 
overexpressing IBC and HME transfectants may be similar to 
that previously described for Ras-transformed cells, namely, 
that the effect is mediated by the accumulation of RhoB-GG. 
However, as described above, there are notable differences 
In how FTI treatment affects cell growth in Ras-transformed 
versus RhoC-overexpressing cells. In addition to IBC, it has 
been demonstrated that aggressive noninflammatory, meta- 
static breast cancers, advanced pancreatic cancer, and met- 
astatic melanoma overexpress RhoC GTPase, and this event 
significantly contributes to their clinical behavior; therefore, 
FTI treatment may be effective against these aggressive 
cancers (33, 68, 69). Our data support testing whether FTI 
treatment is efficacious in these aggressive RhoC-driven 
malignancies. 
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Abstract 

Recent genetic investigations have established that RhoB gain-of-function is sufficient to 

mediate the antitransforming effects of farnesyltransferase inhibitors (FTIs) in H-Ras- 

transformed fibroblast systems. In this study, we addressed the breadth and mechanism of RhoB 

action in epithelial cells transformed by oncoproteins which are themselves insensitive to FTI 

inactivation. Rat intestinal epithelial cells (RIE cells) transformed by activated K-Ras or Racl 

were highly sensitive to FTI-induced actin reorganization and growth inhibition, despite the 

inability to FTI to block prenylation of either K-Ras or Racl.   Ectopic expression of the 

geranylgeranylated RhoB isoform elicited in cells by FTI treatment phenocopied these effects. 

Analysis of RhoB effector domain mutants pointed to a role for PRK, a Rho effector kinase 

implicated in the physiological function of RhoB in intracellular receptor trafficking, and these 

findings were supported further by experiments in a fibroblast system.  We propose that FTIs 

recruit the antioncogenic RhoB protein in the guise of RhoB-GG to interfere with signaUng by 

prooncogenic Rho proteins, possibly by sequestering common exchange factors or effectors such 

as PRK that are important for cell transformation. 
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Introduction 

Famesyltransferase inhibitors (FTIs) are a class of signal transduction inhibitors in cancer 

clinical trials that are providing a useful new tool to study neoplastic pathophysiology. FTIs 

were designed to attack Ras oncoproteins, the function of which depends upon posttranslational 

modification by famesyl isoprenoid. However, it has become increasingly clear and accepted 

that the drugs' antineoplastic properties can be traced to a large degree to an alteration in the 

prenylation and function of proteins other than Ras (Adjei, 2001; Cox, 2001; Prendergast, 2000a; 

Prendergast, 2001; Prendergast & Oliff, 2000; Rowinsky et al., 1999; Sebti & Hamilton, 2000). 

One candidate target that has emerged from studies of the cellular response to FTI is RhoB. 

Investigations of this endosomal Rho protein have revealed an antioncogenic function that is 

recruited in cells by FTI through a gain-of-function mechanism (Prendergast, 2000a; 

Prendergast, 2001). Genetic investigations have established that RhoB is sufficient and/or 

necessary to mediate many facets of the FTI response displayed in mouse and rodent model 

systems or in human cancer cells (Du et al., 1999a; Du & Prendergast, 1999; Liu et al., 2000). 

These findings have been extended recently by the identification of RhoB as a negative modifier 

function in cancer cells that is required for the antineoplastic response to DNA damaging agents 

and pacHtaxel (Liu et al., 2001a; Liu et al., 2001b). Thus, the use of FTIs to probe neoplastic 

pathophysiology has yielded two new concepts: the concept that Rho signaling affects 

chemotherapeutic responses, and the concept that cancer chemotherapeutics must recruit 

negative modifier functions to effectively target neoplastic cells. 
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Important remaining issues regarding RhoB in the FTI response include the following. 

First, the main evidence for this link has been obtained in cells transformed by H-Ras, which is a 

relatively less important human oncogene than K-Ras. Is RhoB involved in the FTI response in 

K-ras-transformed cells? This question bears on the long-standing issue of how FTI manages to 

suppress K-ras transformation without blocking K-ras prenylation (due to the ability of 

geranylgeranyltransferase-I [GGT-I] to prenylate and maintain the function of K-ras in FTI- 

treated cells (Lemer et al., 1997; Rowell et al., 1997; Whyte et al., 1997). Second, what effector 

signaling pathways does RhoB use to mediate its antiproliferative effects in transformed cells? 

Work from Mellor and colleagues has defined a function for RhoB in intracellular receptor 

trafficking (Gampel et al., 1999), which depends upon interactions with the Rho effector kinase 

PRK (Flynn et al., 2000; Mellor et al., 1998), but it is not known whether this pathway is 

involved in the antiproliferative actions of RhoB in transformed cells. This question also bears 

on the relationship between RhoB and its prooncogenic relatives, the RhoA and RhoC proteins, 

which can also interact with PRK as well as other Rho effector proteins (due to the identical 

effector domains on the RhoA/B/C proteins). Prooncogenic Rho signals are required for 

transformation by Ras (Khosravi-Far et al., 1995; Qiu et al., 1995). Marshall and colleagues 

have proposed that this requirement is based on the negation of cell cycle kinase inhibitors 

(CDKIs) that are induced by oncogenic Ras (Olson et al., 1998). Because of the identity of the 

effector domains in the RhoA/B/C proteins, the simplest way to interpret the antagonistic effects 

of RhoB on transformation is to propose that it antagonizes signaling from the prooncogenic 

RhoA/C proteins (Prendergast, 2001), perhaps by sequestering common Rho effector molecules 

such as PRK kinases. A strong prediction of this model is that FTI should block transformation 

by prooncogenic Rho proteins that are geranylgeranylated.  Work in this study and elsewhere 



DUetal. 

(van Golen et al., 2002) offers evidence to support this model, which may promote insights into 

RhoB function and its role in the response to FTI and other chemotherapeutics. 

Materials and Methods 

Cell Culture. All cells were cultured in Dulbecco modified Eagle medium (DMEM; 

Life technologies) supplemented with 10% fetal bovine serum (FBS) and antibiotics. Rat 

intestinal epithelial (RIE) cells were transformed with an activated K-Ras-4B(G12V) cDNA 

expressed from a neo-tagged pZIP retro viral vector or with an activated Racl(Q61L) cDNA 

expressed from a neo-tagged pcDNA3 vector (In vitro gen). Cells were passaged 48 hr after 

transfection in media containing 500 jUg/ml G418 and transformed colonies were ring cloned and 

expanded as clonal cell lines. Transgene expression in transformed cell lines was confirmed by 

Western analysis. Multiple clones tested for FTI responsiveness yielded highly similar results; 

representative data from a single randomly chosen K-Ras or Racl clone is presented in the study. 

RIE/K-ras or RIE/Racl derivatives that expressed RhoB-GO or RhoB-GG effector mutants were 

generated by infection with recombinant retroviruses. For these experiments, a hemagglutinin 

antigen epitope (HA)-tagged RhoB-GG cDNA that had been described previously (Du et al., 

1999a) was subcloned into the replication-incompetent retro viral vector MSCVpac that includes 

a puromycin selection marker (Hawley et al., 1994). Effector mutants generated in the HA- 

RhoB-GG cDNA were similarly subcloned into MSCVpac (oligonucleotide sequences used for 

plasmid constructions are available upon request). Recombinant MSCVpac viruses were 

packaged by standard methods in Phoenix cells. After infection cells were passaged in DMEM 

media containing 1 /Ag/ml puromycin and drug-resistant cell populations were pooled for 
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analysis. The mutant v-H-Ras-transformed Ratl cell line Ratl/ras used in this study has been 

described previously (Du & Prendergast, 1999; Kohl et al., 1993). Ratl/ras cells were 

transfected with epitope-tagged wildtype or kinase-dead PRK2 expression vectors or with the 

pcDNA3 vector alone using the commercial CalPhos mammalian transfection kit, using the 

vendor's instructions (Clontech). Cells were passaged 48 hour after transfection in media 

containing 100 jtig/ml zeocin, ring cloned, and expanded as cell lines. Transgene expression was 

confirmed in cell populations by Western analysis. 

Western analysis. Cell extracts prepared in NP40 lysis buffer were analyzed by standard 

blotting methods using a commercial chemiluminescence kit to develop the blots (Pierce). K- 

RasV12 was detected with sc-30 mouse monoclonal antibody, Racl was detected with sc-217 

rabbit antisera, and endogenous RhoB was detected with sc-180 rabbit antisera (Santa Cruz 

Biochemicals); HA-tagged RhoB transgene was detected with anti-HA mouse monoclonal 

antibody 12CA5 (Roche Biochemicals); PRK2 was detected with anti-PRK2 antibody 

(Transduction Laboratories); myc epitope-tagged kinase-dead PRK2 was detected with anti-myc 

monoclonal antibody 9E10; V5 epitope-tagged PRK2 transgene was detected using an anti-V5 

antibody (Invitrogen). 

Cell morphology. Cells were seeded in a 10 cm tissue culture dish and photographed 24 

hr later at lOOx magnification under the conditions noted. In FTI experiments, dimethyl 

sulfoxide (DMSO) was added as vehicle in control trials to no more than 0.1% (v/v) of culture 

media. 
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Cell proliferation and viability assays. Anchorage-dependent cell growth in monolayer 

cultures was measured by MTT [3- (4,5-dimethylthiazoly-2-yl)2,5-diphenyltetrazoUum bromide] 

assay (Roche) according to manufacturer's protocol. Briefly, cells were seeded at 2000 cells per 

well in 96-well culture plates in quadruplicate. At appropriate times, 0.5 mg/ml MTT was added 

to each well and the 96-titer plate was incubated at 37°C in a humidified incubator in which 5% 

CO2 was maintained. After 4h 100 jul of solubilization buffer (10% SDS in 0.01 M HCl) was 

added to each well and incubated overnight in a humidified atmosphere before quantification. 

To monitor anchorage-independent cell proliferation, colony formation assays in soft agar 

culture were performed as described previously (Du et al., 1999a). Apoptosis was quantitated by 

flow cytometry using standard methods that have been described previously (Liu et al., 2001a; 

Liu et al., 2000). The proportion of apoptotic cells in a population was defined as the proportion 

of cells exhibiting sub-Gl phase DNA. 

Actin immunofluroscence. Cells were seeded onto coverslips in six-well dishes and 

treated 24 hr with 10 /xm FTI or an equivalent volume of vehicle. Cells were fixed and stained 

with fluorescein-phalloidin (Molecular Probes) and photographed using indirect 

immunofluorescence microscopy as described previously (Prendergast et al., 1994). 

Transcription assay. A derivative of the SRE reporter construct 3D.ACAT that used 

luciferase instead of chloramphenicol acetyl transferase as the reporter gene was employed to 

probe the effects of various RhoB effector mutations on SRE activation. Transcription assays 

were performed essentially as described previously, using the 6-galactosidase reporter plasmid 

CMV-6-gal to normalize for transfection efficiency (Lebowitz et al., 1997b). 
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Results 

Intestinal epithelial cells transformed by K-Ras or Racl are highly susceptible to 

FTI treatment: association with elevation of RhoB-GG. RIE/K-ras cells were generated by 

transformation with the activated K-Ras mutant K-Ras4B-G12V. The response of these cells to 

famesyltransferase inhibition was studied using the FTI L-744,832, a highly potent and specific 

compound that does not block the activity of cellular geranylgeranyltransferases (Kohl et al., 

1995). Control experiments to examine the effects of FTI on untransformed REE cells employed 

the matched vector cell line RIE/neo. FTI treatment rapidly elicited an elevation in the levels of 

the geranylgeranylated isoform of RhoB that is synthesized in drug-treated cells (RhoB-GG), 

consistent with previous observations (Lebowitz et al., 1997a). RhoB-GG induction was more 

pronounced in RIE/K-ras cells but in both cell lines its elevation was detectable as early as 4 hr 

after drug treatment, preceding any apparent cellular response (Fig. lA). Within 12-16 hr a 

dramatic shift in the morphology of drug-treated RIE/K-Ras cells became apparent (Fig. IB). 

The flattened and enlarged morphology observed was highly reminiscent of the phenotypic 

reversion displayed in H-Ras transformed fibroblasts, and unexpectedly, due to the reported 

'resistance' of K-Ras-transformed fibroblasts to FTI treatment, within the same dose range. 

While less dramatic, the morphology of untransformed RIE/neo cells was altered similarly with 

the same kinetics and dose range (Fig. IB). Following work in fibroblast systems, which links 

phenotypic reversion to a RhoB-dependent reorganization of the actin cytoskeleton (Du et al., 

1999a; Liu et al., 2000), we examined the organization of F-actin in drug-treated RIE cells. As 

expected, K-Ras transformation was associated with a complete disruption of the stress fiber 

network that characterized untransformed RIE cells (Fig. IC).   Similar to what is seen in 
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fibroblast models (Prendergast et al., 1994), the morphological shift produced by FTI was 

associated with the reinstatement of a stress fiber network in RIE/K-ras cells and with the 

stimulation of a more robust stress fiber network in RIE/neo cells. RhoB-GG is sufficient and 

necessary to mediate FTI-induced actin reorganization in H-Ras-transformed fibroblasts (Du et 

al., 1999a; Liu et al., 2000); the induction of RhoB-GG by FTI in ROE cells was consistent with a 

similar role here. 

The proliferation of RIE/K-ras cells were also highly sensitive to disruption by FTI 

treatment, despite the noted inability of FTI to block K-Ras prenylation and therefore function. 

The proliferation of RIE/K-ras cells in monolayer culture was virtually halted by FTI treatment 

(Fig. 2A). The IC50 for this effect was similar to from that required to block the proUferation of 

H-Ras-transformed fibroblasts (data not shown). By comparison, the division of RIE/neo cells 

was slowed, but not stopped, consistent with previous demonstrations that FTIs more effectively 

target the growth of transformed cells. Under anchorage-independent conditions, where RIE/K- 

ras but not RIE/neo cells were capable of cell division, a similar sensitivity of RIE/K-ras cells to 

growth suppression by FTI treatment was demonstrated (Fig. 2B). Consistent with observations 

in K-Ras-transformed NRK fibroblasts (Suzuki et al., 1998), RIE/K-ras cells were susceptible to 

FTI-induced apoptosis under low growth factor conditions (data not shown). The dose required 

to suppress colony formation or induce apoptosis under these different conditions (1-5 (iM L- 

744,832) was in the same range as that determined in assays using H-Ras-transformed 

fibroblasts. These observations also contrasted with the reported 'resistance' of K-Ras- 

transformed fibroblasts to FTI treatment. We concluded that, despite the well-documented 

inability of FTI to block K-Ras prenylation, due to its alternate geranylgeranylation in FTI- 
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treated cells (Lemer et al., 1997; Rowell et al., 1997; Whyte et al., 1997), RIE/K-ras cells were 

fully susceptible to the antitransforming effects of FTI treatment. 

To explicitly test whether FTI could bypass a geranylgeranylated oncoprotein to suppress 

cell transformation, we investigated the response of Racl-transformed cells to FTI treatment. 

Racl is solely geranylgeranylated in cells so FTI L-744,832 can not affect the function of this 

oncoprotein. The activated mutant Racl-Q61L was used to generate transformed RIE/racl cells. 

As before, FTI treatment rapidly elicited an elevation in the cellular levels of RhoB-GG within 4 

hr of drug treatment, preceding any apparent cellular response (Fig. 3A). The phenotype of 

RIE/racl cells was comparatively flat, relative to RIE/neo control cells, pronounced membrane 

ruffles were apparent which gave the cells a hard-edged appearance. Within 12-16 hr of drug 

treatment, a shift in the morphological phenotype could be seen, with a loss of the pronounced 

membrane ruffles and a subtle flattening of cell shape (Fig. 3B). F-actin staining revealed the 

presence of both ruffles (blurred in the figure) and stress fibers in untreated RIE/racl cells (Fig. 

3C). More pronounced pseudopods were also apparent. Interestingly, FTI treatment diminished 

the ruffles and pseudopods but had little overt effect on stress fiber organization (Fig. 3C). The 

proliferation of RIE/racl cells in monolayer culture was suppressed by FTI treatment, but under 

these conditions not as robust as produced in RIE/K-ras cells (Fig. 3D). However, under 

anchorage-independent conditions, growth suppression was more robust and comparable to that 

seen in RIE/K-ras cells (Fig. 3E). As before, the antiproliferative effects were achieved at dose 

ranges that were comparable to those required to block the anchorage-independent growth of H- 

Ras-transformed fibroblasts. We were unable to perform the apoptosis experiment, because 

RIE/racl cells underwent apoptosis when deprived of serum growth factors (data not shown). 

10 
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Nevertheless, these observations indicated that RIEl/racl cells were susceptible to the 

antitransforming effects of FTI, despite its inability to block the geranylgeranylation and 

therefore the function of the Racl oncoprotein. We concluded that FTI could bypass 

geranylgeranylated 'driver' oncoproteins to elicit reversion and suppress proliferation in 

transformed cells. 

RhoB-GG phenocopies the actin reorganization and growth suppression produced 

by farnesyltransferase inhibition in transformed intestinal epithelial cells. In H-Ras- 

transformed fibroblast model systems, the RhoB-GG elicited by FTI is sufficient and necessary 

to mediate actin reorganization and sufficient to suppress proliferation (Du et al., 1999a; Liu et 

al., 2000). The ability of FTI to elicit RhoB-GG in RIE cells prompted us to confirm whether 

ectopic RhoB-GG was sufficient to phenocopy the FTI response in these cells. RIE/K-ras or 

RIE/neo cell populations that stably expressed RhoB-GG or vector sequences were generated by 

infection with recombinant retroviruses (Fig. 4A). RhoB-GG expression caused a slight 

flattening of RIE/neo cells, increasing their size to a degree similar to FTI treatment (Fig. 4B, top 

panels). RhoB-GG also caused a flattening of RIE/K-ras cells, but only to a partial extent that 

did not fully mimic that achieved by FTI treatment (Fig. 4B, bottom panels). The partial effect 

seen might reflect a dose response; FTI induces endogenous RhoB-GG to much higher levels in 

RIE/K-ras cells than RIE/neo cells (Fig. lA), so the dose of ectopic RhoB-GG might reach the 

dose needed to induce the full morphological shift in RIE/neo cells, but not in RIE/K-ras cells. 

Alternately, RhoB-GG might not be sufficient to phenocopy the morphological shift fully. The 

latter interpretation is perhaps more appealing, insofar as ectopic RhoB-GG could phenocopy the 

actin stress fiber induction to a more similar extent in both RIE/neo and RIE/K-ras cells (Fig. 

11 
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4C). This result argues that the induction of endogenous RhoB-GG by FTI is sufficient to 

mediate actin reorganization. Ectopic RhoB-GG also effectively phenocopied the growth 

suppression of RIE/K-ras cells by FTI, both in monolayer culture (data not shown) and under 

anchorage-independent conditions (Fig. 4D). Similar antiproliferative effects of RhoB-GG were 

observed under the same conditions in RIE/racl cells (data not shown). We concluded that the 

induction of RhoB-GG by FTI was a sufficient cause to mediate actin stress fiber formation and 

growth inhibition. 

Evidence of a role for the RhoB effector kinase PRK in the antiproUferative effects 

of farnesyltransferase inhibition in transformed cells. The results above suggest that RhoB- 

GG indirectly interferes with cell transformation by K-Ras or Racl, consistent with other 

evidence that RhoB has antioncogenic role in cells (Liu et al., 2001a; Liu et al., 2001b). To 

probe the basis for its activity, we investigated the effect of various effector domain mutations in 

RhoB-GG. RhoB is ~90% identical to RhoA in its primary structure, and in particular, the 

effector domains of these small GTPases are identical. Thus, effector molecules that have been 

defined through interaction with RhoA have in every case tested also interacted with RhoB, as 

would be expected on the basis of structural considerations. In a retroviral vector, we introduced 

into RhoB-GG six different effector domain mutations that have been shown in RhoA to affect 

interactions with various Rho effector molecules to variable degrees (Table I). RIE/K-ras cell 

populations that expressed these mutant derivatives were then examined in the assays for actin 

organization and anchorage-independent growth used above. Since the response of cells to FTI 

and RhoB is influenced by serum growth factors (Liu et al., 2000), we also tested the effector 

mutants for their ability to activate transcription of the serum response element (SRE), a 

12 
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transcriptional target of RhoB (Lebowitz et al., 1997b).  The results of these experiments are 

summarized in Table I and shown in Figures 5 and 6. 

The set of effector domain mutants tested discriminated between possible mechanisms of 

growth suppression and SRE activation, but not actin reorganization. All the effector mutants 

were able to induce actin stress fibers to a considerable degree in RIE/K-ras cells (Fig. 5A). 

These observations included the T37Y mutant which binds weakly to most Rho effector 

molecules (Sahai et al., 1998).   This result argued that interactions with several different 

effectors could trigger actin reorganization, any one of which may be sufficient. In contrast to 

this result, two mutants clearly discriminated interactions with the Rho effector kinase PRK as 

important for suppression of anchorage-dependent growth and SRE activation (Fig. 5B and Fig. 

6). The patterns of activity for F39L and E40T, mutants which retained the abiUty to bind PRK, 

Unked productive interactions with RhoB-GG to its ability to suppress proliferation and activate 

transcription (Table I).   This connection was satisfying, insofar as the results were highly 

consistent with the evidence that PRK interaction is crucial for the physiological function of 

RhoB in the intracellular trafficking of the EGF receptor and perhaps other receptors (Gampel et 

al., 1999; Melloretal., 1998). 

To further probe the relationship of PRK to the FTI response, we expressed it in Ratl/ras 

fibroblasts, an H-Ras-transformed cell system that has been widely used for FTI studies (Du et 

al., 1999a; Du et al., 1999b; Kohl et al., 1993; Lebowitz et al., 1995; Lebowitz et al., 1997c; 

Prendergast et al., 1994). For these experiments we used PRK2 since this PRK isoform is 

expressed in Ratl/ras cells; both PRKl and PRK2 are recruited similarly by RhoB to endosomal 

13 
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vesicles (Gampel et al., 1999; Mellor et al., 1998; H. Mellor, pers. comm..)- To probe possible 

effects of the PRK kinase domain or membrane recruitment, we also expressed a kinase-dead 

mutant (PRK2-KD) or an N-myristoylated derivative of PRK2 in Ratl/ras cells. Several clones 

analyzed for each Ratl/ras derivative acted similarly; results from representative clones are 

presented here (Fig. 7A). Interestingly, ectopic PRK2 relieved the requirement for serum 

deprival for FTI to induce apoptosis in Ratl/ras cells. Under control conditions (i.e. monolayer 

culture in media containing 10% fetal bovine serum), FTI treatment induces reversion and 

growth inhibition in Ratl/ras fibroblasts, whereas if serum growth factors are deprived, FTI 

treatment triggers an apoptotic program (Du et al., 1999c). In contrast to vector control cells, 

which acted like the parental cells, PRK2-expressing cells underwent apoptosis in serum- 

containing media as evidenced in phase micrographs or flow cytometry (Figs. 7B and 7C). The 

kinase activity of PRK2 was implicated, because cells expressing the kinase-dead PRK-KD 

mutant did not recapitulate the effect, instead retaining the requirement of serum deprivation for 

FTI-induced apoptosis. Myr-PRK2-expressing cells were resistant to FTI-induced apoptosis. 

Myristylation relieves the requirement for Rho to mediate membrane recruitment. Therefore, the 

ability of myr-PRK2 to block apoptosis suggested that the proapoptotic effects of PRK2 in the 

FTI response were linked not only to its kinase activity but also to its localization and/or 

movement in cells. This observation was notable in light of the evidence that FTI alters the 

localization as well as the level of RhoB-GG in cells, and that both changes might be needed for 

the FTI response (Adamson et al., 1992; Du et al., 1999a; Lebowitz et al., 1995). Taken together 

with the RIE results, these experiments supported a role for PRK activity and localization in the 

RhoB-mediated facets of the FTI response. 

14 
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Discussion 

The results of this study offer direct evidence that RhoB gain-of-function is a sufficient 

cause for FTI to bypass the action of famesyl-independent oncoproteins in suppressing cell 

transformation. The work strengthens the connection between RhoB and the FTI response by 

confirming its relevance in cells of epithelial origin, where actin-dependent polarity signals that 

impact transformation and proliferation processes likely occur through distinct mechanisms that 

are irrelevant in fibroblasts. The results also support a role for interactions with the Rho effector 

protein PRK in mediating RhoB-dependent facets of the FTI response. PRK is a critical effector 

for the physiological function of RhoB in intracellular receptor trafficking, and our observations 

are consistent with a link between this function and the antiproliferative effects of RhoB. 

K-ras-transformed RIE cells were highly susceptible to FTI treatment, lacking the relative 

'resistance' observed by some laboratories in K-ras-transformed fibroblasts (compared to H-Ras- 

transformed fibroblasts). Although this resistance has been ascribed to the relatively higher 

avidity of K-Ras for FT, compared to H-Ras, our observations suggest that the 'resistance' 

phenomenon is a cell type-specific property unrelated to the avidity of different Ras proteins for 

FT. Indeed, since the oncogenic activity of K-Ras remains intact when the protein is 

geranylgeranylated, as it is in FTI-treated cells, the ability of FTI to suppress K-ras 

transformation is more readily explained by effects on non-Ras targets. Our observations rule in 

RhoB gain-of-function as a sufficient cause for explaining the suppression of K-ras 

transformation by FTI. 

15 
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Another illustration that FTI can bypass geranylgeranylated oncoproteins to suppress 

transformation was provided by the demonstration that RIE/rac cells were susceptible to FTI. 

Racl is solely geranylgeranylated in cells, so FTI must act by indirectly to blocking 

transformation; the induction of RhoB-GG and its ability to phenocopy FTI effects as in RIE/K- 

ras cells is consistent with a role for RhoB in the drug response. These observations have been 

corroborated and extended still further by the demonstration that FTI treatment both induces 

RhoB and suppresses RhoC-dependent transformation of human mammary epithelial cells (van 

Golen et al., 2002). This result has clinical implications, because RhoC overexpression occurs in 

>90% of inflammatory breast cancers and ectopic RhoC recapitulates phenotype of these cancers 

(van Golen et al., 1999; van Golen et al, 2000a; van Golen et al., 2000b). FTI was shown to 

inhibit the anchorage-independent growth, motility, and invasion of RhoC-transformed cells, and 

ectopic RhoB was sufficient to phenocopy these effects (van Golen et al., 2002). Like Racl, 

RhoC is solely geranylgeranylated in cells, so these observations strongly reinforce the notion 

that FTIs interfere with prooncogenic Rho signals by eliciting RhoB-GG. 

We obtained genetic evidence supporting a role for PRK in RhoB-dependent facets of the 

FTI response. Effector mutations that abolished PRK interactions effectively limited the ability 

of RhoB-GG to suppress anchorage-independent growth or to activate SRE transcription. One 

implication is that antiproliferative effects of RhoB may involve downstream transcriptional 

events, a possibility supported by evidence that FTI-induced reversion in Ratl/ras cells requires 

derepression of the collagen Ia2 gene (Du et al., 1999b). Another implication is that the 

antiproliferative and transcriptional effects of RhoB are derivative of the physiological function 

of RhoB in intracellular receptor trafficking, which also depends upon PRK interaction (Flynn et 
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al, 2000; Gampel et al., 1999; Mellor et al, 1998). Experiments in a fibroblast model system 

supported a role for PRK in the FTI response. Elevation of PRK relieved the serum deprival 

requirement for FTI-induced apoptosis, in a manner dependent upon the integrity of the PRK 

kinase domain, whereas elevation of myristylated PRK (which does not require Rho interaction 

for membrane localization) blocked FTI-induced apoptosis. The latter observation argued that 

PRK localization is important: the ability of PRK to block FTI-induced apoptosis when PRK was 

localized to membranes in a Rho-independent fashion argued that movement away from 

membrane-associated sites was integral to its participation in the FTI response. This 

interpretation of the results is consistent with the evidence that FTI both elevates and relocalizes 

RhoB in cells (Lebowitz et al., 1995). Although PRK2 has been reported to be cleaved and 

activated by caspases during apoptosis (Cryns et al., 1997; Takahashi et al., 1998), we did not 

observe this event. A link between PRK and FTI-induced apoptosis is potentially interesting 

based on reports of the ability of PRK to complex with RhoB and the Akt-regulatory enzyme 

PDKl in certain epithelial and endothelial cells (Balendran et al., 1999; Flynn et al., 2000; L. 

Benjamin, pers. comm..), the potential of cleaved PRK to modulate Akt activity (Koh et al., 

2000), and the ability of RhoB-GG to phenocopy the inhibition of Akt activity by FTI in 

epithelial and endothelial cells (Liu & Prendergast, 2000; L. Benjamin, pers. comm.). Further 

investigations may shed additional light on the signaling mechanisms that relate PRK to the 

RhoB-dependent aspects of the FTI response. 

The most informative mutations in the RhoB effector domain that were tested in this 

study were the F39L and F39V mutations, which differentially distinguish PRK interaction 

(Table I).  RhoB-GG-mediated growth suppression was maintained by F39L mutation, which 
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supports PRK interactions, but was abolished by F39V mutation, which abolishes PRK 

interaction. Notably, the same mutations made in the prooncogenic RhoA protein abolish its cell 

transforming activity with Raf N-terminal truncates (Sahai et al., 1998; Zohar et al., 1998). 

Thus, F39L mutation suppresses the transforming activity of RhoA, whereas F39V supports this 

activity. Taken together, these results suggest that the antioncogenic function of RhoB is based 

on its competition with RhoA for PRK binding, insofar as RhoB must bind PRK to suppress 

transformation and RhoA must bind PRK to drive it. The induction and relocalization of RhoB- 

GG caused by FTI treatment may sequester PRK, competitively inhibiting its ability to bind to 

RhoA and to mediate prooncogenic signals. This model is consistent with the Ratl/ras results 

which suggested that PRK localization or movement is important to the FTI response. It is also 

consistent with the evidence that FTI elicits a relocalization of RhoB (i.e. RhoB-GG) in drug- 

treated cells (Lebowitz et al., 1995; H. Mellor, pers. comm.). As mentioned above, Ras 

transformation requires prooncogenic Rho signals; therefore, by eliciting RhoB-GG FTI may 

interfere with prooncogenic Rho signals to block Ras transformation (see Fig. 9). This model 

can also offer an explanation for how RhoB-GG mediates the strongly antagonistic effects of FTI 

on RhoC transformation (van Golen et al., 2002), through the ability of RhoB-GG to compete 

with RhoC for PRK interactions. The notion that RhoB antioncogenic activity is based upon 

competition for effectors or nucleotide exchange factors (GEFs) of prooncogenic Rho proteins is 

consistent with structural considerations and offers considerable explanative and predictive 

power. The utility of FTI to interfere with Rho signaling through these mechanisms may find 

clinical utility in novel disease settings that involve Rho, including inflammatory breast cancer, 

melanoma, and age-associated blindness as we have suggested (Prendergast, 2000b; Prendergast 

&Rane,2001). 
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Tables 

Table I. PRK interactions correlate with the ability of RhoB-GG to inhibit transformed 

cell growth and to activate SRE-dependent transcription. The actin, growth inhibition, and 

SRE activation results are summarized from Figures 5 an 6. The Rho effector binding data is 

adapted from Sahai et al. (Sahai et al., 1998); effector domain sequences in RhoA and RhoB are 

identical. 

 Binding of Rho effectors to Rho mutants  

MoB 
mutant Actin 

Growth 
Inhibition 

SRF 
activation PRK ROCK Rhophilin Kinectin Citron mDia mNET 

Wild-type 
RhoB-GG ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 

T37Y ++ 
_ +/- -_ — - 

F39A ++ 
_   _ ++ - 

F39L + ++ ++ + + +   _ ++ + 

F39V ++ ++ _ __ _ ++ ++ 

E40T ++ + ++ + ++ ++ _. ++ ++ + 

Y42C ++ — ■ - ++ + + ++ ++ + 
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Figure Legends 

Figure 1. Induction of RhoB-GG accompanies phenotypic reversion of K-Ras-transformed 

RIE cells by FTI. (A.) Western analysis. Cells were treated for the times indicated with 

10 ixM FTI L-744,832 before harvest and extract preparation. Blots were probed with a 

rabbit polyclonal anti-RhoB antisera. (B.) Morphology. Cells seeded into monolayer 

culture were photographed 24 hr after treatment with 10 /xM FTI or vehicle control. (C.) 

Actin organization. Cells seeded onto coverslips were treated as above, fixed, and 

processed for F-actin staining using FITC-conjugated phalloidin. 

Fig. 2. K-ras-transformed RIE cells are highly sensitive to growth suppression and 

apoptosis by FTI. (A.) Anchorage-dependent proliferation. Cell proliferation in 

monolayer culture was monitored by SRB assay. (B.) Anchorage-independent growth. 

Colony formation in soft agar culture was documented by photomicrography 12 days 

after seeding 10e4 cells per well in 6 well dishes. (C.) Apoptosis assay. The percentage 

of sub-Gl phase cells as determined by flow cytometry was used to quantify the extent of 

apoptosis in cell populations treated 24 hr in monolayer culture with 10 fiM FTI. The 

percentage in each panel notes the proportion of the population that scored in the sub-Gl 

phase. 

Figure 3. Induction of RhoB-GG accompanies actin reorganization and growth 

suppression of Rac-transformed RIE cells by FTI. (A.) Western analysis. Cells were 

treated 4h with 10 JMM FTI L-744,832 before harvest and extract preparation. Blots were 
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probed with anti-RhoB antisera as before. (B.) Morphology and actin organization. Cells 

seeded into monolayer culture were photographed 24 hr after treatment with 10 [iM FTI 

or vehicle control. For actin staining, cells seeded onto coverslips were treated and 

processed as before using FITC-conjugated phalloidin. (C.) Anchorage-dependent 

proliferation. Cell proliferation in monolayer culture was monitored by SRB assay as 

before. (D.) Anchorage-independent growth. Colony formation in soft agar culture was 

documented by photomicrography 14 days after seeding 10e4 cells per well in 6 well 

dishes. (E.) Apoptosis assay. The extent of apoptosis in cell populations treated 24 hr in 

monolayer culture with 10 /iM FTI was determined as above. Serum deprivation by itself 

triggered apoptosis in RIE/rac cells and FTI accentuated this response slightly. The 

percentage in each panel notes the proportion of the population that scored in the sub-Gl 

phase. 

Figure 4.   RhoB-GG phenocopies actin reorganization and growth suppression by FTI. 

(A.) Western analysis. Expression of ectopic HA-RhoB-GG in extracts from cells that 

were stably infected by the puromycin-resistant retroviral vectors indicated was 

confirmed by blotting with anti-HA antibody, which recognizes the hemaggluttinin 

epitope tag on the transgene. (B.) Morphology. Cells in monolayer culture were 

photographed 24 hr after seeding in the presence or absence of 10 /xM FTI as indicated. 

(C.) Actin organization. Cells seeded onto coverslips were treated as above and processed 

as before for actin staining with FITC-conjugated phalloidin. (C.) Anchorage- 

independent growth.    Colony formation in soft agar culture was documented by 
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photomicrography 14 days after seeding 10e4 cells per well in 6 well dishes. Vector cells 

were treated where indicated with 10 /xM FTI as before. 

Figure 5. Effects of effector domain mutations on growth suppression and actin 

organization by RhoB-GG. (A.) RIE/K-ras cell populations that were derived from 

infections with retroviral vectors expressing no insert (vector), RhoB-GG, or the RhoB- 

GG effector domain mutants indicatd were seeded into soft agar culture. Colony 

formation was documented by photomicrography 12 days after seeding. (B.) The same 

RIE/K-ras cell populations derived above were seeded onto coverslips and processed the 

next day for actin staining with FITC-conjugated phalloidin as before. 

Figure 6. Effects of effector domain mutations on SRE-dependent transcriptional 

activation by RhoB-GG. Normalized luciferase activity was determined in cell extracts 

prepared 48 hr after transfection of NIH3T3 cells with an SRE-luciferase reporter 

plasmid and vectors expressing no insert (vector), RhoB-GG, or the RhoB-GG effector 

domain mutant indicated. 

Figure 7. Impact of PRK activity and membrane association on the FTI response of H- 

Ras-transformed fibroblasts. (A.) Western analysis. Expression of PRK2, PRK2-KD 

(myc epitope-tagged kinase-dead PRK2 mutant), or myr-PRK2 (V5 epitope-tagged N- 

myrisylated PRK) in extracts prepared from Ratl/ras cell derivatives was documented on 

Western blots probed with anti-PRK2, anti-myc 9E10, or anti-V5 antibodies, 

respectively. (B) Morphology. Ratl/ras cell clones indicated were incubated 8 hr after 
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seeding at 10e6 cells per 10 cm dish in DMEM containing 10% FBS or 0.1% FBS. The 

next day 10 /xM FTI or an equivalent volume of DMSO vehicle (Control) was added and 

24 hr later cell morphology was documented by photomicrography. (C) Flow cytometry. 

Ratl/ras cell clones indicated were treated as above and harvested for flow cytometry 24 

hr after FTI treatment. 
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