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ABSTRACT linkage to a cysteine residue positioned four amino acids from the
COOH-terminus of the protein (5, 8). The enzyme requires only the

R115777 {(B)-6-[amino(4-chlorophenyl)(1-methyl-1H-imidazol-5-yl)- - ¢, cOOH-terminal amino acids or CAAX motif for specific binding

methyl]-4-(3-chlorophenyl)-1-methyl-2(1H)-quinolinone} is a potent and

A : ERTT . and catalysis of protein substrates.
selective inhibitor of farnesyl protein transferase with significant antitu- The ch . f EPT and ide inhibi fth
mor effects in vivo subsequent to oral administration in mice.In vitro, e characterization o and tetrapeptide inhibitors of the

using isolated human farnesyl protein transferase, R115777 competitively €NZyme set off a search for low-molecular weight, nonpeptide
inhibited the farnesylation of lamin B and K-RasB peptide substrates, inhibitors that could be developed as therapy-selective for tumors
with IC 5,5 of 0.86 m and 7.9 nv, respectively. In a panel of 53 human bearing ras mutations (9). Initial studies with peptidomimetic
tumor cell lines tested for growth inhibition, ~75% were found to be compounds suggested that FTIs could, in fact, selectively inhibit
sensitive to R115777. The majority of sensitive cell lines had a wild-type the growth ofras-transformed cells (10—-12). However, as experi-
ras gene. Tumor cell lines bearing H-rasor N-ras mutations were among  ence with FTls increased, the role of ras proteins in mediating the
the most sensitive of the cell lines tested, with responses observed atyntitumor effects of this class of agent became less certain (13). As
nanomolar concentrations of R115777. Tumor cell lines bearing mutant has been reported previously and in the current studies, FTIs have
K-ras genes required higher concentrations for inhibition of cell growth, shown antiproliferative activity in tumor cell lines devoi'd s

with 50% of the cell lines resistant to R115777 up to concentrations of 500 . .

nM. Inhibition of H-Ras, N-Ras, and lamin B protein processing was .mUtat'ons (14). Also, the d'fferer!t H'_Ras’ N'ﬁ_)aﬁnd K-RasB
observed at concentrations of R115777 that inhibited cell proliferation. iSoforms were found to behave quite differently in the presence of
However, inhibition of K-RasB protein-processing could not be detected. FTIs. With isolated enzyme, the K-RasB protein demonstrated a
Oral administration b.i.d. of R115777 to nude mice bearing s.c. tumors at higher affinity for FPT, which decreased the potency of FTIs
doses ranging from 6.25-100 mg/kg inhibited the growth of tumors bear- competitive for the CAAX binding site (15). In intact tumor cells,
ing mutant H-ras, mutant K-ras, and wild-type ras genes. Histological the mutant, activated ®RkasB and N-ras isoforms were associated
evaluations revealed heterogeneity in tumor responses to R115777. Inwjith resistance to FTIs attributable to alternative processing by the
LoVo human colon tumors, treatment with R115777 produced a promi- parallel pathway of geranylgeranylation via GGPT | (16-18).
nent antiangiogenic response. In CAPAN-2 human pancreatic tumors, an However. as will be described. R115777 and other inhibitors have
antiproliferative response predominated, whereas in 32 human mela- shown ar’ltiproliferative and ar;titumor activity in tumor cell lines

noma, marked induction of apoptosis was observed. The heterogeneity of . . L.
histological changes associated with antitumor effects suggested tha’[bearlng K-rasmutations (19, 20). At the moment, there is discor-

R115777, and possibly faresyl protein transferase inhibitors as a class, dance betyveen the antitumor activity of FTls and the biology of
alter processes of transformation related to tumor-host interactions in Ras proteins. Several molecular targets such as RhoB and centro-

addition to inhibiting tumor-cell proliferation. mere-associated proteins (21-24) have emerged as possible down-
stream effectors for the FTIs. Treatment of cells with the FTI
L-739,749 induced an alternative processing of RhoB via PGGT |,

INTRODUCTION with a gain of geranylgeranylated RhoB and concomitant reduction

The Ras proteins have been the focus of oncology drug discovéfythe farnesylated RhoB (21). The accumulation of geranylgera-
efforts because of some unique features of the cellular metabolisniyfated RhoB was associated with antiproliferative effects. Also in
these proteins. To function in signal transduction and cell transféiupport of these observations, transfection of RhoB with CAAX
mation, Ras must attach to the plasma membrane. This membr8Hifs that restrict prenylation to geranylgeranylation reproduced
localization is required for interactions with membrane receptors aRtany of the effects of FTI treatment, including reversal of the
the SH2/SH3 domain adaptor proteins Grb2 and SOS as well as fighsformed phenotype as well as induction of apoptosis (23).
activation of a downstream effector(s) such as Raf protein kinas@wever, recent studies have shown that expression of either
(1-4). Newly synthesized Ras proteins must be posttranslationdifnesylated RhoB or geranygeranylated RhoB produced similar
modified in mammalian cells by farnesylation and then by the préumor suppressive activity (25). Thus, the role of RhoB in the
teolytic cleavage of the three terminal amino acids and Carm}xy_effects of FTls is uncertain. Additionally, inhibition of the farne-
methylation to produce the hydrophobicity or recognition sites thaylation of the centromere-associated proteins CENP-E and
allow proper membrane localization (5-7). The initial step catalyz&ENP-F has been linked to &,/ growth arrest observed in some

by FPT involves the covalent attachment of farnesol via a thioeth&mor cellsin vitro (24). The current evidence suggests a role for
multiple prenylated effectors in mediating the antitumor effects of

Received 5/23/00; accepted 11/1/00. FTls. Involvement of multiple effectors might also be manifested

The costs of publication of this article were defrayed in part by the payment of pages heterogeneous responses at the level of the tumor cell or intact
charges. This article must therefore be hereby maddertisemenin accordance with tumors.
18 U.S.C. Section 1734 solely to indicate this fact. . . .

1To whom requests for reprints should be addressed, at Department of Oncology,] N€ current studies describe the preclinical pharmacology of
Janssen Research Foundation, Spring House, PA 19477. Phone: (215) 628-5974; R&15777, a novel imidazole FTI that has entered Phase Il clinical
(215) 628-5047; E-mail: dend@prius.jnj.com.

2The abbreviations used are: FPT, farnesyl protein transferase; FTI, farnesyl protein
transferase inhibitor; GGPT |, geranygeranyl protein transferase type |; R115777, (B)y62(1H)-quinolinone; ISELjn situ end labeling; VEGF, vascular endothelial cell growth
[amino(4-chlorophenyl)(1-methyl-1H-imidazol-5-yl)methyl]-4-(3chlorophenyl)-1-meth- factor; b.i.d., twice daily.
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trials. Our findings will be discussed in relationship to tias status Cl
of tumor cell lines as well as the heterogeneity of tissue responses ci

observed in three human tumor xenografts aftesivo treatment with

R115777.

NH,

MATERIALS AND METHODS = g

N

Compound. R115777 was synthesized as a racemate and purified as a Nz
single enantiomer by high-performance liquid chromatograjhiye structure 0 ’T‘ HaC
is presented in Fig. 1. CH

Materials. Human tumor cell lines were purchased from the American Type 3
Culture Collection (Rockville, MD). NIH 3T3 cells transfected with the activated Fig. 1. Structure of R115777.
T24 H-rasoncogene (T24 cells) or with activated Raf were obtained from Dr.
Richard Connors, Janssen Research Foundation (Spring House, PA). The Farnesyl
Protein Transferase Scintillation Proximity Assay, including the lamin B peptide

) Analysis of Activating Mutati i G .DNA df
substrate and the radiolabelé#i[-farnesyl PR, was purchased from Amersham nalysis of Activating Mutations in ras‘enes was prepared from

human tumor cell monolayers using the DNAzol Reagent (Life Technologies,

Lnfe Sciences_(Arlington, Helgth, IL). The_ PCGT .I peptide substrate. b|'nc.). An RFLP-PCR strategy was used to screen for activating mutations
otinYRASNRSCAIL was synthesized at Multiple Peptide Systems (San D'e%\)/ithin K-ras, N-ras and H-ras(27). Exons 1 and 2 of all threas genes were

ey > =
CA). [*H]-geranylgeranylpyrophosphate was from DuPont NEN (Billerica, MA)g; 112 n60usly amplified in a single multiplex reaction and an aliquot was

The KRasB peptide substrate biotin-KKKKKKSKTKCVIM was synthesized 61[Jsed for a second round of PCR. Resistance to cleavage at natural or primer-

the Robert Wood Johnson Pharmaceutical _Resgarch Institute Johnsqn and JoRathe restriction enzyme sites in second-round amplicons indicated the
Biotechnology Center (La Jolla, CA). Antibodies to the Ras protein-Red

resence of a mutation that had abolished the site at the loci being analyzed.
(Ab-1) conjugated to agarose, pan-Ras Ab-3, and RhoB were purchased fP g i

) ; RBtriction enzymes for the analysis of specific loci wstN | (K-rascodon
Oncogene Research Products (Cambridge, MA). Antibody to Rap 1A/krev V\?f) Bsl| (K-ras codon 13, N-razcodons 12 and 13)sc| (H-ras codon 61;

from Santa Cruz Biotechnology (Santa Cruz, CA). The secondary antibody aw'—'r_as codon 61, positions 1 and Faelll (K-ras codon 61, position 1)Bfa

mouse IgG conjugated to horseradish peroxidase and t_he En_hanced Chemily “ras codon 61, position 3), an@ru9 | (K-ras codon 61, positions 2 and 3;
nescence reagents were purchased from Amer_sham Life Sciences. Precas_ L5 intron D, position 2719). Reactions were digested overnight and PCR
20% SDS polyacrylamide slab gels were obtained from Integrated Separafion, cts were analyzed by gel electrophoresis. The correlatiGmsafutation

Systems (N"?‘tiCk’ MA). The primary antibodies use(_j for imml_mocyt(_mhem_is@(atuwersussensitivity to R115777 were analyzed by%test with sensitivity
included anti-BrdUrd clone BU-1 (Amersham, Buckinghamshire, United Kingefined as 50% inhibition of cell proliferation at concentrations=dfo0 nv.

dom), anti-Ki-67 clone MIB-1 (Novocastra, Newcastle upon Tyne, United King- ana\ysis of Ras Protein Processing in Intact Cells in Culture. T24F1 or

dom), anti-Factor VIl code A0082 (monaclonal; Dako, Glostrup, Denmark), andap N2 cells were grown as monolayers in T75 tissue culture flasks in 25
anti-VEGF A20 (Santa Cruz Biotechnology, Santa Cruz, CA). ml of complete growth medium. The monolayer cultures were treated with
Animals. Female nu/nu immunodeficient nude mice (42 days old) Werg) 15777 for 72 h. Then the growth medium was removed and the monolayers
purchased from Charles River Laboratories (Wilmington, MA). Mice Wergere washed once with 5 ml of PBS. Cells were harvested by scraping into
housed five per cage in microisolator cages placed in laminar flow shelving;{e._coid PBS and collected by centrifugation (160g for 5 min). Total
maintain sterility. All bedding, food, water, and cages were autoclaved. Aig|yjar Ras processing was analyzed in particulate and soluble fractions of
mals were handled within the sterile confines of a laminar flow cabinet. The,is as described by Yaet al. (28). Detection of K-Ras immunoreactivity
mice were otherwise maintained under standard vivarium conditions. TU”}Ehuired immunoprecipitation with v-H-Ras antibody conjugated to agarose
studies were conducted under a protocol approved by the Institutional Aning@kore electrophoresis and immunoblotting procedures. Protein determinations
Care and Use Committee. were performed on 5- to 1} samples of pellets and supernatants (29).
Isolation of FPT and PGGT 1. FPT and PGGT | were isolated from samples were normalized such that equal amounts of protein were added to
Kirsten virus-transformed human osteosarcoma cell tumors essentially | 3% mmli sample buffer and separated on 10—20% gradient SDS polyacryl-
described by Reiset al. (8, 26). Tumors were excised and immediatelymige slab gels. After transfer to polyvinylidene difluoride membranes, sam-
homogenized in buffer (3.0 ml/tumor) containing 5@niris, 1 M EDTA, 1 ples were incubated overnight at 4°C with primary antibodies. The immuno-
mm EGTA, and 0.2 mi phenylmethylsulfonylfiuoride (pH 7.5). The homoge-stained antigens were visualized using horseradish peroxidase-conjugated
nate was centrifuged 100,000 for 60 mi, and a 30-50% ammonium sulfatesecondary antibodies and Amersham enhanced chemiluminescence detection
precipitate was prepared from the supernatant. After dialysis, FPT and PGFéSgents.
1 activity were further isolated by ion exchange chromatography on Fast QTymor Studies in Nude Mice. Tumor cell lines maintained as monolayer
Sepharose. FPT was measured using the Amersham Scintillation Proxinifitures were detached by trypsinization. Tumor cell suspensions were pooled
Assay using the lamin B peptide substrate (Biotin-YRASNRSCAIM) providegnd trypsin was inactivated by the addition of serum-containing medium. Cells
with the assay. In some studies, the K-rasB peptide (u2bwas substituted ere collected by centrifugation and washed once in HBSS. Cell suspensions
for the lamin B peptide. PGGT 1 assays were performed using a modificatigigre adjusted to a final concentration 0f110° cells/0.1 ml of HBSS. Mice
of the Amersham Scintillation Proximity Assay methods. A biotin-YRASNRwere inoculated with a single s.c. injection of 0.10 ml of tumor cell suspension
SCAIL peptide substrate was incubated with fH(n)]geranylgeranylpyro- in the inguinal region of the thigh. Mice were housed five per cage, with 15
phosphate for 120 min at 37°C. After terminating reactions, samples weffice randomly assigned to treatment groups. Three days after tumor inocula-
equilibrated overnight before counting. tion, treatment with R115777 was initiated. R115777 was administered b.i.d.
Cell Proliferation Assays. Trypsinized cell suspensions were inoculatety oral gavage in a 2098-cyclodextrin vehicle as a volume of 0.10 ml of
into six-well cluster dishes at an initial density of 200,000 cells/well in 3 ml o§olution/10 g body weight. Control groups received the same dosage/volume of
complete growth medium. R115777 was added at concentrations ranging frem 209g-cyclodextrin vehicle. Body weight and tumor size as determined by
0.5-500 m in 3 pl of DMSO. Cells were allowed to proliferate to high caliper measurements were monitored weekly. At the end of study, mice were
saturation densities beyond confluence for 4-7 days. Cell numbers wetgrificed by CQ asphyxiation. Tumors were excised, weighed, and fixed
quantified by detaching cell monolayers in 1 ml of trypsin and counting celhmediately in 4% paraformaldehyde. ANOVA, mean values for treatment
suspensions on a Coulter particle counter. groups, and SE fan vivo parameters were calculated using IMSL subroutines
compiled by R. W. Johnson of the Pharmaceutical Research Institute, Science
3D. W. End, M. G. Venet, P. R. Angiband, and G. C. Sanz, the synthesis will gaformation Department, on a VAX computer. A value Bf <0.05 was
published elsewhere and can be found in patent WO 9716443 Al. considered significant.
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Preparation of Tumors for Histology. Fixed tumors were cut into thin

fragments (approximately 28 10 X 3 mm). The tissues were rinsed overnight . * — - —
in 0.1 m phosphate buffer (pH 7.4). After dehydration in acetone, LoVo and

D or (prt 1) e ! S PSP SP SPSP
CAPAN-2 tumors were infiltrated and embedded in Technovit 8100 (Kulzer,
Wehrheim, Germany). C32 melanoma tumors were dehydrated in ethanol/
xylol and infiltrated in paraffin block. For Technovit embedding, infiltration DMSO 1nM 5nM 10 nM 50 nld
and embedding were performed under a nitrogen atmosphere at 0°C. Sections ——— R115777
(3 wm) were cut with a Leica Jung Autocut and mounted onto glass slides by N o
drvi t 50°C for 2 d paraffi i ted with Biob Fig. 2. R115777-inhibition of Ras (pZ® processing in intact NIH 3T3 cells stably

ry"?g a - (_)r ays. a_ra In sec I_ons Were moun ed wi 10 _0_unﬂ'ansfected with the T24 H-ragncogene (T24 cells). Cells grown in monolayer culture

coating (British Biocell International, Cardiff, United Kingdom). After stainingwere treated with the indicated concentrations of R115777 for 3 days. Cell lysates were

with erythrosine B and hematoxylin, the slides were mounted with Perté'i‘C“Of?atEd( b)chemrifugaﬁolrll fat 100,000 g for 60 mindirl;to al SONblﬁ (S) and total
! particulate (P) fractions. Cell fractions were separated by electrophoresis on 10-20%

(LED Techno, Hecht.el, Belglum). . o gradient SDS polyacrylamide slab gels. Separated proteins were transferred to an Immo-

Immunocytochemistry. Sections were treated with a 1:10 dilution of Tar-pjlon-P membrane and stained for total Ras with a pan-ras antibody. The stained Ras
get Unmasking Fluid (Sanbio, Uden, the Netherlands) by heating to 90°C ipratein bands were detected with a horseradish peroxidase-conjugated secondary antibody
microwave oven. Slides were incubated with 0.5% trypsin solutions for 30 mzrgso’imgr;t_’;r; zlrigt}irgcle_dsCﬁ:ﬁm”um'nescence reagents. The bands were visualized by
at 37°C. The slides were extensively rinsed, and then endogenous peroxidase ’
was blocked by incubating with 1% peroxide in methanol for 15 min. Non-
specific antibody-binding sites were blocked by incubation with 0.5% ly-

sozyme for 60 min. Incubations with the primary antibody were performed gtESULTS

room temperature at various times optimized for each antibody. Staining with|n Vitro Activity. R115777 inhibited isolated human FPT with
the primary antibody was visualized using the biotin-avidin peroxidase methf@so,s of 0.86 m and 7.9 m observed for a lamin B peptide and for
(Dako, Glostrup, Denmark) using Sigma Fast DAB (Sigma, St. Louis, MO) h K-RasB peptide, respectively (Table 1). Consistent with this
the end of the procedure, the slides were counterstained with 0.25% met erence in potency for the two peptide substrates, kinetic studies
green. To monitor apoptosis, ISEL was performed according to the directiornesvealed that R115777 was a competitive inhibitor fo; both the K-ras
of the TA.CS.TMl Klenow K't_(TreV'gen' Ganherst_)urg, MD.)' . ._and lamin B1 peptide substrates K 0.5 nv) and noncompetitive for
Quantitative image analysis was performed using a Zeiss Axioplan micr e farnesvipvrophosphate substrate (dat t sh PGGT | activ-
scope fitted with CCD cameras interfaced to a Silicon Graphics Indy R50C , YIpY .p p. . (da 6_‘ nots Own)', o activ
Unix-based workstation. Image analysis routines were written in C under tmé was V|rtu_aI.Iy insensitive to R115777, with only 40% inhibition of
SCIL-Image software package (SCIL Image, Version 1.3; TNO-TPD, DelfeNZyme activity observed at G R115777. o
the Netherlands). For evaluation of BrdUrd-labeling and apoptosis, imagesR115777 penetrated cells quite readily, as evidenced by the activity
were taken with a black and white CCD camera (MX5, Adimec, the Nethe®f the compound in intact cells at nanomolar concentrations. The
lands). For quantification of cell proliferation, the total number of cells waBroliferation of T24 H-ras-transformed NIH3T3 cells was inhibited
obtained by imaging the methyl green staining through a 650-nm broadbdi R115777, with an I1G, of 1.7 nv, whereas parental NIH 3T3 cells
interference filter. To obtain images of the nuclei labeled with BrdUrd, therere unaffected by up to 500irR115777. The proliferation of NIH
same microscopic fields were viewed with a 450-nm broadband interferer@€3 cells transfected with an activatedraf oncogene was also
filter. For quantifying Factor VIII and VEGF-staining, 24-bit RGB colorinhibited, but at higher concentrations (= 97 nv). As has been
images were acquired with a cooled CCD-camera (Sony DXC-930 P) argported previously for other FTIs, the inhibition of T24-rbk-
transformed to HSI-space. The immunocytochemical signal was quantifiedtggnsformed NIH 3T3 cell proliferation by R115777 was accompanied
a percentage of the area in a field. For measurements of BrdUrd incorporat['gpa morphological reversion of the H-ras-transformed phenotype to
and apoptosis, <20 objective was used; whereas, for VEGF- and Factgf quiescent, contact-inhibited phenotype with effects observed from
Vlil-staining, a X40 objective was used. The total areas on each slide evaly5_50 m (data not shown; 10, 11).
ated for BrdUrd incorporation and Ki-67 staining was 4 fadpoptosis was The farnesylation of Ras protein was studied in T24ald-trans-
evaluated in an 8-mfrarea. The total number of cells quantified ranged fro”l’ormed NIH3T3 cells by Western blot analysis with a pan-Ras anti-
8,000-25,000 cells/slide. Areas evaluated for Factor VIII- and VEGF-stainirE)gbdy. Cells treated with 0.5-504nR115777 displayed a concentra-
varied from 1-8 mrf Five tumors were evaluated from each treatment grou?l’on-dependent accumulation of Ras immunoreactivity in the cytosol
Data from quantitative image analysis were analyzed by the Wilcoxon.

ith a concomitant reduction of processed, particulate Ras immuno-

Mann-Whitney test. For proliferation and apoptosis, data were expressed asvyhe

percentage of positive cells/section and calculated as the mesaid for each reactivity (Fig. 2). Visually obvious responses were obtained within

tumor. For Factor VIII and VEGF staining, data were expressed as the percg}ﬁ Concgntrgtlon _ranges that 'nh'b'te_d cellular proliferation. How-
area with staining signalersusthe total section area viewed. These data wergVe antlprollferatlvg and morphological effects We'_'e observed at
calculated as medians SE for each turmor. R115777 concentrations lower than the M@oncentration that was

required to deplete prenylated Ras. Therefore, depletion of fully
processed, activated Ras protein was not required for the cellular
effects of R115777.
Table 1 In vitro evaluation of R115777 with isolated enzymes and intact cells Summarized in Table 2 are the results from examining the sub-
ICso (nw with 95% confidence limits) or ~ Strate-dependent proliferation of 53 human tumor cell Ithe&sNA

% inhibition at highest tested prepared from each of the cell lines was analyzed for the presence of
Parameter concentration mutations in N-rasand K-rasat codons 12, 13, and 61 and inrkis
" Lamin & Cviv peptide 0.86 (0.61-1.2) at codons 12 or 61 and position 2719 of intron D. Overall, 75% of the
K-RasB CVIM peptide 7.9 (6.8-2.37) cell lines were sensitive to the antiproliferative effects of R115777
Isolated GGPT | irrespective ofras gene mutations. Sensitivity was operationally de-
Lamin B CVIL peptide 40% at SQu fined as a 50% reduction in cell counts at concentrations 80 rv.

Substrate-dependent growth of transfected
NIH 3T3 fibroblasts

_lL_J;‘t‘r?_Tsfected ](_)07& :aL1t35020;/|1n “The complete set of data can be obtained from the National Auxiliary Publications
f -ras 97' 7(4 ‘151‘ ) Service, c/o Microfiche Publications, P.O. Box 3513, Grand Central Station, New York,
v-ra (74-131) NY 10163-3513. Phone: (516) 481-2300; Fax:(516) 481-6213.
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Table 2 Summary of antiproliferative effects of R115777 in 53 human tumor cell lines The CAPAN-2 cell line was selected as a human tumor cell line
grouped by ras gene status bearing a K-ras(12) mutation for additional examination of total

R115777-sensitive (16 <100 nv) R115777-resistant cellular protein prenylation. Western immunoblot analysis using an-
Rasgene status  Percent % (actual incidence) Percent % (actual incidence)tibodies to lamin B an(_j a par_l-Ras antlboc_iy_ re\_/ealed a Concemrat_|0n'
Ras mutation 65% (13/20) 35% (7/20) dependent accumulation of immunoreactivity in the soluble fraction
(anyras gene) from 1-100 m R115777, which was interpreted as an accumulation
ras wild type 82% (27/33) 18% (6/33) of unfarnesylated protein (Fig. 3A). The majority of the pan-Ras
N-ras or H-ras 100% (6/6% 0% (0/6) . .. . . .
mutation immunoreactivity shifted to the cytosol was cross-reactive with an
K-ras mutation 50% (7/14)° 50% (7/14) N-rasantibody (Fig. 3B). No H-Rasnmunoreactivity was detected in
aN-ras plus H—rasn12utants compared wittas wild type: sensitivity does not correlate CAPAN-2 particulate or soluble fractions. Immunoprecipitation be-
with ras mutation byy” test. ) , L , i fore Western blot analysis was required to detect the low levels of
K-ras mutants compared wittas wild type: sensitivity correlates withas mutation _ R . .
status. K-Ras immunoreactivity in particulate fractions of CAPAN-2 cells.

©K-ras mutants compared with N-rgslus H-rasmutants: sensitivity correlates with Although an increase in K-Ras immunostaining was noted after treat-

K-ras mutation status. ment with R115777, no increase in soluble K-Ras immunoreactivity

(Fig. 3C) was noted. R115777 did not alter the distribution of Rapla

Table 3 Antiproliferative effects of R115777: representative data for different tumorlmmgnoreacuw.ty' a geranylgeranylated protein, or RhoB |mmunor<_e-

tissue types activity, a protein that can be farnesylated or geranylgeranylated (Fig.

3A). The results were consistent with the selectivity of R115777
observed in studies with isolated enzyme.

Sensitivity to R115777 Rasgene status

Tumor Cell line ICs0 () Gene (codon) In Vivo Activity. Data fromin vivo tumor studies with R115777
Pancreatic SU86.86 9.5 K-ras (12) are summarized in Table 4. A b.i.d. dosing schedule for R115777 was
AT o0 e 82 determined from plasma pharmacokinetics in mice (data not shown).
AsPC-1 >500 K-ras (12) Oral administration of R115777 at doses of 6.25, 12.5, and 25 mg/kg
CAPAN-1 >500 K-ras (12)
Bladder T24 5.2 H-ras (12)
RT4 2.7 Wild type
5637 27 Wild type A
HT-1197 1.7 H-ras (61)
J82 4.6 Wild type - - PR — Lamin B,
Melanoma C32 6.3 Wild type
RPMI 7951 111 wild type
SK-MEL-2 50 N-ras (61)
SK-MEL-3 15 wild type
SK-MEL-5 6.8 wild type - w = - . pan-Ras
SK-MEL-25 8.3 Wild type
WM-115 3.2 wild type
Lung NCI-H460 >500 K-ras (61)
NCI-H292 6.5 wild type
A549 >500 K-ras (12) - @ ™ w . Rapla
NCI H441 36 K-ras (12)
Rhabdomyo-sarcoma  A673 3.9 Wild type
Rd 9 N-ras (61)
Hs769T 44 Wild type
A204 4.8 Wild type

SP SP SP SP SP

Cell lines bearing H-raor N-ras mutations were among the most DMSO 5 10 50 100 nMR115777
sensitive to R115777, with Igs for inhibition of proliferation<10

nv. No evidence for resistance to R115777 was observed rasN-

mutated cell lines, as has been suggested previously (18). However, B. _

50% of the cell lines bearing K-rasnutations were resistant to N-Ras

R115777. Cell lines bearing Kas mutations that did respond to

R115777 required higher concentrations, withyd€ranging from

10-100 m. Approximately 80% of the cell lines with wild-typeas L % = W emgm Pan-Ras

were sensitive to R115777, which was consistent with previous data

(14). Some clustering of sensitivity to R115777 was observed for 0 1 5 10 50100 nM R115777

tumor cell lines from similar tissue origins. For example, human

bladder tumor, rhabdomyosarcoma, and melanoma cell lines were C. —_— .

among the most sensitive to R115777, with cells bearing wild-tgpe =3 s ‘ . K-ras
or ras mutations virtually indistinguishable in their responses (Table SPS P S P S P

3). Data for lung and pancreatic tumor cell lines are also summarized

in Table 3 to exemplify the resistance observed in cell lines bearing DMSO 100 nM R115777

K-ras mutations. In contrast to previous publications, A549 cells were kg, 3. selective inhibition by R115777 of Ras protein and lamin B processing in intact
relatively insensitive to R115777 (24, 30). This may reflect differcAPAN-2 human pancreatic tumor cells. Cells grown in monolayer culture were treated

; ; : ith_the indicated concentrations of R115777 for three days and fractionated and analyzed
ences n experlmental parameters as the former studies were q@ﬁhe indicated antigens as described in FigA 2distribution of lamin B1, pan-Ras, Rho

ducted under conditions of anchorage-independent growth, whichgisind Rap1 immunoreactivity in soluble (S) and particulate (P) fractions after treatment
an important consideration when assessing FTIs (31). Overall, tM#h R115777.B, cross-reactivity of the increased soluble pan-Ras immunoreactivity

L . . . induced by R115777 treatment with an antibody recognizing N-Ragailure of treat-
sensitivity of tumor cell lines to the FTI R115777 were consistent Wltlﬂent with 100 m R115777 to induce the appearance of soluble K-Ras immunoreactivity
data reported for cell line sensitivity to the FilH744,832 (14). detected after immunoprecipitation with Y13-259 anti-Ras antibody.
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Table 4 Antitumor effects of daily administration of R115777 in nude mouse subcutaneous tumor xenografts

ras gene Length of R115777 dost Final tumor % inhibition
Tumor (origin) status treatment (days) (mg/kg b.i.d) weight (gf tumor growth
T24 F1 (NIH 3T3) H-ras (12) 15 Vehicle 1.78+ 0.41 (a)
R115777
6.25 0.83% 0.15 (a) 52%
125 0.29+ 0.07 (b) 84%
25 0.25+ 0.08 (b) 86%
CAPAN-2 (pancreatic) K-ras (12) 18 Vehicle 1.05+ 0.22 (a)
R115777
25 0.96+ 0.19 (a) 8%
50 0.42+ 0.09 (b) 59%
100 0.24+ 0.06 (b) 76%
LoVo (colon) K-ras (12) 32 Vehicle 0.91+ 0.12 (a)
R115777
25 0.82+ 0.14 (ab) 11%
50 0.29+ 0.07 (bc) 68%
100 0.17+ 0.04 (c) 81%
C32 (melanoma) wild type 29 Vehicle 1.88+ 0.16 (a)
R115777
25 0.99+ 0.10 (ab) 48%
50 0.45+ 0.05 (bc) 76%
100 0.18+ 0.02 (c) 90%

2 Administered by oral gavage twice daily in 20Bécyclodextrin in 0.1 N HCI in a volume of 0.1 ml/10 gm body weight. Treatments began 3 days after tumor cell inoculation.
b Values are means SE forN = 12—15 animals/treatment group. Results of ANOVA plus Dunnett’'s Multiple Range tests are presented in parentheses where treatments with the
same letter are not statistically significant {P0.05).

(b.i.d.) to nude mice bearing T24 tumors suppressed the growthhafcause of the presence of mouse antigens with apparent molecular
tumors during the 14 days of administration. Tumor growth measurethsses of 60 kDa and 25 kDa, which crossreacted with our antimouse
as postmortem tumor weight was inhibited by 56%, 84%, and 86%lgG secondary antibodies used in Western blot analysis.

the three respective dose levels. Consistent withitheitro cell Tumor Histology. The results from histological analysis of human
proliferation data, higher doses of R115777 were required to inhiltitmor xenografts treated with R115777 are summarized in Table 5. In
the growth of tumors bearing Kas mutations.In vitro, R115777 CAPAN-2 tumors, an antiproliferative effect was observed as statis-
inhibited the proliferation of LoVo human colon tumor cells bearingically significant reductions of BrdUrd-labeling at doses of 50 and
a K-ras mutation with an IG, of 16 nv. In nude mice bearing LoVo 100 mg/kg. A modest but significant increase in apoptosis was also
tumors, doses of 50 and 100 mg/kg were again required to signifbserved at the 100 mg/kg dose level. By using combined Factor VIII
cantly inhibit tumor growth by 68% and 81%, respectively, as detestaining with ISEL, apoptotic cells were found to be relegated to the
mined from postmortem tumor weights after 32 days of treatmemndothelial cells of the CAPAN-2 tumor vasculature (Fig. 4). Despite
Similar results were obtained for the CAPAN-2 tumors. The C3this apparent antiangiogenic event, no significant changes in markers
melanoma was selected as a representative wildygpimor forin  related to angiogenesis (Factor VIII or VEGF) could be detected in
vivo evaluation.In vitro, R115777 inhibited the proliferation of C32 CAPAN-2 tumors. In contrast, a marked reduction in the endothelial
melanoma with an Ig, of 6 nv (Table 3). Oral administration of cell Factor VllI-staining was observed in LoVo human colon tumors,
R115777 at doses of 25, 50, and 100 mg/kg, b.i.d. inhibited the growtlith reductions of 45% and 60% observed at 25 and 50 mg/kg,
of C32 tumors by 48%, 76%, and 90% respectively. In all tumaespectively. LoVo tumors from animals treated with the 100 mg/kg
studies, the weekly measurements of tumor area were consistent witise of R115777 were too small to prepare for histology. Modest
the effects of R115777 on postmortem tumor weights (data neductions in VEGF staining were also observed, but these did not
shown). Significant changes in body weight were not observed fachieve statistical significance. No significant changes in apoptosis or
R115777 treatment (data not shown). Analysis of protein prenylati@dUrd labeling were observed in LoVo tumors from R115777-
was attempted in postmortem tumor samples but was not successiahted mice. In the C32 melanoma tumors, yet another profile of

Table 5 Quantitative image analysis of histological changes produced by R115777 treatment of human tumor xenografts

Apoptosi$ Proliferatior? Angiogenesis
Tumor (origin) Treatment ISEL BrdU°/Ki-67¢ Factor VIII VEGF

Lo Vo Vehicle 1.99+ 0.70 30.3*+ 1.67 3.26+0.41 11.6+ 1.26
(colon) R115777

25 mg/kg 3.10*+ 0.98 25.2+ 7.68 1.76 + 0.39 8.88+ 2.52

50 mg/kg 2.90 0.53 22.1+ 8.10% 1.29+ 0.2 7.21*+1.54

CAPAN-2 (pancreatic) Vehicle 5.54 3.00 27.2+2.37 2.16+ 0.34 41.3+ 3.90
R115777

50 mg/kg 9.56+ 4.26 21.9+ 1.5 294+ 0.76 41.2+ 1.80

100 mg/kg 10.6+ 3.00° 13.0+ 0.93 243+ 0.81 37.2+2.34

C32 (melanoma) Vehicle 4.38 2.90 30.4+ 16.1 6.8+ 0.42 38.1+ 3.07
R115777

25 mg/kg 21.7+ 19.7 35.1*+ 14.4 6.09+ 0.50 39.1+ 2.88

50 mg/kg 44.2+ 23.6 37.7*+6.53 4.98+ 0.30 36.9+ 3.12

100 mg/kg 42.0- 26.8° 35.2+ 7.16 5.13+ 0.64 43.5+ 4.05

2 Data expressed as the percentage of the area per slide with staining signal for VEGF or Factor lll. Values are 8eans
b Data expressed as the percentage of cells staining positive.

¢ Analysis of Lo Vo and CAPAN-2 tumors only.

d Analysis of C32 melanoma.

€ Statistically significant (P< 0.05) form vehicle controls by Wilcoxon Mann-Whitney U Test.
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than tumors bearing K-ramutations (9, 10, 19, 20, 35, 36). Addi-

Factor VIII + ISEL tionally, the presence of K-ramutations correlated with resistance to
T R115777. The latter observation was consistent with resistance to
" FTIs being conferred by K-RasB protein geranylgeranylation via
| PGGT | when the farnesyl protein transferase pathway is inhibited
2 kot @ (16-18). At the biochemical level, the involvement of K-RasB with
A ;’i’i z “ the cellular effects of R115777 could not be substantiated. CAPAN-2

human pancreatic tumor cells responded to R115@Adtro andin
vivo. However, unprocessed K-RasB could not be detected at concen-
trations of R115777, which inhibited the prenylation of lamin B and
N N-Ras. The data suggested that the mutant K-RasB protein underwent
1 alternative prenylation, but the postulated resistance to the FTI
R115777 was absent. The findings support a role for other farnesy-
lated targets mediating the response to the FTI R115777, as has been
50 uM suggested previously (16-18, 37). Similar results were recently re-
ported for viral-K-rastransgenic mice wherein the FT+744,832
produced antitumor effects in the K-RasB-driven tumors without
' effects on K-RasB prenylation (38). The activity of R115777 in
" ? Raf-transformed NIH 3T3 fibroblasts lends additional support to this
concept. Despite the conflicting data, gain of geranylgeranylated
RhoB remains an attractive hypothesis to explain discordance be-
tween Ras processing and the effects of FTIs (21, 22, 33). Although
the Ras proteins may not be the primary farnesylated protein required
= ¥ for the activity of FTIs, expression of the different mutant Ras
isoforms, in particular K-RasB, does appear to influence the relative
% sensitivity of tumor cells to this class of compound. Whether this
"z : reflects an interaction of farnesylated K-RasB signaling pathway with
L b geranylgeranyl RhoB or the function of centromere-associated pro-
teins is an interesting area for additional research. A point of conver-
gence could be the high-affinity binding sites for prenylated K-RasB
U | found in microtubules (39).
) ) ) ) In studies of Ras-processing in the T24r&b-transfected NIH3T3
Fig. 4. Histology of CAPAN-2 human pancreatic tumors after treatment with R115777. . .. .
CAPAN-2 tumor sections were subjected to combined Factor VIII immunostainin%ells‘ the levels of Ras immunoreactivity consistently decreased. In
(brown) and ISEL labeling (black) to reveal that treatment with R115777 (100 mg/kgontrast, the levels of other endogenous farnesylated proteins were
b.i.d. for 35 days) induced apoptosis in the endothelial cells of the tumor vasculaturehoted to increase with the increase derived from the accumulation of
unfarnesylated protein. This was also apparent in the immunostaining
responses to R115777 was observed. R115777 induced a markedK-Ras, which remained as a single membrane-ssociated band in
dose-related increase in tumor cell apoptosis. Apoptosis increa§e®PAN-2 cells treated with R115777. Although it has not been
from 4.4% in vehicle-treated controls to 22% at 25 mg/kg. At theystematically explored, the findings suggest the possibility of a
highest tested doses of 50 and 100 mg/kg, the response appeardéa@back to protein expression involving protein trafficking or preny-
reach a maximum of 41-44% incidence of apoptosis. Staining for tlaion. Consistent with the present studies, such a mechanism would
proliferation marker Ki67, VEGF, and Factor VIII were not affectediot be expected to regulate expression from transfecsdenes,

i,

A
)

by treatment with R115777 in the C32 melanoma tumors. which carry engineered promoters.
In four tumor models, R115777 demonstrated significant antitumor
DISCUSSION effects when administered b.i.d. by the oral route. Although the

sensitivity of the cell lines to the antiproliferative effects of R115777

R115777 was a potent inhibitor of isolated human FPT that wasvivo mirrored the relative sensitivity of tumons vitro, histological
competitive for the CAAX peptide substrate. The molecule was sstudies revealed that the responses elicited by R115777 in xenografts
lective for FPTversusPGGT | despite having no obvious structurainvolved far more than antiproliferative effects. Computer-assisted
relationships to the CAAX recognition motif, which is the basis ofjuantitative image analysis revealed that R115777 treatment produced
selectivity for these two similar enzymes (31, 32). Earlier leads in tipgedominantly an antiproliferative effect in CAPAN-2 pancreatic tu-
chemical series confirmed that the imidazole group is the centrabrs, which was accompanied by an induction of apoptosis relegated
pharmacophore prompting the hypothesis that the imidazole interaittghe host endothelial cells of the tumor vasculature. A prominent
with the coordination structure of the zinc catalytic site (33, 34). Aantiangiogenic effect was observed in LoVo colon tumors, whereas a
with other inhibitors that are competitive for the peptide-binding sitenarked induction of apoptosis was noted in C32 melanoma tumors.
R115777 exhibited a loss of potency with a polylysine containinghe latter effect could not be observed in C32 melanoma cells
K-RasB peptide substrate (15). cultured as monolayerm vitro (data not shown). The effects of

To a degree, the loss of potency with K-RasB at the level of tHR115777 in C32 melanoma are reminiscent of the report that FTI
enzyme was reflected in studies in intact céllyitro. Cell lines with  L-739,749 could produce apoptotic effects under conditions of anchor-
N-ras or H-ras mutations responded to lower concentrations aige-independent growth but not in monolayer cultures (40). Either
R115777 than did the cell lines bearing rks mutations. These blockade of Ras signaling via the PI3 kinase and Akt pathway or
findings are consistent with previously published studies, wheregain of geranygeranylated RhoB could account for the induction
tumors bearing mutant H-rasppear to be far more sensitive to FTIof apoptosidgn vivo (23, 41). The emergence of additional antitumor
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activities in test systems more complex than monolayer culture is tricgclic inhibitor of farnesyl protein transferase, in human tumor xenograft models
; . . and Wap-ragransgenic mice. Cancer Re58: 4947—-4956, 1998.
consistent with FTls gctlng to revert to the t,ranSformed phenqty . Sun, J.,, Qian, Y., Hamilton, A. D., and Sebti, S. M. Ras CAAX peptidomimetic FTI
because transformation encompasses survival and proliferation in276 selectively blocks tumor growth in nude mice of a human lung carcinoma with
tumor xenografts. K-ras mutation and p53 deletion. Cancer RBS5:,4243-4247, 1995.
. . . . Lebowitz, P. F., Casey, P. J., Prendergast, G. C., and Thissen, J. A. Farnesyltrans-
II.’I conclusion, R115777_ IS a p._o.-a_ctlve FTI that demonsnajtéa ferase inhibitors alter the prenylation and growth-stimulating function of RhoB. J.
antitumor effects at nontoxic doses in mice. The variety of histological Biol. chem.,272: 1559115594, 1997.
responses produced by treatment with R115777 Suggested that n’?@dDu, W., Liepowit_z, P. F., and_Prendergas_,t, G. C. Cell growth inhibition by farnesyl-
s ge . . . transferase inhibitors is mediated by gain of geranylgeranylated RhoB. Mol. Cell.
ification of aspects of the malignant phenotype concerned with host- Biol. 10: 1831-1840, 1999.
tumor interactions might be an important component of FTI effectgs. Liu, A-X., Du, W., Liu, J-P., Jessell, T. M., and Prendergast, G. C. RhoB alteration
is necessary for the apoptotic and antineoplastic responses to farnesyltransferase
inhibitors. Mol. Cell. Biol.,20: 6105-6113, 2000.
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