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ment with FTI between MMTV-TGFa mice, in which tumorigenesis was accelerated by multiparity or the chemical
carcinogen 7,12-dimethylbenzanthracene, and MMTVTGFa/neu mice. The tumor histological type had no impact
on FTI sensitivity. For mechanistic analyses, tumor excision
biopsies were obtained from 12 mice before and after treatment with L-744,832. In these samples, tumor regression was
paralleled biochemically by inhibition of mitogen-activated
protein kinase activity and biologically by an increase in
G1-phase and decrease in S-phase fractions, as well as induction of apoptosis. These results suggest that the potential
clinical use of FTI could be expanded to include cancers
harboring activated receptor tyrosine kinases as well as
those containing activated Ras.

Abstract

Introduction

Mouse mammary tumor virus-transforming growth
factor a (MMTV-TGFa) and MMTV-TGFa/neu transgenic
mice develop mammary tumors after a long latency and
therefore provide useful model systems for breast cancer
with its recognized activation of receptor tyrosine kinase
signaling. We used these mice to study the antitumor effect
of L-744,832 (FTI), a potent and selective inhibitor of farnesyl-protein transferase, and hence of Ras function. A total of
55 mice were assigned randomly to treatment with FTI or
vehicle, and one-half of the mice were crossed over after
initial treatment to the opposite group. L-744,832 induced
reversible regression of mammary tumors that was paralleled by a decrease in serum levels of TGFa secreted by the
tumor cells. There was no difference in response to treat-

Activation of oncoprotein signaling pathways is believed to
play an important role in human cancer (1). RTKs3 and a large
number of other proto-oncoproteins, which have been implicated in the signaling pathways of these receptors, control
normal cell proliferation, differentiation and apoptosis. These
processes are dysregulated as a consequence of oncogenic activation (2). Members of the EGFr family, such as EGFr (HER1)
and Neu (erbB-2, HER2), are examples of RTKs activated in
breast cancer by amplification or mutation. Activation of these
receptors as well as overexpression of their ligands, such as
TGFa, have been implicated in mammary carcinogenesis (3, 4).
The proto-oncogenes of the ras family encode the Ras proteins,
which act as signal transducers downstream of RTKs, in the
Ras-MAP kinase pathway (2, 5). Mutated cellular ras genes can
transform cells in vitro, and activation of cellular Ras by mutation or gene amplification has been found in ;30% of human
cancers but rarely in breast cancer (6). Recent data indicate that
activation of the Ras-MAP kinase pathway plays a role in breast
cancer (7), consistent with the large number of studies demonstrating RTK activation in these tumors (3).
Ras is posttranslationally modified in a series of steps in
which farnesyl-protein transferase catalyzes the first step, by
adding a 15-carbon farnesyl group to the COOH-terminal tet-
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rapeptide of the Ras precursor. Farnesylation causes translocation of Ras to the cell membrane, which is required for its full
biological activity (8). This observation was used to develop a
new class of drugs, FTIs (9). Peptidomimetic FTIs were shown
to selectively inhibit farnesylation in vitro and in vivo, thereby
preventing Ras processing and reverting specifically the Rastransformed phenotype in fibroblasts (10, 11). Treatment of
spontaneous mammary and salivary tumors in H-ras and N-ras
transgenic mice with the FTI, L-744,832, resulted in regression
of the tumors (12) because of induction of apoptosis and/or
arrest in the G1 phase of the cell cycle (13, 14). A wide range of
cancer cell lines responded to treatment with L-744,832 with
inhibition of growth and increased sensitivity to Taxol and
epothilones, regardless of whether they harbored ras mutations
(15, 16).
The study of RTKs in mammary carcinogenesis was
greatly facilitated by the development of transgenic mice in
which expression of TGFa (17–19) or c-neu (20) was targeted
to the mammary glands. These mice developed focal mammary
tumors after a long latency. The latency was reduced significantly by either multiparity (21) or treatment of the mice with
the carcinogen DMBA (22), or expression of both transgenes in
bigenic MMTV-TGFa/neu transgenic mice (23). Biochemically, these tumors were characterized by activation of mitogenic signaling: overexpression of TGFa, EGFr, and, in the
bigenic mice, Neu, probably involving Neu-EGFr transactivation (17, 23).
To examine the sensitivity to L-744,832 of tumors with an
activated RTK pathway but wild-type Ras, we measured the
effect of L-744,832 on the growth of tumors in three different
groups of mice: multiparous MMTV-TGFa mice; DMBAtreated, virgin MMTV-TGFa mice; and virgin, bigenic MMTVTGFa/neu mice. L-744,832 induced regression of mammary
tumors in all three groups. Tumor regression was reversible and
paralleled by a decrease in serum levels of TGFa. Analysis of
tumor biopsies obtained before and after treatment with
L-744,832 demonstrated that growth inhibition was paralleled by
inhibition of MAP kinase activity, an increased G1 fraction, and
induction of apoptosis.

Materials and Methods
Animals. The generation and characterization of
MMTV-TGFa and MMTV-TGFa/neu mice have been described previously (17, 20, 23). A total of 69 mice with 75
tumors were used, from three groups: group 1, 32 multiparous
(having had two litters) MMTV-TGFa mice; group 2, 17 virgin,
DMBA-treated MMTV-TGFa mice; and group 3, 20 virgin,
bigenic MMTV-TGFa/neu mice. Fifty-five of the mice received
the 35-day treatment as described below for determination of
growth rate, serum TGFa, and histology, whereas 14 mice were
used for isolation of pre- and posttreatment biopsies as described below. All three groups of mice used in the study have
been shown to have decreased mammary tumor latency compared with virgin MMTV-TGFa mice (17, 22, 23). The animals
were maintained in accordance with the Vanderbilt University
Animal Care Committee guidelines.
DMBA Treatment. Virgin MMTV-TGFa female mice
were given six weekly doses of 1 mg/kg DMBA (Sigma Chem-

ical Co., St. Louis, MO) dissolved in corn oil and administered
by orogastric tube from 8 weeks of age.
Compound. The structure of the FTI L-744,832 was described previously (12). For injection, L-744,832 was dissolved
in 89 mM sodium chloride, 17 mM sodium citrate to give an
isotonic solution (pH 5.4). The vehicle was an isotonic 94 mM
sodium chloride, 17 mM sodium citrate solution (pH 5.4).
FTI Treatment. Animals were palpated for tumors twice
weekly and entered the study when tumors achieved a volume of
;300 mm3. The mice were assigned randomly to treatment with
either 40 mg/kg FTI or vehicle, both given as daily 100 ml s.c.
injections for 35 days or until the tumor reached the maximum
tolerable size. One-half of the mice were crossed over after
primary treatment to the opposite group. For tumor biopsy
studies, mice were treated with FTI for 1 (n 5 5) or 3 (n 5 9)
weeks.
Tumor Volume. Tumors were measured twice weekly
with calipers. The data were analyzed as described (24). Two
perpendicular measurements, width (W) and length (L), were
made in millimeters, where W # L, and the tumor volume was
calculated with the formula: (W2 3 L)/2. Tumor volume was
plotted as a function of treatment time in days. The AUC for a
particular tumor was calculated with the formula:
AUC 5 [(vol1 1 vol2)/2] 3 (day2 2 day1)
MGR was calculated with the following formula:
MGR 5 [(sumAUCn) 2 (vol1 3 (dayn 2 day1)]/(dayn 2 day1)2
Statistical Analysis. This study was a higher-order Balaam’s design (25) to determine whether treatment produced a
beneficial effect on the average MGR of the tumors. There were
four groups of mice in the study; treatment alone, vehicle alone,
treatment followed by vehicle, and vehicle followed by treatment. Tests of hypotheses concerning treatment effect, as well
as the carry-over effect, were made using the restricted/residual
maximum likelihood-based mixed effect model to adjust the
intracorrelation effect for the mice that had multiple tumors
(four mice had two tumors, and one mouse had three tumors).
Because no statistically significant carry-over effect or interaction effect was found in the study, the tests concerning the
correlation between treatment effect and other variables, e.g.,
histological diagnosis, were computed by the similar mixed
effect model. Analysis of pre- and posttreatment parameters
were done with Wilcoxon Matched-Pairs test. All tests were
two-sided, and differences with a P , 0.05 were considered
statistically significant.
Histology. At the time of sacrifice, biopsies of tumor
tissue were fixed in 4% formaldehyde. H&E-stained paraffin
sections were prepared by standard methods and examined for
histological diagnosis.
Serum TGFa. The MMTV-TGFa transgene encodes
hTGFa. Peripheral blood samples were obtained from the mice
by retroorbital bleeding before treatment and at the time of
sacrifice. Sera were assayed for hTGFa by radioimmunoassay
as described previously (21).
H-ras Mutation. Genomic DNA was extracted from
samples of DMBA-induced tumors with phenol and chloroform
by standard methods (26). The presence of DMBA-induced
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mutation in the H-ras gene (codon 61) was assayed for by
allele-specific hybridization modified from protocols described
previously (27, 28). Mouse genomic DNAs harboring DMBAinduced mutations (kindly provided by Dr. S. Sukumar, Johns
Hopkins Oncology Center, Baltimore, MD) were assayed as
positive controls.
Biopsies. For mechanistic analyses of the effect of
L-744,832 on the tumor cells, excision biopsies were obtained
from 14 mice before and after FTI treatment. Biopsies were
either processed immediately or frozen in liquid nitrogen and
stored at 280°C. FTI treatment was initiated upon sufficient
healing of the incision and subsidence of edema. The biopsies
were verified histologically, and two mice were excluded: one
with a responding tumor that had no detectable tumor cells in
posttreatment biopsy, and one with a progressing tumor showing
extensive necrosis in the posttreatment biopsy.
Flow Cytometric Analysis. Tumor biopsies (2–3 mm in
diameter) were transferred immediately to HBSS containing 2
mg/ml Collagenase A (Boehringer Mannheim, Indianapolis,
IN.), minced, and passed through 18- and 21-gauge needles. The
cell suspension was pelleted, resuspended in PBS, passed
through a 95 mm nylon mesh, and passed six times through a
21-g needle. The cells were then fixed by adding ethanol to a
67% (v/v) final concentration and stored at 4°C. Corresponding
biopsies were analyzed on the same day. Stored cells were
pelleted, resuspended in PBS containing 0.1% RNase (Amersham, Arlington Heights, IL.), 10 mg/ml propidium iodide (Sigma), and incubated for 30 min at room temperature in the dark.
Flow cytometry was performed with a FACScalibur using
CellQuest software (Becton Dickinson, San Jose, CA).
Apoptosis. Paraffin sections of tumor biopsies were analyzed for apoptotic cells using a commercially available kit
(Apoptag; Oncor, Gaithersburg, MD) and evaluated by light
microscopy. Positive cells were counted in five representative
fields. The total number of cells per field was counted, and the
percentage of apoptosis was calculated.
MAP Kinase Activity. Protein was extracted from tumor
biopsies by sonication in Ripa buffer (PBS11% NP40, 0.5%
sodium deoxycholate, and 0.1% SDS). Homogenates were clarified by centrifugation at 18,500 3 g for 30 min at 4°C. Extracts
were diluted with water to yield equal protein concentrations,
dissolved in Laemmli sample buffer, and boiled for 5 min. For
Western blotting, 20-ml aliquots of tumor extracts containing 20
mg of protein were resolved by 10% SDS-PAGE. Extracts from
quiescent and EGF-stimulated MK cells were included as controls. The gels were transferred to nitrocellulose, and the membranes were blocked in 50 mM Tris (pH 8.0), 150 mM NaCl
(wash solution) containing 5% BSA and 0.2% Tween 20 for 1 h
at room temperature. Blots were probed with rabbit polyclonal
antibodies to either MAP kinase or the dually phosphorylated,
active form of MAP kinase (Promega) diluted 1:1000 in wash
solution containing 1% BSA and 0.05% Tween 20 for 2 h. Blots
were washed five times for 5 min with wash solution containing
1% BSA, 1% Tween 20 and 0.2% SDS. Blots were developed
using alkaline phosphatase-conjugated goat anti-rabbit antibodies (Sigma) with 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium detection. For in-gel kinase assays, 20 mg of
protein were resolved by 10% SDS-PAGE as described above,
except that the resolving gels contained 5 mg/ml myelin basic

protein (Boehringer Mannheim). Gels were washed four times
for 15 min each with 20% isopropanol in 50 mM Tris (pH 8.0)
and 5 mM b-mercaptoethanol (buffer A) to remove the SDS.
Gels were washed twice for 30 min in 6 M guanidine-HCl in
water to denature the proteins. Proteins were renatured by washing the gels for 16 h in buffer A containing 0.04% Tween 20,
changing the buffer six to seven times. Gels were washed two
times for 15 min in 50 mM HEPES (pH 7.2), 5 mM MgCl2, and
0.1 mM EGTA (phosphorylation buffer). Kinase assays were
initiated with the addition of phosphorylation buffer containing
10 mM ATP and 100 mCi of [g-32P]ATP in a volume of 20
ml/gel. Gels were washed with 5% TCA and 1% sodium PPi
until the washes were free of radioactivity. Gels were then
equilibrated with water, dried, and quantitated using a PhosphorImager (Molecular Dynamics). Identical in-gel kinase assays
were performed without substrate proteins in the gel to distinguish substrate phosphorylation from autophosphorylation.

Results
L-744,832 Induced Reversible Regression of TGFa and
TGFa/neu Mammary Tumors. To test the effect of
L-744,832 in the MMTV-TGFa mammary tumor model system,
we used three different groups of mice in which the tumor
latency period was reduced compared with virgin transgenic
mice: group 1, multiparous MMTV-TGFa mice; group 2,
DMBA treated, virgin MMTV-TGFa mice; and group 3, virgin,
bigenic MMTV-TGFa/neu mice. Mice were assigned randomly
to daily s.c. injections of either L-744,832 at a dose of 40 mg/kg
or an isosmotic vehicle. The dose of L-744,832 was identical to
the effective dose required to obtain complete regression of
mammary tumors in H-ras transgenic mice in previous experiments (12–14). Tumors in the majority of animals treated with
L-744,832 regressed in size during the treatment period (Fig. 1,
a, c, and e), in contrast to the vehicle-treated tumors in which all
progressed (Fig. 1, b, d, and f). No new tumors appeared in the
mice during L-744,832 treatment, as opposed to the vehicletreated group in which 10 of 38 mice developed secondary
tumors during treatment.
A MGR was calculated for each individual tumor and
averaged for tumors in each particular tumor induction group
(multiparous, DMBA, and a/neu; Ref. 24). The average MGR
for all tumors treated with L-744,832 (all FTIs) was 27.4 6 1.6
mm3 per day, whereas that of all vehicle-treated tumors (all
vehicles) was 19 6 3.4 mm3 per day, demonstrating a highly
significant statistical difference (P 5 0.0001; Fig. 2a). There
was no statistically significant difference between the responses
to L-744,832 in the multiparous, DMBA-treated, and TGFa/neu
mice as expressed by the average MGRs.
The purpose of using mice from three particular tumor
induction groups (multiparous, DMBA, and a/neu) was to investigate a possible difference in the response to L-744,832
among these groups. Treatment of mice with DMBA was shown
previously to specifically induce activating mutations in the 61st
codon of the H-ras gene (27, 29). From a hypothetical point of
view, the presence of activating H-ras mutations in a subgroup
of the tumors in this study would be of direct relevance. We
were, however, not able to demonstrate any mutations in H-ras
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Fig. 1 Effect of L-744,832 on the growth of mammary tumors in multiparous (a and b), and DMBA-treated (c and d), virgin MMTV-TGFa mice,
as well as virgin MMTV-TGFa/neu (e and f) mice. The volume of tumors in mice receiving treatment with L-744,832 (a, c, and e) or vehicle (b, d,
and f) was plotted as a percentage of tumor volume at treatment initiation.

codon 61 in DNA isolated from the DMBA-induced mammary
tumors.
After a primary course of treatment with either L-744,832
or vehicle, one-half of the tumors were assigned randomly to
receive a succeeding course of the opposite treatment. MGRs for
tumors treated with L-744,832 subsequent to treatment with
vehicle were all reduced, whereas those of tumors treated with
vehicle subsequent to FTI treatment all increased (Fig. 2b).
These observations led us to conclude that the effect of
L-744,832 on the tumors leading to regression was reversible.
The animals were sacrificed after termination of the treatment, and histological diagnosis was performed on 54 of the
tumors. In agreement with previous characterizations of these
mice (21, 23), the tumors fell into six diagnostic groups: simple
mammary cyst, adenosis, cystic adenoma, solid adenoma, adenocarcinoma, and carcinosarcoma (Table 1). When comparing
the histology of tumors treated with L-744,832 to that of vehicletreated tumors, regressing tumors had the characteristics of a
less active epithelial cell component: decreased cellularity, foci
of cell dropouts, a reduced number of mitotic figures, and an
increased number of apoptotic bodies, whereas the tumorstroma was slightly more prominent than in the vehicle-treated
tumors (data not shown). There were no statistically significant
differences in the responses (MGR) to L-744,832, among tumors
of different histological subtypes, when comparing either of the
diagnostic groups to the others or when comparing carcinomas

versus non-carcinoma tumors (hyperproliferative lesions and
adenomas).
Reduction of Serum TGFa in Animals with Regressing
Tumors. In the MMTV-TGFa mice, hTGFa is expressed by
the transgene in mammary epithelial and tumor cells, and it can
be measured specifically in serum samples by RIA (17, 21). To
examine the effect of L-744,832 on the s-hTGFa in the tumorbearing mice, serum samples were collected before and after
treatment with L-744,832 or vehicle. Pretreatment s-hTGFa
levels (normalized to tumor volume) were significantly higher
(P , 0.01) in mice with solid carcinomas compared with those
with noncarcinomas (adenosis or solid adenomas). Because one
diagnostic criterium for carcinomas was increased cellularity,
this finding supported the assumption that the tumor cells were
the source of hTGFa (data not shown). In agreement with this
hypothesis, we found that tumor regression in response to
L-744,832 was paralleled by a decrease in s-hTGFa (Fig. 3a). In
contrast, s-hTGFa levels increased both in mice with tumors
resistant to L-744,832 (Fig. 3b) and in vehicle-treated mice (Fig.
3c).
L-744,832 Inhibited MAP Kinase Activity and Increased G1 Cell Cycle Fraction. Histological examination of
vehicle-treated and FTI-treated tumors indicated that mitogenic
activity was reduced in response to FTI. For a more detailed
analysis of the effect of L-744,832 on mitogenic activity in the
tumors, we examined protein extracts from tumor biopsies ob-
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the extracts using in-gel kinase assays, which showed a reduction of kinase activity by L-744,832, varying from 16 – 80%
among the mice (Fig. 4b).
Next, we performed flow cytometric analysis on tumor
biopsies obtained from six mice before and after treatment with
L-744,832. We found an increased G1 fraction and a concomitant decrease in S- and G2-M fractions in posttreatment biopsies
in all cases examined (Table 2A).
Induction of Apoptosis by L-744,832. Histological examination of tumors showed an increased number of apoptotic
bodies in mice treated with L-744,832 in comparison with tumors from control animals. This was quantitated by performing
the terminal deoxynucleotidyl transferase-mediated nick end
labeling assay on paraffin sections of pre- and posttreatment
biopsies and the percentage of apoptotic cells determined in
representative fields (Table 2B). Treatment with L-744,832 led
to an induction of apoptosis in all cases examined, thus confirming the histological observations.

Discussion

Fig. 2 Effect of L-744,832 or vehicle given as primary treatment or
cross-over treatment on the growth of tumors in multiparous and
DMBA-treated, virgin MMTV-TGFa mice, as well as virgin MMTVTGFa/neu mice. a, MGRs were calculated for each individual tumor in
the group, and the average MGR was plotted. Bars, SE. FTI or Vehicle,
tumors receiving primary treatment with FTI or vehicle. All FTI and All
vehicle: all tumors treated initially with FTI or vehicle, respectively.
Numbers in parentheses, number of tumors. 1, statistical test performed
as described in “Materials and Methods.” b, MGR was calculated for
individual tumors after primary treatment with L-744,832 (1) or vehicle
(2) and after cross-over treatment in the opposite group and plotted as
matched pairs. Statistical analysis was performed using the Wilcoxon
Matched Pairs test.

tained from 12 mice before and after treatment with the compound. These tumors responded to treatment with L-744,832
with an average MGR similar to that of the FTI-treated tumors
described above. Western blots probed with an anti-active MAP
kinase antibody showed a weaker staining of posttreatment
extracts, indicating a decreased MAP kinase activation (Fig. 4a).
This was confirmed by quantitation of MAP kinase activity in

The MMTV-TGFa transgenic mouse model provides an
effective means for studying the activity of antitumor drugs
on mammary tumors with activated RTKs. In the present
study, we used this model system to test the antitumor
activity of a peptidomimetic FTI, L-744,832. It was found
that treatment with L-744,832 induced regression of the majority of mammary tumors in mice from the three tumor
induction groups studied: multiparous MMTV-TGFa mice,
DMBA-treated MMTV-TGFa mice, and bigenic MMTVTGFa/neu mice. The effect of L-744,832 treatment on tumor
volume correlated with the level of s-hTGFa. Tumor regression was also paralleled by inhibition of MAP kinase activity,
growth arrest in the G1 phase of the cell cycle, and increased
apoptosis. These results demonstrate antitumor effects of FTI
in an in vivo model in which the tumors: (a) express wildtype ras, and (b) exhibit activated RTK signaling.
The FTIs were shown previously to exhibit potent antitumor activity in in vivo models of mutant-Ras neoplasia
(12–14, 30 –33). The antitumor effects of L-744,832 that we
observed in the MMTV-TGFa and MMTV-TGFa/neu mice
were in many respects similar to what was found previously
in MMTV-H-ras transgenic mice (12, 13) but greater than
those observed with FTI treatment of transgenic mice harboring an activated MMTV-c-neu gene (13). The microscopic appearance of regressing tumors in the TGFa and
TGFa/neu mice and the H-ras mice were characterized by an
inactive epithelial component with decreased cellularity and
a reduced number of mitotic figures. In accordance with this,
we detected a reduction in MAP kinase activity in biopsies
obtained from tumors regressing after treatment with
L-744,832, compared with pretreatment levels (Fig. 4). The
biological significance of the observed reduction in MAP
kinase activity could not be assessed directly in the in vivo
experimental setup used in the study. However, the importance of the Raf/MEK/MAP kinase pathway in the transduction of mitogenic signals is well established (2, 5), and the
sensitivity of cancer cell lines to L-744,832 was shown to
correlate with its ability to inhibit MAP kinase activation by
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Table 1

Histological diagnosis of transgenic mammary tumors

TGFa multiparous

Cyst
Adenosis
Cystic adenoma
Solid adenoma
Adenocarcinoma
Carcinosarcoma
No. tumors examined

TGFa virgin, DMBA treated

TGFa/a/neu virgin

No.

Percentage

No.

Percentage

No.

Percentage

4
4
8
1
6

17%
17%
35%
4%
26%

1
1
3
5
4

7%
7%
20%
33%

1
2

6%
13%

13

81%

23

Fig. 3 Effect of L-744,832 on serum levels of hTGFa. Pre- and posttreatment s-hTGFa levels were plotted as matched pairs in three groups
of mice: a, tumors regressing on treatment with L-744,832 (FTI); b,
tumors progressing on L-744,832 treatment; and c, tumors progressing
on vehicle treatment. Statistical comparison was performed using the
Wilcoxon Matched Pairs test.

EGF (15). The present data are, to our knowledge, the first to
demonstrate inhibition of MAP kinase activity by FTIs in
vivo.
Biologically, tumor regression was paralleled by an increased G1 cell fraction and decreased S- and G2-M cell fractions and by induction of apoptosis (Table 2). Inhibition of Ras
activity was shown previously to activate an apoptotic response
in vitro (13, 34, 36), and recently published data demonstrated
that L-744,832 inhibited the growth in vivo of H-ras- and N-rasbearing tumors by induction of apoptosis or by cell cycle alterations, depending upon the presence of other oncogenic genetic
alterations (14, 37). This suggests that the biological effects of
FTIs leading to tumor regression are similar in the TGFa mice
and the H-ras and N-ras mice.
The three tumor induction groups used in our study (multiparous, DMBA, and a/neu) responded to L-744,832 in a sim-

1
15

.

33%
16

Fig. 4 MAP kinase activity in mammary tumor biopsies obtained
before and after treatment of mice with L-744,832. a, example of a
Western blot probed with an anti-active MAP kinase antibody (see
“Materials and Methods”). 2 and 1, before and after FTI treatment,
respectively, of EGF-stimulated BALB-MK mouse keratinocyte cell
line (38). b, kinase activity in protein extracts from tumor biopsies
before and after treatment with L-744,832 was quantitated by PhosphorImager analysis (upper panel) of in-gel kinase assays (lower panel).
ERK, extracellular signal-regulated kinase.

ilar manner. Despite differences in tumor latency and prevalence
of carcinomas among the TGFa and the TGFa/neu mice (Table
1), we did not observe any differences in tumor growth response
or levels of s-hTGFa. The response to L-744,832 was similar in
tumors with different histological diagnoses.
These observations indicate that despite differences in the
etiology and pathogenesis of these mammary tumors, blocking
protein farnesylation has similar consequences with regard to
the growth of established tumors. It is important to keep in mind
that besides Ras, farnesyltransferase modifies several other cellular proteins, which therefore are affected by FTI, including
rhoB, nuclear lamins A and B, and transducin (14, 15, 37).
Thus, it is likely that the actions of FTI may be due to its effects
on biochemical signaling pathways other than those involving
Ras.
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Table 2 Induction of G1 cell cycle arrest and apoptosis in mammary
tumor biopsies by L-744,832
A. Flow cytometric analysis
% cells in cell cycle fraction 6 SE
n56

G1

Before FTI
After FTI

67 6 3.9
80 6 1.1

S

G2-M

5.6 6 1.4
2.6 6 0.6

22 6 4.2
15 6 0.7

B. Apoptosis assay
n59

% apoptotic cells

Before FTI
After FTI

0.16 6 0.11
2.57 6 0.31

Our observations suggest that FTIs may be effective
against tumors containing activated RTK signaling pathways,
regardless of the presence or absence of mutationally activated Ras. These studies, along with those of others (13, 15,
16), indicate that FTIs may be effective against tumors containing a wide array of genetic alterations. Future studies
should be directed toward determining the precise mechanisms of action of this promising class of anticancer compounds.
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