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Abstract

Pancreatic ductal adenocarcinoma is a highly lethal
malignancy that is resistant to traditional cytotoxic
therapy. High rates of activating codon 12 K-Ras
mutations in this disease have generated considerable
interest in the therapeutic application of novel farnesyl
transferase inhibitors (FTls). However, a comprehen-
sive analysis of the effects of FTI treatment on pancreatic
cancer cells has not been performed. Treatment of five
different human pancreatic cancer cell lines with FTI L-
744,832 resulted in inhibition of anchorage-dependent
growth, with wide variation in sensitivity among different
lines. Effective growth inhibition by L-744,832 corre-
lated with accumulation of cells with a tetraploid (4N)
DNA content and high levels of cyclin B1/cdc2 kinase
activity, implying cell cycle arrest downstream from the
DNA damage-inducible G2/M cell cycle checkpoint. In
addition, sensitive cell lines underwent apoptosis as
evidenced by changes in nuclear morphology and
internucleosomal DNA fragmentation. L-744,832 at a
concentration of 1 pM additively enhanced the cytotoxic
effect of ionizing radiation, apparently by overriding G2/
M checkpoint activation. The effects of FTI treatment on
cell growth and cell cycle regulation were associated
with changes in posttranslational processing of H-Ras
and N-Ras, but not K-Ras. The results confirm the
potential therapeutic efficacy of FTI treatment in pan-
creatic cancer, and suggest that farnesylated proteins
other than K-Ras may act as important regulators of G2/
M cell cycle kinetics. Neoplasia (2000) 2, 261-272.

Keywords: farnesylation, cyclin B/cdc2, mitosis, pancreas, cancer.

Introduction

Many cellular proteins require posttranslational prenylation
for full biologic activity. At least three prenylating enzymes
are present in mammalian cells. Among these, protein
farnesyl transferase (FTase) and protein geranylgeranyl
transferase type | (GGTase-1) represent structurally related
heterodimers sharing a common «-subunit (reviewed in
Refs. [1,2]). FTase catalyzes transfer of a 15-carbon

farnesyl moiety to the C-terminal CAAX motif of multiple
protein targets, including H-Ras, N-Ras, K-Ras, Rap2,
RhoB, lamin A and B, and the phosphotyrosine phosphatases
PRL-1/PTP-CaaX-1 and -2. FTase activity is maximal for
CAAX sequences ending in serine, methionine, or glutamine.
In contrast, the structurally related enzyme GGTase-|
modifies target proteins by addition of a 20-carbon geranyl-
geranyl isoprenoid group, with kinetics favoring CAAX motifs
ending in leucine. Well-known GGTase-| targets include
Rho, Rap and Rac family members, G-protein ~-subunits,
and Cdc42. Additional complexity is provided by examples of
RhoB farnesylation by GGTase-1 [3], and alternative
GGTase-| mediated geranylgeranylation of normally farnsy-
lated K-Ras [4]. In contrast, GGTase-Il represents a
structurally unrelated protein that prenylates non-CAAX
peptide motifs [5].

Among target proteins for these enzymes, the Ras proto-
oncogene family has been extensively characterized [6,7].
Ras family genes encode 21-kDa guanine nucleotide-
binding proteins that transduce signals controlling cellular
proliferation and differentiation. In normal cells, Ras switches
between inactive GDP -bound and active GTP -bound states.
Mutations that stabilize the active GTP-bound state have
been identified in over 30% of human tumors, with particularly
high incidence in carcinomas of the pancreas and colon
[8,9]. For Ras members to transduce either normal or
oncogenic signals, a series of FTase-initiated posttransla-
tional modifications must occur. Farnesylation on the
cysteine residue of the C-terminal CAAX box is followed by
peptidase removal of the “AAX” tripeptide and methylation of
the resulting cysteine carboxylate. These modifications
appear to be required for membrane association and down-
stream signaling, including recruitment of Raf kinase to the
plasma membrane [10,11].
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Examination of farnesylation-dependent events invol-
ving Ras and other cellular proteins has been facilitated by
the development of specific peptidomimetic inhibitors of
FTase. Many of these compounds have been identified
based on strategies of rational drug design directed at
development of novel cancer therapeutics. In this regard,
the potential utility of FTase inhibitors (FTls) has been
supported by extensive preclinical evaluation, demonstrat-
ing potent antiproliferative effects on Ras-transformed
cells in vitro and in vivo, with little effect on normal cells
[12—-18]. These findings have resulted in the initiation of
clinical trials of FTI, including evaluation in patients with
pancreatic cancer.

In the United States, pancreatic cancer afflicts 29,000
patients per year, with an overall 3-year survival rate of 3%.
This high frequency and poor prognosis combine to make
pancreatic cancer the fifth leading cause of cancer death in
the United States [19]. In addition to this poor prognosis,
pancreatic cancer demonstrates the highest known rate of
Ras activation among human tumors, with codon 12
mutations identified in at least 90% [8,9]. Combined with a
notoriously poor response to traditional therapies [20],
these features suggest that pancreatic cancer may represent
an ideal target for FTI therapy. Several prior studies suggest
that inhibition of Ras function may alter the growth
characteristics of pancreatic cancer cells [21-23]. How-
ever, a comprehensive analysis of the effects of FTls on
pancreatic cancer cell proliferation, survival, and cell cycle
regulation has not yet been performed. In addition, the ability
of FTls to alter farnesylation of different Ras family members
in pancreatic cancer cells has not been assessed.

In the present study, we have characterized the growth
inhibitory effect of the FTI L-744,832 against five different
human pancreatic ductal adenocarcinoma cell lines with and
without activating K-Ras mutations. These cell lines
exhibited a broad range of sensitivity to FTI, with ICs0s
ranging from 1.3 to >50 pM. For all cell lines, growth
inhibition was associated with accumulation of cells with a
tetraploid (4N) DNA content, suggesting alterations in G2/
M cell cycle progression. In spite of high levels of cyclin B1/
cdc2 kinase activity, FT|-treated cells showed no tendency
to form mitotic spindles, suggesting a defect in mitotic
progression. For cell lines sensitive to L-744,832, FTI
treatment was associated with induction of apoptosis as
well as additive cytotoxicity when combined with ionizing
radiation. Biochemical analysis revealed changes in post-
translational modification of H-Ras and N-Ras, but not K-
Ras. The results confirm a potential therapeutic effect of
FTase inhibition in pancreatic cancer, and suggest that the
growth inhibitory effects of FTI may involve targets other than
activated K-Ras.

Materials and Methods

Primary and Secondary Antibodies
The following antibodies were used: rabbit anti-H-Ras,
rabbit anti-N - Ras, mouse-anti cyclin B1, mouse-anti cdc2,

horseradish peroxidase-conjugated anti-mouse and anti-
rabbit secondary antibodies were purchased from Santa
Cruz Biotechnology. Rabbit phospho-specific anti-Cdc2
(Y15) was purchased from New England Biolabs. Mouse
anti-K-Ras was purchased from Calbiochem. For immuno-
fluorescent staining, rat pan-Ras Y-13,258 antibody and
Cy3 donkey anti-rat secondary antibody were purchased
from Jackson ImmunoResearch.

Cell Lines and Culture Conditions

Five different human pancreatic ductal adenocarcinoma
cell lines were used: Aspc-1, Bxpc-3, Capan-2, Cfpac-1,
and Panc-1. These cell lines demonstrate a variety of
genetic alterations with respect to K-Ras mutation, p53
mutation, and p16 deletion [8,9,24,25]. Specifically, all
cell lines with the exception of Bxpc-3 carry activating
mutations in codon 12 of the K-Ras proto-oncogene. In
addition, all cell lines with the exception of Capan-2 carry
inactivating mutations involving the p53 tumor suppressor
gene. Cell lines were obtained from American Type
Culture Collection (Rockville, MD). Aspc-1 and Bxpc-3
cells were grown in RPMI medium 1640 (Gibco BRL),
Capan-2 in McCoy’s 5A medium (Gibco BRL), Cfpac-1
in Isocove’s modified Dulbecco’s medium (Gibco BRL),
and Panc-1 in DMEM (Gibco BRL), supplemented with
10% fetal calf serum, 100 units/ml penicillin, and 100 mg/
ml streptomycin at 37°C in an atmosphere of 95% air and
5% COs..

FTI Treatment and Anchorage - Dependent Growth Assays

The peptidomimetic FTI L-744,832 was provided by
Allen Oliff (Merck Pharmaceuticals, West Point, PA). To
evaluate dose-dependent growth inhibition, cells were
plated in six-well plates at a density of 1x10* cells/well.
Twenty-four hours later, cells were treated with 0.1%
DMSO vehicle control or escalating doses of L-744,832
ranging from 100 nM to 50 pM. Medium containing fresh
DMSO or FTI was replaced at 24-hour intervals. Assess-
ment of growth inhibition was performed at 24, 48, and 72
hours by trypsinization and counting of quadruplicate plates.
Cell viability was confirmed by trypan blue dye exclusion.
ICs0 values were established by determining the concentra-
tion of L-744,832 associated with a 50% reduction in cell
number compared to DMSO-treated control cells at 72
hours.

Cell Growth Following lonizing Radiation

To determine the effect of FTI on cell survival following
ionizing radiation, Panc- 1 cells were plated in six-well plates
as described above, and exposed to escalating doses of
ionizing ~-irradiation (1 to 8 Gy) delivered by a cesium
source. Immediately following radiation, cells were treated
with either 0.1% DMSO or escalating doses of FTI (0.1 to 10
pM). Medium containing fresh DMSO or FTI was replaced at
24-hour intervals. Cell survival was assessed at 2, 5, and 7
days by trypsinization and direct counting of triplicate plates
for each condition.
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Cell Cycle Analysis by Flow Cytometry

Flow cytometry was performed as previously described
[26]. Briefly, unsynchronized pancreatic cancer cell lines
were seeded at 5x10* per T25 flask and exposed to different
concentrations of FT| as described above. Following treat-
ment, cells were incubated with trypsin/EDTA, washed twice
with PBS, mechanically dispersed using 21-gauge needle,
and fixed in ice-cold 100% ethanol. After overnight fixation,
1x10° cells were resuspended in PBS containing 1 mg/ml
RNase and 1 mg/ml propidium iodide. Cell cycle analysis
was performed using a FACScan flow cytometer (Becton
Dickinson). For each condition, the cell cycle distribution of
at least 10,000 cells was analyzed.

Cyclin B1/cdc2 Kinase Assay

Immunoprecipitation-based assay of cyclin B1-asso-
ciated kinase activity was performed using a mouse
monoclonal anti-cyclin B1 antibody (Santa Cruz Biotech-
nology) and exogenous histone H1 substrate, as previously
described [26,27]. Reaction products were resolved on
SDS-10% polyacrylamide gels, stained with Coomassie
blue, and dried. Incorporation of radioactive phosphate into
histone H1 was visualized by autoradiography, quantified
using an Instant Imager (Packard Instruments), and
expressed as percentage of DMSO-treated control condi-
tions. Data from three independent experiments were
pooled and statistical comparison was performed by paired
t-test.

Protein Extraction and Immunoblotting

Following treatment with 10 pM of FTI or DMSO for 48
hours, cells were scraped from culture flasks and washed in
PBS. For the detection of cell cycle regulatory proteins,
whole cell lysates were prepared for immunoblotting as
previously described [26]. For the detection of K-, H-, and
N-Ras, crude membrane fractions were prepared. Cells
were suspended in 0.9 ml of ice-cold hypotonic buffer (25
mM Tris—HCI, pH 8.0, 1 mM EDTA, 5 mg/ml leupeptin, 1
mM Pefabloc SC, 50 mg/ml aprotinin, 5 mg/ml soybean
trypsin inhibitor, 4 mM benzamidine) and sonicated for 5
seconds. The cell debris was pelleted and discarded, and the
supernatant was transferred to Beckman polyallomer tubes
and spun at 46,000 rpm (100,0009) for 45 min. Pellets were
washed once with ice -cold hypotonic buffer in the presence
of protease inhibitors, re-pelleted at 46,000 rpm for 15 min,
then resuspended in 200 pl of ice - cold hypotonic buffer with
protease inhibitors. Following electrophoresis of 50 pg
protein samples on 13% SDS-—polyacrylamide gels, immu-
noblotting was performed on PVDF membranes (Immobi-
lon-P, Millipore).

Immunofluorescent Staining for Pan-Ras and TdT Labeling

Cells were plated on eight-chamber slides (Nalge Nunc
International) and treated with DMSO or 10 pM FTI for 48
hours. For indirect immunofluorescent staining, the cells
were rinsed with ice-cold PBS and fixed in 2% paraformal-
dehyde in PBS for 20 min at 4°C. After washing in ice-cold
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PBS, cells were incubated with anti-rat pan-Ras primary
antibody in PBS with 0.02% saponin for 1 hour at 4°C. Cells
were washed again with ice-cold PBS and incubated with
donkey anti-rat Cy3 conjugated secondary for 20 min in the
dark, then counterstained with 4,6-diamidino-2-phenylin-
dole (DAPI).

For TdT labeling, in situ labeling of apoptosis-induced
DNA fragments was performed using fluorescein ApopTag
Direct In Situ Apoptosis Detection Kit (Oncor). Cells were
treated and fixed as described above, and then stained
according to the manufacturer’'s instructions. Briefly, cells
were incubated with equilibration buffer for 5 minutes, then
incubated with TdT enzyme solution for 1 hour at room
temperature. After washing, slides were incubated for 10
minutes with 5 pg/ml of propidium iodide and 50 pg/ml of
RNase-A in PBS at 37°C. Cells were viewed on a Zeiss
Axioplan fluorescent microscope and analyzed by counting
the number of normal versus apoptotic nuclei in 10 high-
power fields (~800 nuclei per condition).

Results

Effects of FTI on Anchorage-dependent Growth

Treatment with L-744,832 resulted in dose-dependent
growth inhibition in all five pancreatic cancer cell lines, with
considerable variation in sensitivity among the different
lines (Figure 1). The Panc-1 and Capan-2 cells were most
sensitive to the growth inhibitory effects of L-744,832, with
ICso values of 1.3 and 2.1 pM, respectively. In contrast, the
ICs5o value for Cfpac-1 cells was not reached, even at L-
744,832 concentrations up to 50 yM (Table 1). L-744,832
treatment inhibited the growth of Bxpc-3 cells with
moderate effectiveness, even though these cells carry only
the wild-type K-Ras allele. These results are consistent
with prior studies demonstrating FTl-mediated growth
inhibition of tumor cell regardless of Ras mutation status
[14,28].

Changes in Cell Cycle Position and Induction of Apoptosis

Flow cytometric analysis of propidium iodide-labeled
cellular DNA revealed significant changes in cell cycle
distribution following treatment with 10 pM L-744,832 for
72 hours (Figure 2,A and B). The most sensitive cell
line, PANC-1, showed a nearly three-fold relative
increase in cells with a 4N DNA population, consistent
with cell cycle arrest either during G2 or during early
mitosis (G2/M). In contrast, a minimal increase in G2/M
fraction was observed in the resistant Cfpac-1 cell line.
The other cell lines showed intermediate degrees of G2/M
arrest. No evidence of FTI-induced G1 arrest was
observed in any of the cell lines tested. When cell cycle
distribution was analyzed as a function of L-744,832
concentration, each of the five cell lines showed a dose-
dependent increase in G2/M fraction (Figure 2C). This
L-744,832 dose-dependent effect was most prominent for
the Panc-1 and Capan-2 cell lines and less apparent for
the resistant Cfpac-1 cells, suggesting that a delay in
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Figure 1. Inhibition of pancreatic cancer cell growth by FTI. Five different human pancreatic cancer cell lines were treated with escalating doses of the farnesyl!
transferase inhibitor L - 744,832. Control cells were treated with 0.1% DMSO. Growth inhibition was determined by direct counting on days 1, 2, and 3 following
initiation of treatment. The y axis indicates cell number, expressed as per cent of same day DMSO - treated control cells. The x axis indicates time in days. Values
represent mean + SEM of quadruplicate plates. Open triangles, L - 744,832 100 nM. Open squares, L - 744,832 500 nM. Closed inverted triangles, L - 744,832 1 uM.
Closed circles, L - 744,832 10 puM. Closed triangles, L - 744,832 25 pM. Closed squares, L - 744,832 50 yM.

mitotic progression might underlie the growth inhibitory
effects of FTI in pancreatic cancer cells.

In addition to accumulation of a 4N DNA population, the
most sensitive Panc-1 and Capan-2 cell lines showed an
expanded subdiploid peak, suggesting increased apoptosis

(Figure 2A). Further confirmation of DNA fragmentation
induced by FTI treatment was performed using morphologic
evaluation of propidium iodide -labeled nuclei, as well as TdT
(TUNEL) labeling (Figure 3). Cells treated with 0.1% DMSO
showed normal nuclear morphology and infrequent specific
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Table 1. Growth Inhibition and Induction of Apoptosis in Pancreatic Cancer
Cell Lines Treated with L-744,832.

Cell Line IC50 L-744,832 Apoptotic Index Apoptotic Index
(uM) (%) DMSO (%) L-744,832
Aspc-1 14.3 24+12 23.2+2.7
Bxpc-3 12.3 22+141 17.1+1.2
Capan-2 21 3.4+0.8 31.6+3.0
Cfpac-1 >50 3.1+13 14.5+1.4
Panc-1 1.3 2.7+1.0 50.3+9.5

ICso values indicate micromolar concentrations required to obtain 50%
reduction in cell number compared to DMSO -treated control in a 72-hour
anchorage -dependent growth assay. Apoptotic indices indicate fraction of
TUNEL - positive cells following 72 - hour treatment with 0.1% DMSO versus
10 pM L-744,832. Data indicate mean+SEM for three independent
experiments.

labeling with TdT (Table 1). Following exposure to 10 yM L-
744,832 for 48 hours, all cell lines demonstrated some
degree of nuclear changes indicative of apoptosis, including
chromatin condensation, nuclear fragmentation, and strong
TUNEL labeling. This was most apparent in the Panc-1 and
Capan-2 cell lines, in which the fraction of TUNEL - positive
cells following L-744,832 treatment exceeded 30% (Table
1). In contrast, the resistant Cfpac-1 cell line demonstrated a
significantly lower fraction of TUNEL - positive cells following
FTI treatment. These data suggest that, in addition to the
observed cell cycle arrest, the growth inhibitory effects of FTI
are also mediated by induction of apoptosis in pancreatic
cancer cell lines. FTI-induced apoptosis appears to be a
p53-independent process, occurring with high frequency in
Capan-2 cells harboring a wild-type p53 as well as in Panc-
1 cells lacking p53.

Effect of FTI on Cell Growth Following lonizing Radiation

Based on previous studies suggesting a radiosensitizing
effect of FTI, the effect of escalating doses of L-744,832 on
Panc-1 cell growth following ionizing radiation was deter-
mined. In the absence of L-744,832 treatment, irradiated
Panc-1 cells show a dose-dependent inhibition of cell
growth as assessed 2 days following radiation delivery, with
a radiation ICso dose of 4 Gy (Figure 4A). At 5 days, this
radiation-induced growth inhibition was less prominent, with
only those conditions involving radiation doses greater than 6
Gy showing ongoing failure to expand cell number. In
contrast, cells treated with low concentrations of L-744,832
plus radiation showed additive growth inhibition, with sus-
tained failure to expand cell number (Figure 4, A and B).
For each dose of radiation studied, 0.1 uM L-744,832 was
able to cause at least a 50% reduction in surviving cell
number at 48 hours compared to radiation alone. These
findings suggest that the combined effects of ionizing
radiation and FTase inhibition result in enhanced cytotoxicity
in human pancreatic cancer cells.

Effects of FTI on CyclinB1/cdc2 Kinase Activity in Irradiated
and Nonirradiated Cells

To further characterize the cell cycle arrest induced by L-
744,832 and evaluate possible mechanisms by which FTI
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might alter cellular sensitivity to ionizing radiation, the effects
of FTI on cyclinB1/cdc2 kinase activity were determined
using an immunoprecipitation-based assay [26,27]. Com-
pared to DMSO vehicle - treated control cells, all five cell lines
showed enhanced cyclin B1/cdc2 kinase activity following
treatment with 10 pM L-744,832 for 72 hours (Figure 5A).
Paralleling observations made regarding growth inhibition
and G2/M cell cycle arrest, the Panc-1 cell line demon-
strated the greatest relative change, with an approximately
two-fold increase in measurable cyclin B1/cdc2 kinase
activity following FTI treatment for 72 hours. Enhanced
kinase activity was observed in the absence of significant
changes in cellular levels of cyclin B, total cdc2, or Y15-
phosphorylated cdc2 as assessed by Western blot (data not
shown). In spite of high levels of cyclin B1/cdc2 kinase
activity, L-744,832-treated cells showed no evidence of
enhanced mitotic spindle formation (see propidium iodide
staining in Figure 3). These data suggest that FTI-induced
G2/M cell cycle arrest occurred in early mitosis at a point
downstream of cyclin B1/cdc2 kinase activation and the
DNA damage-inducible G2/M cell cycle checkpoint. In
addition, the results suggest that FTI may limit the ability of
pancreatic cancer cells to fully initiate mitosis in response to
activated cyclin B1/cdc2 kinase.

In several systems, resistance to ionizing radiation
appears to correlate with downregulation of cyclin B1/cdc2
kinase activity, resulting in pre-mitotic arrest at the DNA
damage-inducible G2/M cell cycle checkpoint [29,30]. To
determine the effects of radiation alone compared to
radiation plus FTI on cyclin B1/cdc2 kinase activity in
pancreatic cancer cells, assays of kinase activity were
performed following combined treatment with ionizing radia-
tion and L-744,832. For these experiments, cells were left
untreated or exposed to 8 Gy of ionizing radiation, then
immediately treated with escalating doses of L-744,832 (0
to 25 pM). Fresh medium containing L-744,832 was
replaced daily, and immunoprecipitatable cyclin B1/cdc2
kinase activity was measured at 8, 24, 48, and 72 hours
following radiation delivery (Figure 5,B and C).

In each of the five cell lines, treatment with ionizing
radiation alone induced accumulation of cells with a 4N DNA
population (data not shown). This observation correlated
with significant decreases in measurable cyclin B1/cdc2
kinase activity, indicating cell cycle arrest at the DNA
damage-inducible G2/M cell cycle checkpoint. For Panc- 1
cells, downregulation of cyclin B1/cdc2 kinase activity was
most pronounced 8 hours following radiation, when cellular
kinase activity was approximately 50% of nonirradiated cells
(Figure 5B). This downregulation of cyclin B1/cdc2 was
followed by a significant increase in activity at 24 hours
(Figure 5C), possibly due to subsequent progression of a
synchronized G2/M population back into the cell cycle. In the
presence of low concentrations of L-744,832, radiation-
induced downregulation of cyclin B1/cdc2 kinase activity
was not observed. Instead, cells exposed to the combination
of ionizing radiation and L - 744,832 exhibited an approximate
two-fold increase in kinase activity 8 hours following
treatment, with kinase activity further increasing to levels
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Figure 3. Induction of apoptosis by FTI in pancreatic cancer cell lines. Cells were treated with either L - 744,832 (10 uM) or 0.1% DMSO vehicle control for 72 hours.
Nuclear morphology was assessed by propidium iodide staining, and the induction of apoptosis was confirmed by TUNEL assay. (A—D) Panc-1 cells. (E—H)
Cfpac-1cells. (A), (B), (E), (F) Propidium iodide staining. (C), (D), (G), (H) TUNEL labeling. (A), (C), (E), (G) Cells treated with 0.1% DMSO vehicle
control. (B), (D), (F), (G) Cells treated with 10 uM L - 744,832. Note nuclear fragmentation and high frequency of TUNEL positivity in FTI - treated Panc- 1 cells.
Apoptotic indices from replicate experiments are provided in Table 1.
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five-fold over baseline at 24 and 48 hours. Concentrations of
L-744,832 as low as 0.1 yM induced activation rather than
downregulation of cyclin B1/cdc2 kinase activity following
ionizing radiation, with no additional effect provided by higher
concentrations (Figure 5C). Together, the data regarding
cell cycle kinetics and mitotic kinase activation show that low -
dose FTlinduces cell cycle arrest at a point subsequent to the
DNA damage -inducible G2/M cell cycle checkpoint before to
the formation of mitotic spindles. This appears to result in a
population of cells with sustained activation of cyclin B1/cdc2
kinase, even after exposure to ionizing radiation. Based on
the observation that induction of apoptosis in many systems
is associated with activation of cyclin B1/cdc2 kinase
[26,31—-34], these findings suggest that the growth inhibitory
and radiation - sensitizing effects of FTI may be mediated by
changes in cyclin B1/cdc2 kinase activity.

Effect of FTI on Ras Processing
To gain insight into the effects of FTI on posttranslational
modification of Ras proteins, immunofluorescent staining
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Figure 5. Effect of FTI on cyclin B1/cdc2 kinase activity in irradiated and
nonirradiated pancreatic cancer cells. Autoradiographs depict incorporation of
radioactive phosphate into histone H1 substrate. Bar graphs depict quantified
kinase activity as mean +SEM of three independent experiments. (A) Effect
of FTl on cyclin B1/cdc2 kinase activity in nonirradiated pancreatic cancer cell
lines. Cells were treated with either L-744,832 (10 yM) or 0.1% DMSO
vehicle control for 72 hours. For each cell line, data are expressed as
percentage of DMSO -treated control. White bars, DMSO - treated control
conditions. Black bars, L-744,832-treated cells. (B) Effect of escalating
concentrations of FTI on cyclin B1/cdc2 kinase activity following ionizing
radiation (IR). Panc-1 cells were exposed to 0 Gy or 8 Gy of ionizing
radiation, immediately treated with 0.1% DMSO or escalating concentrations
of L-744,832, and harvested 8 hours later for measurement of kinase activity.
Data are expressed as percentage of nonirradiated DMSO - treated control
cells. White bars, nonirradiated cells. Black bars, irradiated cells. (C)
Temporal changes in cyclin B1/cdc2 kinase activity following ionizing
radiation in cells treated with and without FTI. Panc-1 cells were exposed
to 0 Gy versus 8 Gy of ionizing radiation, and immediately treated with 0.1%
DMSO or 1 uM L -744,832. Kinase activity was determined at indicated time
points. White bars, DMSO - treated cells. Black bars, L - 744,832 - treated cells.
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was performed using a pan-Ras primary antibody. All five
cell lines were treated for 72 hours with either 10 yM L-
744,832 or 0.1% DMSO. For each of the five cell lines, the
pattern of pan-Ras immunofluorescence in DMSO -treated
control cells was characterized by well-demarcated staining
of the cytoplasmic membrane. In contrast, L-744,832-
treated cells show a significant decrease in membrane
staining with an increase in diffuse cytoplasmic labeling
(Figure 8A). In spite of significant differences in sensitivity to
the growth inhibitory effects of FTI, the degree of FTI-
induced alteration in pan-Ras subcellular localization was
similar in each of the five lines. These findings suggest that
FTI treatment effectively prevents posttranslational proces-
sing events required for association of some or all Ras
proteins with the cytoplasmic membrane, even in cell lines
that are relatively resistant to the growth inhibitory effects of
FTI. To further characterize the effects of FTI on processing
of specific Ras-family members, immunoblot analysis was
performed using H-Ras, K-Ras, and N-Ras specific
antisera (Figure 6B). In each of the five cell lines examined,
prenylation of H-Ras was completely inhibited in the
presence of 10 pM FTI, as evidenced by shift to a more
slowly migrating, unprocessed form. In contrast, no change
in K-Ras processing was observed in any of the five cell
lines. N-Ras processing demonstrated an intermediate
effect, with the appearance of both processed and unpro-
cessed forms induced by FTI treatment. These results are
consistent with prior studies demonstrating differential
sensitivity of H-Ras, K-Ras, and N-Ras to inhibition of
prenylation by FTI [35,36]. In addition, the results suggest
no effect on K-Ras processing by concentrations of FTI that
effectively alter G2/M cell cycle regulation and induce
apoptosis in sensitive cell lines.

Discussion

These findings demonstrate variable sensitivity to growth
inhibition by FTI among five different human pancreatic
cancer cell lines. The L-744,832 ICs, for the various cell
lines ranged from 1 to >50 pM. Sensitivity did not appear to
correlate with the presence or absence of activating K-Ras
mutations, as the single cell line lacking Ras mutation
demonstrated intermediate sensitivity. Sensitivity did corre-
late with accumulation of cells exhibiting 4N DNA content
and high levels of cyclin B1/cdc2 kinase activity, implying
cell cycle arrest in early mitosis, downstream from the DNA
damage-inducible G2/M cell cycle checkpoint. In addition,
sensitivity to L-744,832 directly correlated with the induction
of apoptosis, as demonstrated by the development of a
subdiploid DNA population and nucleosomal DNA fragmen-
tation. In addition to these direct effects on pancreatic cancer
cell growth, low concentrations of L-744,832 additively
enhanced the cytotoxic effect of ionizing radiation. The
effects of L-744,832 on pancreatic cancer cell cycle
regulation were associated with changes in the subcellular
localization of Ras family members and inhibition of H-Ras
and N-Ras processing; however, an effect on the post-
translational processing of K-Ras was not observed.
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Together, these findings suggest that FTase inhibition
directly influences pancreatic cancer cell growth and
survival, and that these effects may be mediated by
significant changes in G2/M cell cycle progression. The
relevant prenylated protein targets responsible for these
effects remain to be identified.

The current results are consistent with previous studies
demonstrating effective growth inhibition of a wide variety of
human tumor cell lines by L-744,832 and other FTase
inhibitors [14,28,37]. Several studies have previously
suggested an effect of FTIs on pancreatic cancer cell growth
[14,37,38]. Using assays of anchorage -independent growth
in soft agar, Sepp-Lorenzino and colleagues previously
reported L-744,832 I1C5o values of less than 20 puM for
Capan-2 cells, but greater than 20 pM for the Panc-1 and
Aspc-1 cell lines [14]. Similar to our findings, other
investigators using different inhibitors of posttranslational
prenylation have demonstrated effective growth inhibition in
pancreatic cancer cell lines regardless of K-Ras mutation
status [38,39].

Both in pancreatic cancer cell lines [38], as well as in
other systems [37,40—42], the growth inhibitory effects of
FTase inhibition have previously been associated with the
induction of apoptosis. In the current study, FTI-induced
apoptosis appeared to represent a p53-independent event,
with all cell lines except Capan-2 lacking a functional p53
allele. Similarly, Lebowitz and coworkers [40] demonstrated
that the ability of FTI to induce apoptosis as opposed to
simple morphologic reversion was dependent on substratum
adherence, and was unaffected by the presence or absence
of p53 mutation. These findings are consistent with those of
Barrington et al., who noted that L-744,832 retained its
ability to induce tumor cell apoptosis in MMTV-v-Ha-Ras/
p53—/— mice, albeit with somewhat lower efficacy com-
pared to a MMTV -v-Ha-Ras/p53+/+ background [41]. In
contrast, the ability of L-744,832 to inhibit in vivo tumor
growth in MMTV-v-Ha-Ras/MMTV-c-myc mice was not
associated with a statistically significant increase in tumor
cell apoptotic index, suggesting that the effects of FTl on in
vivo tumor cell growth may be mediated by both apoptotic
and non-apoptotic mecha- nisms [41].

Previous investigations have not addressed the effects of
FTase inhibition on cell cycle regulation in pancreatic cancer
cells. In other cell systems, inhibition of G1-S transit appears
to be the predominant cell cycle effect induced by FTI
[28,37,41]. Whereas FTI induces apoptosis in a p53-
independent manner, FTl-induced G1 cell cycle arrest
appears to be dependent on both p53 and p21WAF!/CIP1
[28]. When either p53 or p21WAFT/CIPT are absent, the
antiproliferative effects of FTI are instead mediated by the
development of polyploidy (endoreduplication) and the
induction of apoptosis [28]. These results using genetically
targeted cell systems are consistent with the present results,
in which no evidence of FTI-mediated G1 arrest was noted in
any of the five pancreatic cancer cell lines studied. Four of
these lines have been documented to have homozygous
inactivating mutations in p53, whereas wild-type p53
sequence has previously been reported in Capan-2 cells
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Figure 6. Effect of FTI on subcellular localization and posttranslational processing of ras proteins. (A) Pan-ras immunoreactivity in Panc- 1 cells treated with 0.1%
DMSO for 72 hours. Note predominant staining of cytoplasmic membrane. (B) Pan-ras immunoreactivity in Panc- 1 cells treated with 10 uM L - 744,832 for 72
hours. Increased cytoplasmic staining is noted. (C) Immunoblot analysis of FTI-induced changes in posttranslational processing of Ras proteins. Cells were treated
with 0.1% DMSO versus 10 WM L - 744,832 for 72 hours. “U” indicates unprocessed upper band. “P” indicates processed lower band. Results are representative of

two independent experiments.

[24,25]. However, we did not observe p21WAF1/CIPT inqyc-
tion or G1 checkpoint arrest following DNA damage in this
line, suggesting functional disruption of the p53 pathway in
these cells (data not shown). Although our gated flow
cytometric analysis did not detect obvious endoreduplication
in pancreatic cancer cells following FTI treatment, the
accumulation of cells with a 4N DNA population in conjunc-
tion with high levels of cyclin B1/cdc2 kinase is consistent
with this interpretation [27]. A previous report demonstrating
FTI-induced accumulation of a 4N DNA population in the
A549 human lung cancer cell line [43] suggests that this

may represent a common response in tumor cells with
disrupted G1 checkpoint regulation.

The current study also uniquely correlates sensitivity to
FTI with accumulation of activated cyclin B1/cdc2 kinase in
both irradiated and nonirradiated cells. In eukaryotic cells,
regulation of cyclin B1/cdc2 kinase activity plays a critical
role in regulating normal mitotic entry as well as the DNA
damage-inducible G2/M cell cycle checkpoint. In addition,
activation of cyclin B1/cdc2 kinase has also been associated
with induction of apoptosis [26,31-34,44]. In the current
study, the ability of FTI to induce early mitotic arrest,
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activation of cyclin B1/cdc2 and induction of apoptosis
resembles the effect of taxol and other microtubule inhibitors
[27,44]. As in the case of FTI treatment, cell fate following
treatment with microtubule inhibitors appears to depend on
the presence or absence of intact G1/S checkpoint
mechanisms. Stewart and colleagues [27] have demon-
strated prolonged cyclin B1/cdc2 kinase activation and
enhanced apoptosis following taxol treatment in HCT116
p21—/— cells compared to a HCT116 p21+/+ parental
strain. The introduction of ectopic p21WAFT/CIP1 has also
been shown to limit cyclin B1/cdc2 kinase activity and
decrease the sensitivity of p53-deficient tumor cells to
induction of apoptosis in response to microtubule inhibitors
[27,44].

A common mechanism ultimately involving activation of
cyclin B1/cdc2 may therefore be responsible for p53-
independent induction of apoptosis by either FTI or micro-
tubule inhibitors. Additional evidence suggests that com-
bined treatment with FTI and a microtubule inhibitor may
generate synergistic effects with respect to accumulation of a
4N DNA population [45,46] and initiation of apoptosis
[46,47]. The results of the current study suggest that this
effect may be mediated by enhanced cyclin B1/cdc2 kinase
activity. This mechanism may also underlie the additive
increase in cytotoxicity associated with combined radiation
plus FTI compared to radiation alone. In this regard, G2/M
has previously been characterized as the most sensitive
phase of the cell cycle with respect to the cytotoxic effects of
ionizing radiation [48,49]. Taxol-induced G2/M arrest also
increases cellular sensitivity to ionizing radiation, apparently
related to changes in cyclin B1/cdc2 kinase activity [50,51].
In the current study, simultaneous treatment with ionizing
radiation and 1 pM L-744,832 resulted in a rapid increase in
cyclin B1/cdc2 activity compared to untreated control cells,
as opposed to the downregulation of kinase activity observed
following radiation alone. In this regard, both FTI and
microtubule inhibitors appear to override the cytoprotective
DNA damage-inducible G2/M cell cycle checkpoint, result-
ing in enhanced cytotoxicity.

Together, these results suggest that farnesylated proteins
may be involved in regulation of mitotic entry and progres-
sion. However, the identity of the farnesylated proteins
responsible for the effects of FTI in pancreatic cancer cells
remain unknown. In the current study, biochemical analysis
failed to demonstrate any apparent effect on the posttransla-
tional processing of K-Ras, even while H-Ras and N-Ras
showed evidence of impaired posttranslational prenylation.
Similar results have been observed in other systems, in
which K-Ras appears to be relatively resistant to the effects
of FTI, apparently due to a high affinity for FTase as well as
alternative prenylation by GGTase-| [35,36,52]. FTI treat-
ment has also been shown to alter farnesylation of nuclear
lamins [14,53], although the impact of this effect on cell
cycle regulation remains unknown.

In contrast, an expanding body of evidence suggests
that the growth inhibitory properties of FTI are mediated by
effects on the RhoB small GTPase protein [40,54-58].
Using myristylated forms of H-Ras and RhoB that are
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resistant to the effects of FTI, Lebowitz and colleagues
demonstrated that myristylated RhoB, but not myristylated
H-Ras, rendered Ras-transformed cells resistant to the
growth inhibitory effects of FTI [40,56]. Additional studies
have suggested that the effects of FTI on RhoB involve
loss of farnesylated RhoB and a gain of alternatively
geranylgeranylated RhoB [57,58]. Similar to the effects of
FTI, geranylgeranylated RhoB is capable of activating
p21WAF1/CIP1 in Ras-transformed cells with wild-type p53
[57], and also capable of causing accumulation of cells
with a 4N DNA content in certain tumor lines with mutant
p53 [58]. Based on the results of the current study, it
might be predicted that, in the absence of wild-type 53,
cells with predominantly geranylgeranylated RhoB would
also demonstrate high levels of cyclin B1/cdc2 kinase
activity.
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