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Cytotoxicity of Simvastatin to Pancreatic Adenocarcinoma Cells Containing

Mutant ras Gene
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Simvastatin (8V), a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, inhibits the syn-
thesis of mevalonic acid. The dose-dependent (0.1-100 gg/mi) cytotoxicity of SV towards human
(MIAPaCa-2, Pane-1, HPC-1, HPC-3, HPC-4, PK-1, PK-9) and hamster (T2) pancreatic carcinoma
cell lines was determined by MTT assay. At up to 20 gg/ml of SV, the effect was reversible and was
restored by 60 gg/ml mevalonic acid. Point mutation of Ki-ras at codon 12 in each cell line was
detected by means of the modified polymerase chain reaction. The concentration of SV necessary to
achieve 50% cytotoxicity was about 0 gg/ml, and at this concentration of SV, DNA synthesis
assayed in terms of [*H]thymidine uptake, isoprenylation of p21™ examined by Western blotting and
cell progression from G1 to S phase of the cell cycle analyzed by flow cytometry were all inhibited.
Tsoprenylation inhibitors of p21™, such as SV, are expected to be useful for the treatment of

pancreatic cancer.
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More than 90% of human pancreatic adenocarcinomas
are believed to be associated with an activating muta-
tion of the Ki-ras oncogene.” Activating mutations of Ki,
Ha, and N-rags oncogenes are believed to contribute to
carcinogenesis by distorting the normal signal trans-
duction pathway that controls cell proliferation.? The
ras oncogene product, p21™ protein, is bound to the cell
membrane with polyisoprenoid, an intermediate product
of cholesterol biosynthesis.®» The polyisoprenoid of the
C-terminal amino acid of p21™ is a farnesyl residue.®
An inhibitor of 3-hydroxyl-3-methylglutaryl coenzyme A
(HMG-CoA) reductase blocks the post-translational
farnesylation of p21®.* In this study, we report the
cytotoxic effect of simvastatin (SV), an HMG-CoA
reductase inhibitor, on human pancreatic adenocarci-
noma cells that have the mutant Ki-ras oncogene at
codon 12. The relationship between the cytotoxic effect
and inhibition of farnesylation of p21™ was also studied.

MATERIALS AND METHODS

Cell culture Human pancreatic carcinoma cell lines
MIAPaCa-2, Panc-1, HPC-1, HPC-3, HPC-4, PK-1 and
PK-9, and hamster pancreatic carcinoma cell line T2
were maintained and grown as monolayer cultures in
RPMI 1640 medium (GIBCO, Grand Island, NY)
supplemented with 100 U/ml penicillin, 100 zg/ml strep-
tomycin, 2.5 pg/ml amphotericin and 10% fetal bovine
serum (FBS) at 37°C in a humidified atmosphere of 5%
CO; in air. W31 cells are the EJ-ras oncogene-trans-
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formants of the parental WKA rat fetus fibroblasts.
HPC-1, HPC-3, HPC-4, and W31 were generous gifts
from Dr. N. Sato.®*” MIAPaCa-2 was supplied by the
Japanese Cancer Research Resources Bank.
Measurement of DNA synthesis Pancreatic carcinoma
cells of each cell line were maintained for 24 h in com-
plete medium with or without 10 gzg/ml SV and/or 60
#g/ml mevalenic acid (Sigma, St. Louis, MO). Ten u¢Ci
of [*H]thymidine (NEN, Boston, MA) was added, and
the culture was continued for an additional 1 h. The cells
were washed with 2 ml of phosphate-buffered saline
(PBS), treated with 2 ml of 5% trichloroacetic acid
(TCA), and kept overnight. Cells were washed with 5%
TCA and solubilized with 0.8 ml of 1% sodium dodecyl
sulfate. The radioactivity was counted in a liguid scintil-
lation counter, 1.81801 {Beckman).

MTT assay The MTT assay was performed to deter-
mine the remaining fractions according to the method
described.? Cells were plated at 2 X 10° cells per well in
a 96-well plate. Various concentrations of SV and its
B-hydroxy acid form (SVA) were added to complete
medium (SVA is an active form of 8V). At 72 h after
inoculation, the cytotoxicity and/or growth inhibition by
SV was measured by the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide) method. Ten gl
of 5 mg/ml MTT was added to the culture medium
followed by incubation for 3 h at 37°C. Then MTT-
formazan produced was solubilized with dimethyl sul-
foxide and measured in a Multiscan Bichromatic (Labo
System) at 570 nm. SV and SVA were generous gifts
from Banyu Pharmaceutical Co., Tokyo.
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Cell cycle analyses MIAPaCa-2 cells were plated at a
density of 1x10° cells/75 cm® flask. The medium con-
taining 1.59% FBS with SV at a concentration of 10
ug/ml was changed after 72 h serum starvation to one
containing 0.5% FBS. After 12 h incubation, the cells
were removed for flow cytometric analysis or transferred
to the medium without SV for an additional 12 h incuba-
tion, The cells were removed from culture plates by brief
trypsinization and were spun down at 1000 rpm for 5 min.
Cells were fixed by re-suspension in 509% (v/v) ethanol
in PBS at —20°C followed by treatment with 19 RNase
solution. Cells pellets were washed with PBS, resuspended
in PBS with 50 g¢g/ml propidium iodide and incubated
at 4°C for 2 h. The DNA content was analyzed by using
a flow cytometer, EPICS Elite (Coulter, Miami, FL).

Detection of point mutation in the Ki-ras oncogene Point
mutation at codon 12 in the Ki-ras oncogene of pan-
creatic carcinoma cell lines was detected by the modified
polymerase chain reaction (PCR) technique described
by Haliassos et al® Briefly, DNA from cells was ex-
tracted according to the phenol-chloroform method.
Modified primers were designed to introduce a base
substitution adjacent to the codon 12 of Ki-ras in order
to create an artificial restriction site of Mspl on the wild-
type allelic form. The sequences of the modified primers
were as follows; S"TAAACTTGTGGTAGTTGGAG-
CC3'(K12Nm) and 5'TCTATTGTTGGATCATATT-
C3’(KB12). PCR was performed at 30 cycles of amplifica-
tion. Each cycle included denaturation of DNA at 94°C
for 30 s, annealing of the primers at 52°C for 1 min, and
enzymatic extraction at 72°C for 1 min. The amplified
fragment (99 bp) was digested by Mspl enzyme, which
gave two fragments of 78 and 21 bp in the case of a wild-
type sequence or left the product undigested in the case
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Fig. 1. PCR products were digested with Mspl and electro-
phoresed on 1.5% agarose gel. The control lane represents
the result for human placenta DNA with the non mutated
wild-type sequence at codon 12 of Ki-ras oncogene. Other
lanes show the results for DNA from pancreatic carcinoma
cells, and reveal mutated Ki-ras oncogene at codon 12.

634

of a mutated sequence. The fragments were analyzed by
electrophoresis on 1.5% agarose gels.

Western blotting of ras proteins SV treatment (10 zg/ml)
was for 24 h prior to cell lysis. Cells were treated with
lysis buffer (pH 7.4 50 mM HEPES, 250 mM NaCl,
1 mM EDTA, 0.5% NP-40, 1 mM MPMSF), and pro-
teins were separated by 13% polyacrylamide gel electro-
phoresis. Proteins were transferred electrophoretically
from gels to nitrocellulose membranes, vacant sites were
blocked with 5% skim milk, and then the washed mem-
branes were reacted with mouse monoclonal anti-pan-
ras antibody, F111-85 (Oncogene Science, Uniondale,
NY). The washed membranes were reacted with labeled
sheep anti-mouse IgG antibody, and autoradiographed
with X-ray film using an ECL-Western blotting kit
{Amersham, Buckinghamshire, England)

RESULTS

Ki-ras mutation at codon 12 in pancreatic adenocarci-
noma cell lines Fig. 1 shows representative electropho-
retic analysis data of PCR products after Msp I diges-
tion. The wild-type sequence at codon 12 of Ki-ras was
detected from PCR products of DNA from human pla-
centa, and visualized as a 78 bp fragment. DNA from all
pancreatic adenocarcinoma cell lines examined resulted
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Fig. 2. Effect of simvastatin of p21™ analyzed by Western
blotting. W31 cells were treated with 10 zg/ml of simvastatin
for 24 h. After Western blotting with pan-ras antibody to p21
ras, cytosolic {C-p21) and membrane-associated, isoprenyl-
ated p21™ (M-p21) were separated by SDS-PAGE.



in 99 and 78 bp fragments. These results indicate the
existence of point mutation in either of the guanine
nucleotides at codon 12 of Ki-ras oncogene.

SV blocks processing of ras protein To examine whether
simvastatin inhibits the posttranslational processing of
ras proteins, Western blotting with anti-pan-ras mono-
clonal antibody was performed (Fig. 2). The ras onco-
gene-transfected cell line (W31) was selected for the
experiment because the cell line overexpresses p217.” In
the absence of SV, the ras protein detected was fully
processed membrane-associated p21™ (M-p21). Treat-
ment with 10 yg/ml 8V resulted in a decrease in M-p21
concomitant with an increase in unprocessed cytoplasmic
p21% (C-p21). M-p21 migrates approximately 2-3 kDa
faster than the unprocessed form, Using this Western
blotting method, p21™ was not detected in any cell line.
The reasons why p21™ could not be detected in pancre-
atic carcinoma cells are discussed later.

Inhibition of DNA synthesis by SV The results in Fig. 3
show the inhibition of DNA synthesis in MIAPaCa-2
cells by simvastatin as determined by measuring [*H]-
thymidine uptake. DNA synthesis was suppressed to
about 16% of the control level with 10 gg/ml SV. This
inhibition is not due to lack of cholesterol since choles-
terol is supplied in the medium with 10% FBS as low
density lipoprotein {LDL).!'¥ Supplementation with LDL
or cholesterol does not restore DNA synthesis (data not
shown). However, 60 ug/ml mevalonic acid restored
DNA synthesis, confirming that the inhibition of DNA
synthesis is related to the mevalonic acid pathway of
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Fig. 3. Inhibition of [*H]thymidine incorporation by simva-
statin. MIAPaCa-2 cells were treated for 24 h with DMEM
containing 5% FBS with the following additions: control=
none, SV =10 xg/ml simvastatin, MVA =60 zg/ml mevalonic
acid. The mean of triplicate assays is indicated by columns
and standard error by bars.

Cytotoxic Effects of Simvastatin

cholesterol synthesis. The DNA synthesis was also in-
hibited by SV in other pancreatic cell lines.

Cytotoxic effect of SV and SVA in pancreatic adeno-
carcinoma cells As shown in Fig. 4, SV caused dose-
dependent cytotoxicity in MIAPaCa-2 cells as measured
by the MTT method. SVA was more cytotoxic. The
concentrations of SV and SVA necessary to achieve 509%
cytotoxicity (IC50) were 2.6 pg/ml and 0.52 gg/ml,
respectively. The values of IC50 of SV and SVA for each
cell line are presented in Table I.

Cell cycle-specific effects of SV The cell cycle distribu-
tion of MIAPaCa-2 cells growing in the absence or
presence of 10 1g/mi SV for 12 h is shown in Fig. 5. Cells
in the 8 phase increased during the first 12 h after
medium change in the absence of SV (Fig. 5b). However,
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Fig. 4. Cytotoxic effect of simvastatin and its dihydroxy
acid form (active form of 8V). The cell density of viable
MIAPaCa-2 cells was determined by MTT assay and ex-
pressed as the relative ratio to the untreated control cultures.
{O) simvastatin; (®) 5-hydroxy acid simvastatin.

Table I. Growth-inhibitory Concentration (IC50) of
Simvastatin and Its Active Form in Human and Hamster
Pancreatic Carcinoma Cell Lines

IC50 (ug/ml)

Cell line

3% SVA
MIAPaCa-2 2.6 0.52
Panc-1 6.2 1.2
PK-1 12.0 0.68
PK-9 230 2.1
HPC-1 1.2 0.96
HPC-3 2.7 0.78
HPC-4 21.0 2.3
T2 0.8 0.46

MIAPaCa-2, Panc-1, PK-1, PK-9, HPC-1, HPC-3, HPC-4:
Human pancreatic carcinoma cell lines. T2: Hamster pan-
creatic carcinema cell line. SV: Simvastatin. SVA: S-Hydroxy
acid of simvastatin.
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Fig. 5. DNA histogram of MIAPaCa-2 cells treated with simvastatin. Cells incubated in the medium containing 0.5% FBS for
72 h (a) were transferred to the medium with 1.5% FBS containing 0 (b) or 10 zg/ml (c) of simvastatin. After this incubation,
cells treated with simvastatin were transferred to the medium without simvastatin for 12 k (d).

the proportion of cells in the S phase in the presence of
SV remained constant through this period (Fig. 5c)
compared with that in the steady state of the cell cycle
after serum starvation (Fig. 5a). After removal of SV,
cells moved from G1 to S phase over a 12 h period (Fig.
5d). After this period, all cells moved through the §,
(32, and M phases as a synchronized cell population.

DISCUSSION

In this report we have described the cytotoxic effects of
SV and its active form SVA on human pancreatic ade-
nocarcinoma cells. SVA was 10 to 20 times more cyto-
toxic than SV. The cytotoxic effects were caused mainly
by the inhibition of cellular DNA synthesis, as shown by
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measurements of [*H]thymidine uptake. At doses of less
than 20 gg/ml of SV for 24 h, DNA synthesis was
restored by 60 1g/ml of mevalonic acid but doses greater
than 40 ¢ g/ml of SV for 24 h, or even 20 ug/ml for 72 h
were cytotoxic and the addition of mevalonic acid did
not restore DNA synthesis (unpublished data). These
results suggest that the cytotoxic effect of SV is related
to metabolites of mevalonic acid, including isoprenoids.
Isoprenocids modify cysteine at the fourth position from
the carboxyl-terminus of p217=.'"" Recent evidence indi-
cates that isoprenylation of p21™ is an essential step
enabling this protein to anchor to the cell membrane.'> '»
The signal-transducing activity of p21™ requires this
membrane attachment, and suppression of the iso-
prenylation is believed to interfere with the cellular func-



tion of this protein. From the results of Western blotting
in W31, it appears that SV inhibits this post-translational
modification of p21™ at the same concentration as the
growth-inhibitory dose. We expected that isoprenylation
of p21™ in pancreatic carcinoma ceils would be inhibited
by SV, though we could not detect p21™ in pancreatic
carcinoma cells. Presumably only small amounts of p21
protein are expressed in pancreatic carcinoma cells, or
the antibody used in Western blotting was inadequate.
There were differences in the IC50 values of SV in the
pancreatic cell lines (0.8-23 zg/ml), though only small
differences were observed in the IC50 values of SVA
(0.46-2.3 ug/ml). SV is a lactone prodrug that under-
goes hydrolysis to form active SVA in cell microsomes,'¥
The effects of SVA are independent of hydrolysis and
this could explain the relatively uniform IC50 values of
SVA. The S-hydroxy acid form, 6'-hydroxy form, 6'-
hydroxymethyl form and 6’-exomethylene form of SV
are metabolites of SV.'¥ The difference of survival curve
shapes between SV and SVA may thus arise from the
cytotoxic activity of these metabolites.

The cell cycle distribution in cultures exposed to 10
#g/ml of 8V was unchanged during the initial 6 h of
treatment. However, as the time of exposure to 10 yg/ml
of SV increased, the proportion of cells in S phase pro-
gressively decreased concomitantly with an increase in
G 1 phase cells, compared with the control cells. Without
SV, S phase cells increased up to 12 h. Lovastatin
(HMG-CoA reductase inhibitor) aise induced G1 arrest
of the cell cycle progression on the human bladder carci-
noma T24 cell line expressing activated p21™.'% It is
possible that Gl arrest induced by the inhibitor of
mevalonate synthesis is a direct consequence of impair-
ment of isoprenylation of p21™. An anti-ras antibody
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