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Abstract

Objective: 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase inhibitors (statins) can affect
post-translational processes, thus being responsible
for decreased farnesylation and geranylgeranylation
of intracellular small G proteins such as Ras, Rho
and Rac, essential for cell survival and prolifera-
tion. In this regard, recent in vitro and in vivo stud-
ies suggest a possible role for both statins and
farnesyl transferase inhibitors in the treatment of
malignancies. Within such a context, the aim of
our study was to investigate effects of either sim-
vastatin (at concentrations of 1, 15, and 30 pum) or
the farnesyl transferase inhibitor R115777 (at con-
centrations of 0.1, 1, and 10 puMm), on two cultures
of human non-small lung cancer cells, adenocarci-
noma (GLC-82) and squamous (CALU-1) cell
lines. In particular, we evaluated actions of these
two drugs on phosphorylation of the ERK1/2 group
of mitogen-activated protein kinases and on apopto-
sis, plus on cell numbers and morphology.
Materials and Methods: Western blotting was used
to detect ERK phosphorylation, and to assess apop-
tosis by evaluating caspase-3 activation; apoptosis
was also further assessed by terminal deoxynucleot-
idyl-mediated dUTP nick end labelling (TUNEL)
assay. Cell counting was performed after trypan
blue staining.

Results and conclusion: In both GLC-82 and
CALU-1 cell lines, simvastatin and R115777 signif-
icantly reduced ERK phosphorylation; this effect,
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which reached the greatest intensity after 36 h treat-
ment, was paralleled by a concomitant induction of
apoptosis, documented by significant increase in
both caspase-3 activation and TUNEL-positive
cells, associated with a reduction in cell numbers.
Our results thus suggest that simvastatin and
R115777 may exert, in susceptible lung cancer cell
phenotypes, a pro-apoptotic and anti-proliferative
activity, which appears to be mediated by inhibition
of the Ras/Raf/MEK/ERK signalling cascade.

Introduction

Lung cancer is the leading cause of cancer death world-
wide. In particular, non-small cell lung cancer (NSCLC),
including adenocarcinoma, squamous cell carcinoma and
large cell carcinoma, accounts for more than 80% of
total pulmonary malignancies (1). Current therapeutic
strategies have only able partial efficacy, and therefore
concerted efforts are widely under way to develop new
pharmacological approaches directed against molecular
targets involved in NSCLC pathogenesis. A key role in
the oncogenic process is played by the Ras family of
guanine nucleotide binding, small G-proteins (2,3).
Indeed, Ras proteins work within a multicomponent sig-
nalling network that can be activated by a variety of
growth factor receptors, whose stimulation leads to tran-
scription of several different genes implicated in cell dif-
ferentiation, proliferation and apoptosis. Ras family
members, including HRas, KRas and NRas, activate
Rafl, which in turn triggers a phosphorylation cascade
leading to subsequent activation of MEK1/2 and ERK
(extracellular signal-regulated kinases) subgroups of
mitogen-activated protein kinases (MAPK) (4). Upon
Ras-dependent phosphorylation, ERK becomes active
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and also is able to translocate to the cell nucleus where
many of its substrates are located.

Carcinogenic mutations of KRas that stabilize the
GTP-bound active conformation of this G-protein (thus
being responsible for its constitutive activation), have
been detected in about 20% of lung cancers, with rele-
vant predominance occurring in the adenocarcinoma
subtype of NSCLC (5). Experimental evidence suggests
that Ras mutations could be caused at least in part by
cigarette smoking (6), a very well-known risk factor for
lung cancer. Moreover, an important contribution to can-
cer development can also arise from post-translational
modification of Ras proteins, essential for their subcellu-
lar location and biological function. In particular, Ras
activation requires covalent attachment of a non-sterol
isoprenoid consisting of either farnesyl pyrophosphate
(FPP) or geranyl geranyl pyrophosphate (GGPP), which
directs Ras family members towards the endoplas-
mic reticulum, where further post-translational changes
provide target signals for translocation to plasma
membrane (7).

This basic understanding has led to evaluation of
potential anti-cancer activity of drugs that are capable of
interfering with post-translational modification of Ras
proteins (8). For these reasons, increasing attention is
currently being paid to statins. The latter inhibit
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, which is the rate limiting enzyme of the
mevalonate pathway, which leads to synthesis of down-
stream mevalonate derivatives, FPP and GGPP (9).
Thus, it is noteworthy that simvastatin can inhibit cell
population expansion of SCLC (small cell lung cancer)
cell lines; this effect is likely to be due to interference
with Ras-dependent activation of the MEK/ERK signal-
ling complex (10). Addition of pravastatin to standard
chemotherapeutic agents has elicited significant increase
in survival of patients with hepatocellular carcinoma
(11). Cerivastatin has been shown to exert inhibition of
metastatic activity of invasive breast cancer cell lines
(12) and lovastatin demonstrates induction of cell death
in several different cancer cell lines, including those of
prostate cancer, squamous cell carcinoma and myeloma
plasma cells (13—15).

Anti-tumour effects can also be caused by other
compounds that target post-translational modifications of
the Ras superfamily, such as some inhibitors of farnesyl
transferase, the enzyme that catalyses covalent attach-
ment of FPP (farnesylation) to the cysteine residue of
so-called CAAX carboxyl-terminal motif (7). Farnesyl
transferase inhibitors can be effective as anti-prolifera-
tive and pro-apoptotic agents (8); among these drugs,
imidazole compound R115777 (tipifarnib) is character-
ized, with regard to Ras farnesylation, by competitive
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inhibitory activity, probably due to interaction of the
imidazole group with the coordination structure of the
zinc catalytic site of farnesyl transferase (16,17).
R115777 is able to exert relevant anti-proliferative
action on human pancreatic tumour and bladder cancer
cell lines, as well as to induce marked pro-apoptotic
effects on human melanoma cells; in contrast, cells of
the human lung adenocarcinoma A549 line appear to be
relatively insensitive to R115777 (16).

On the basis of all the above-mentioned consider-
ations, the aim of our study was to investigate, in
human NSCLC cells, effects on ERK phosphorylation
of either simvastatin or R115777. Furthermore, to assess
potential pro-apoptotic action of each of these two
drugs, caspase-3 activation, TUNEL assay and cell via-
bility were also assessed. We decided to use simvastatin
as it is a powerful HMG-CoA reductase inhibitor and
also exhibits marked lipophilic features, thus being able
to permeate cell membranes. Our findings are on to two
human NSCLC cell lines, adenocarcinoma cell line
(GLC-82) and squamous cell line (CALU-1).

Materials and methods

Reagents

Anti-phospho-ERK1/2 monoclonal antibody was pur-
chased from New England Biolabs (Beverly, MA,
USA); anti-(total)-ERK1/2 polyclonal antibody was
commercially provided by Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Anti-caspase-3 monoclonal
antibody E83-77 was purchased from Abcam (Cam-
bridge, UK) and trypan blue was purchased from Sigma
(St. Louis, MO, USA). Purified crystalline powders of
both simvastatin and farnesyl transferase inhibitor
R115777 were commercially obtained from Sigma, then
dissolved into refrigerated and light-protected DMSO
stock solutions.

Culture and treatment of human lung cancer cells

GLC-82 is a lung adenocarcinoma cell line (18) and
CALU-1 is a squamous carcinoma cell line (19). Both
lung cancer cell lines were cultured at 37 °C, 5% CO,
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FCS, penicillin 100 U/ml,
streptomycin 100 pg/ml, and fungizone 25 pg/ml. All
cells were maintained at 37 °C in a humidified 5% CO,
atmosphere and were plated in a 100-mm polystyrene
dish (Falcon, Becton-Dickinson, Lincoln Park, NJ,
USA) and ten ml supplemented DMEM was added, as
previously described (20). When cells had achieved
~70% confluence they were treated with either simvasta-
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tin or R115777; there was no change of medium after
treatment. All cells were then incubated for 36 h with
different concentrations of simvastatin (1, 15, 30 pum) or
R115777 (0.1, 1, 10 um). Solvent alone, as employed
above to dissolve the drugs, was used as control. After
treatment, cells were processed for protein extraction
and immunoblotting.

Protein extraction and immunoblot analysis

Following treatment with simvastatin or R1157777, cells
were lysed for western blotting, in radioimmunoprecipi-
tation assay (RIPA) buffer (150 mm NaCl, 1.5 mm
MgCl,, 10 mm NaF, 10% glycerol, 4 mm EDTA, 1%
Triton X-100, 0.1% SDS, 1% deoxycholate, 50 mm He-
pes, pH 7.4, plus PPIM, 25 mm [-glycerophosphate,
1 mm NazVO,, 1 mm PMSF, 10 pg/ml leupeptin, 10 pg/
ml aprotinin). Protein extracts were then separated on a
12.5% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS—PAGE) and transferred to polyvinylid-
ene difluoride (PVDF) membranes (Amersham
Pharmacia, Little Chalfont, UK), as previously described
(21). Immunoblotting was performed using anti-phos-
pho-ERK1/2  monoclonal antibody. After being
‘stripped’, membranes were re-probed with polyclonal
antibody against total (phosphorylated and unphosphory-
lated) ERK1/2. Blots were also incubated with monoclo-
nal antibody directed against active caspase-3, a common
enzymatic marker of apoptosis (22). Antibody binding
was visualized by enhanced chemiluminescence (ECL-
Plus; Amersham Pharmacia); intensities of experimental
bands were analysed by computer-assisted densitometry
and expressed as arbitrary units (AU; control levels set at
100). These experiments were performed in triplicate.

TUNEL assay

To perform terminal deoxynucleotidyl-mediated dUTP
nick end labelling (TUNEL) assay, cells of each line
were plated on 24 x 24 mm cover slips (Carlo Erba
Reagenti, Milan, Italy) placed in six-well microtitre
plates (Corning Incorporated, Corning, NY, USA) in
DMEM supplemented with 10% FCS, penicillin 100 U/
ml, streptomycin 100 mg/ml, and fungizone 25 mg/ml;
24 h after plating, when cells had reached 50-60% con-
fluence, cells of each line were treated with either sim-
vastatin - (30 um) or RI115777 (10 pum); incubation
medium was not changed. Following treatment, TUNEL
assay was performed using MEBSTAIN Apoptosis
TUNEL Kit Direct (MBL, Woburn, MA, USA), strictly
following instructions furnished by the manufacturer.
Photographs were acquired using a Leica GRDM
confocal microscope (Leica, Wetzlar, Germany).
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Cell viability

Cell viability was assessed by light microscopy and
trypan blue dye exclusion. Cell numbers were evaluated
by direct counting, using a haemocytometer. All experi-
ments were performed in triplicate.

Statistical analysis

All data are expressed as mean = SEM. Statistical
evaluation of results was performed by analysis of
variance (ANOVA). Differences identified by ANOVA
were pinpointed by unpaired Student’s #-test and thresh-
old of statistical significance was set at P < 0.05.

Results

ERK phosphorylation

After 36 h, significant reduction in ERK1/2 phosphory-
lation was detected in both CALU-1 (Fig. 1, panels a
and b) and GLC-82 (Fig. 1, panels ¢ and d) cell lines,
as a consequence of treatment with either simvastatin or

(a) CALU
| 0 um 1um 15 um 30 um |
Simvastatin
(b)
| 0 pum 0.1 um 1um 10 um |
R115777
(©) GLC
| 0 pm 1um 15 um 30 um |
Simvastatin
(d)

0.1 um 1um

R115777

Figure 1. Effects of different concentrations of simvastatin and
R115777 on phosphorylated ERK1/2 (p-ERK) and total ERKI1/2
expression, evaluated by western blotting, on CALU-1 cells (Panels a
and b) and GLC-82 cells (Panels ¢ and d).
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Table 1. Effects of different concentrations of simvastatin and R115777 on phosphorylated ERK1/2 (p-ERK)

GLC p-ERK Control Simvastatin 1 pum
100 + 1.17 71 £ 1.15%*
Control R115777 0.1 um
100 + 1.13 55 £ 0.98%*

CALU p-ERK Control Simvastatin 1 pum
100 + 1.08 78 £ 1.04%*
Control R115777 0.1 pm
100 £ 1.10 47 £ 1.02%*

Simvastatin 15 um
68 £ 1.0%*
RI115777 1 um
54 £ 0.99%%*
Simvastatin 15 um
54 + 0.99%*
RI115777 1 um

41 + 1.01%*

Simvastatin 30 um
49 + 1.12%%*
R115777 10 pum
55 + 1.02%%*
Simvastatin 30 um
51+ 111
R115777 10 pum
44 + 1.14%*

Data expressed as arbitrary units.
**P < 0.01.

R115777. This effect was observed at each drug concen-
tration (Fig. 1; Table 1). As the monoclonal antibody
(anti-phospho-ERK1/2) used here specifically recognizes
the phosphorylated, active form of ERK1/2, the remark-
able reduction in phosphorylation pattern of this MAPK
subgroup can be considered as a reliable marker of ERK
functional inhibition, elicited by both simvastatin and
R115777. These two drugs exerted their effects uniquely
on phosphorylation-dependent activation of ERKI/2,
without affecting its total expression, as demonstrated
by the unchanged binding patterns of anti-(total) ERK
polyclonal antibody (Fig. 1).

Caspase-3 activation, TUNEL assay and cell viability

After 36 h, both simvastatin and R115777 induced
significant increase in caspase-3 activation, detectable at
each drug concentration (Fig. 2; Table 2) and paralleled
by concomitant increase in the number of TUNEL-posi-
tive cells (Fig. 3). Furthermore, after 12, 24 and 36 h,
simvastatin elicited a time- and concentration-dependent
reduction in viability of CALU-1 and GLC-82 cells, as
detected by cell counts and expressed as confluence
percentages (Figs 4 and 5). In particular, this effect was
more prominent after 36 h incubation of both cell lines
with simvastatin. Similarly, R115777 caused a signifi-
cant decrease in cell numbers, especially at highest con-
centrations (Figs 4 and 5). Moreover, light microscopy
(magnification: 40x) indicated that both drugs induced
morphological changes, as well as a reduction in cell
adhesion (Figs 6 and 7). With regard to changes in cell
shape, these were already detectable after 12 h, and
reached their most relevant expression at the 36th hour,
especially after simvastatin treatment.

Discussion and conclusions

Our results show that in both CALU-1 and GLC-82
lung cancer cell lines, simvastatin and R115777 signifi-
cantly inhibited ERK1/2 phosphorylation and induced
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caspase-3 activated apoptosis; these effects, which
reached greatest intensity after 36 h treatment, were
paralleled by concomitant reduction in cell numbers.
Time- and concentration-dependent reductions in cell
viability elicited by both these drugs were also associ-
ated with cell structural changes, possibly caused by
cytoskeletal rearrangements, which could have been
responsible for loss of cell survival signals. This implies
that cell death was probably preceded by relevant cellu-
lar alterations affecting cell survival and proliferation.

(a) CALU
caspase-s —
| Opm 1um 15 um 30um |
Simvastatin
(b)
caspase-3 _
l 0 um 0.1um 1um 10 um ‘
R115777
GLC
(c)
Caspase-3
y-Tubulin
| 0 pm 1um 15 pm 30 UM |
Simvastatin
(d)
Caspase-3 —
| 0 um 0.1pum 1um 10 um |
R115777

Figure 2. Effects of different concentrations of simvastatin and
R115777 on active caspase-3 expression, evaluated by western blotting
on CALU-1 cells (Panels a and b) and GLC-82 cells (Panels ¢ and d).
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Table 2. Effects of different concentrations of simvastatin and R115777 on active caspase-3 expression
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GLC caspase-3 Control Simvastatin 1 pm Simvastatin 15 pm Simvastatin 30 pum
26 + 1.02 90 + 1.15%* 91 & 1.11%* 100 + 1.08%*
Control R115777 0.1 pm R115777 1 pum R115777 10 pm
28 + 1.05 68 & 1.12%* 110 £ 1.14%:* 105 £ 1.19%*

CALU caspase-3 Control Simvastatin 1 pm Simvastatin 15 pm Simvastatin 30 pm
38 £ 1.11 60 + 1.05%* 96 + 1.08%:* 100 + 1.04%*
Control R115777 0.1 um R115777 1 pm R115777 10 pum
33 £ 1.17 69 £ 1.01%* 71 + 1.15%* 100 + 1.12%*

Data expressed as arbitrary units.
P < 0.01.

Moreover, it is reasonable to suppose that the cause of
drug-induced cell death was apoptosis, as suggested by
activation of caspase-3 cystein protease, acting as a
common effector pathway for apoptotic processes origi-
nating at both cell membrane and mitochondrial levels
(23). This was confirmed by TUNEL analysis.
Simvastatin and R115777-dependent reductions in
ERK phosphorylation were paralleled by increases in
caspase-3 activation and TUNEL positivity, as well as
by concomitant decreases in cell viability. Taken
together, our findings thereby suggest that inhibition of
ERK activation plays a key role in the context of molec-
ular mechanisms underlying pro-apoptotic and cytotoxic
properties exerted by simvastatin and R115777 in
NSCLC cells. Indeed, in other cell lines, anti-apopto-
tic effects have been reported as a consequence of
ERK1/2 stimulation by Ki-Ras (24). In particular, Raf/
MEK/ERK pathway can result in phosphorylation of

Figure 3. TUNEL assay on CALU-1 cells
(Panels a—c) and on GLC-82 cells (Panels d—f)
treated with simvastatin 30 pm (Panels b and e)
or with R115777 10 pm (Panels ¢ and f).
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Control

pro-apoptotic Bad protein, thus contributing to its inacti-
vation and sequestration, triggering subsequent anti-
apoptotic responses mediated by homodimerization of
Bcl-2 protein (25,26). Furthermore, stimulation of the
Raf/MEK/ERK cascade can also result in phosphoryla-
tion-dependent activation of anti-apoptotic Mcl-1 pro-
tein, as well as in phosphorylation-dependent
degradation of pro-apoptotic Bim protein (27-29).

By inhibiting HMG-CoA reductase, statins can
suppress Ras-dependent activation of ERK via impair-
ment of protein prenylation, as well as by interference
with formation of cholesterol-rich lipid microdomains
(lipid rafts) in plasma membranes (30). These two pro-
cesses are crucial for activity of several signalling pro-
teins related to Ras (31). Thus, it is very interesting to
point out that lovastatin is capable of downregulating
Ras and inhibiting phosphorylation of Raf and ERK1/2
in NSCLC cells (32). In these ways, all the mechanisms

CALU

Simvastatin

R115777

(b)
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CALV

(a) O Control M Simvastatin TmcM Simvastatin 15mcM B Simvastatin 30mcM ‘

% confluence

* *%

-
36

Time (h)

CALV

(b) O Control

B R115777 0.1mcM

R115777 1mcM B R115777 10 mcM ‘

105 -
90
75 -
60 -
45 1

% confluence

30 -

15 4
Figure 4. Effects of different concentrations 0
of simvastatin (Panel a) and R115777 (Panel b)
on CALU-1 cell counts, expressed as conflu-
ence percentages. *P < 0.05; **P < 0.01.

can significantly contribute to pro-apoptotic action of
simvastatin, observed in our present study. Similarly, by
preventing post-translational changes required for Ras
activation, farnesyl transferase inhibitor R115777 could
have exerted its pro-apoptotic effect on CALU-1 and
GLC-82 cells via blockade of Ras-dependent signalling
pathways. Moreover, cancer cells usually express high
levels of HMG-CoA reductase, which appear to be
required by NSCLC cells to satisfy their increased need
for isoprenoids and lipids; these biological features can
also contribute to explain, at least in part, the high
sensitivity of CALU-1 and GLC-82 cells to isoprenoid-
depleting effects of statins and farnesyl transferase
inhibitors.

However, current data suggest that both statins and
farnesyl transferase inhibitors are characterized by only
modest anti-cancer properties, when used as monothera-
pies (8); in cancer treatment, statins are mainly only
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considered to be potentially useful drugs when com-
bined with conventional chemotherapeutic agents (33).
With regard to lung cancer, as 40-80% of NSCLC sub-
types overexpress epidermal growth factor receptor
(EGFR) (whose activation triggers downstream signal-
ling networks involving the Ras-Raf-MAPK pathway),
ongoing experimental approaches evaluate therapeutic
potential of pharmacological associations including sta-
tins and EGFR tyrosine kinase inhibitors such as gefiti-
nib (3,34,35). In particular, some in vitro studies have
shown that combination of EGFR tyrosine kinase inhibi-
tor gefitinib with lovastatin produces synergistic cytotox-
icity in gefitinib-resistant NSCLC cells (32). A recent
randomized phase II trial has demonstrated that, when
compared with gefitinib alone, in patients with advanced
NSCLC, drug association of gefitinib—simvastatin is
capable of improving both response rate and progres-
sion-free survival (36). Although no positive results in
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Figure 5. Effects of different concentrations
of simvastatin (Panel a) and R115777 (Panel b)
on GLC-82 cell counts, expressed as conflu- .
ence percentages. *P < 0.05; **P < 0.01. Time (h)
(a) (b)

CALU

Figure 6. Effects of different concentrations of simvastatin (Panel a) and R115777 (Panel b) on CALU-1 cell viability and morphology, visualized
by light microscopy (40x); C: control.
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Figure 7. Effects of different concentrations of simvastatin (Panel a) and R115777 (Panel b) on GLC-82 cell viability and morphology, visualized

by light microscopy (40x); C: control.

NSCLC have been obtained either in vitro or in vivo
using the farnesyl transferase inhibitor lonafarnib in
combination with carboplatin and paclitaxel, as well
as testing R115777 alone (16,37), the latter elicited
significant anti-tumour effects in our present study. This
implies that the variety of cell responses induced by
treatment with R115777 probably depends on specific
biological features characterizing distinct malignant
phenotypes. It is thus possible that both cultures of
CALU-1 and GLC-82 cells could be phenotypically
susceptible to pro-apoptotic and anti-proliferative actions
of R115777.

In conclusion, our findings concerning anti-tumour
activities of simvastatin and R115777, as detected in
two NSCLC cell lines CALU-1 and GLC-82, further
corroborate potential usefulness of in vitro and in vivo
studies aimed at evaluating effects of statins and farne-
syl transferase inhibitors on lung cancer, eventually to
be associated with other anti-cancer drugs. Thus, future
development of the present investigation could be aimed
at assessing activity of drug combinations including a
statin or a farnesyl transferase inhibitor, and a chemo-
therapeutic agent commonly used in treatment of lung
cancer, such as gemcitabine.
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