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Abstract Esophageal squamous cell carcinoma (ESCC) is one
of the most common lethal tumors in the world. Thus, it is very
urgent to develop new therapeutic targets against this disease.
The mevalonate (MVA) pathway, paced by its rate-limiting
enzyme, hydroxymethylglutaryl coenzyme A reductase, is re-
quired for the generation of several fundamental end products
including cholesterol and isoprenoids. The function of the
MVA pathway in ESCC has not been investigated. In this study,
it was found that the MVA pathway was upregulated in ESCC
clinical samples. Statin, the inhibitor of the MVA pathway,
exerted potent cytotoxicity against human ESCC cells by inhib-
iting cell growth and proliferation, while it exerted lesser effects
on non-tumorigenic SHEE cells. Further study revealed that
statin could potently induce cell apoptosis and cell cycle arrest
and also dose-dependently inhibit the growth of xenograft
tumors in nude mice. With regard to the molecular mechanism,
statin treatment was related to decreased extracellular signal-
regulated kinase activation and proliferating cell nuclear anti-
gen, cyclin D1 expression, and increased cleavage of poly
(ADP-ribose) polymerase. Taken together, our findings suggest
that the MVA pathway plays an important role in the progres-
sion of ESCC by modulating cell growth and statin might be a
potential therapeutic agent in ESCC.
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Introduction

Esophageal cancer is the ninth most frequently occurring
malignancy in the world. Recent evidence shows that the
incidence of this malignancy is increasing [1]. Esophageal
adenocarcinoma and esophageal squamous carcinoma
(ESCC) are the two major types of esophageal cancer, and
the latter is more prevalent in China and other Asian countries
[2, 3]. Over the past two decades, although the 5-year survival
rate for ESCC patients has been improved owing to the
application of successful surgery and the development of
therapeutic drugs, survival still remains low [4]. Thus, it is
urgent to develop novel therapeutic agents to treat this disease.

The mevalonate (MVA) pathway is a complex biochem-
ical pathway, which is required for the generation of several
fundamental end products including cholesterol, isopre-
noids, dolichol, ubiquinone, and isopentenyladenine [5].
The heart of this pathway is the rate-limiting enzyme
hydroxymethylglutaryl coenzyme A reductase (HMGCR).
Both HMGCR and the MVA pathway received considerable
interest decades ago primarily because of the cholesterol-
lowering drugs known as statins [6]. Inhibition of HMGCR
by statins in normal cells triggers a robust homeostatic
feedback response, which ensures that the cells upregulate
and restore the MVA pathway [7]. Recently, it has been
reported that either deficient feedback control of HMGCR
or increased HMGCR expression is present in a number of
tumors [8, 9]. Administration of exogenous MVA to
xenograft-bearing mice was also shown to promote tumor
growth [10]. Finally, recent epidemiological studies have
shown that patients taking certain statins for cholesterol con-
trol displayed a decreased risk of developing some cancers
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[11-17]. Taken together, these reports suggest that HMGCR
may play an important role in human malignancies. However,
the expression of HMGCR and other enzymes involved in the
MVA pathway in ESCC samples and the therapeutic effects of
statins for ESCC remain unknown.

In this study, we investigated the expression of HMGCR
and other enzymes involved in the MVA pathway in ESCC
clinical samples. It was found that the expression of
HMGCR, mevalonate diphosphate decarboxylase (MVD),
and acetoacetyl-CoA thiolase 2 (ACAT2) was elevated in
the clinical ESCC samples. Statin, the inhibitor of the MVA
pathway, inhibited cell growth in vitro and attenuated the
tumorigenicity of ESCC cells in vivo. Mechanically, it was
shown that statin activated the apoptosis pathway by upre-
gulation of cleaved poly(ADP-ribose) polymerase (PARP)
and downregulation of cyclin D1, proliferating cell nuclear
antigen (PCNA), and phosphorylated extracellular signal-
regulated kinase (ERK). Taken together, our study revealed
that the MVA pathway is a therapeutic target in ESCC.

Materials and methods
Compounds and reagents

All chemicals were of analytical grade. Lovastatin was
bought from Sigma-Aldrich, Inc. (St. Louis, MO, USA).
The ECL Plus system was purchased from Amersham Phar-
macia Biotech (Buckinghamshire, UK). All cell culture
supplies were obtained from Invitrogen-Gibco Co. ERK,
p-ERK, PARP, and cyclin D1 antibodies together with all
secondary antibodies (anti-mouse and anti-rabbit immuno-
globulin G) were purchased from Santa Cruz Biotechnolo-
gy, Inc. (Santa Cruz, CA, USA).

Primary ESCC samples

Primary tissues were collected from patients who re-
ceived surgery for ESCC at Shanghai Chest Hospital
of Shanghai Jiao Tong University and Changhai Hospi-
tal of Second Military Medical University. All patients
had given informed consent. Dissected samples were
frozen immediately after surgery and stored at —80 °C
until needed.

Cell culture

ESCC cell lines KYSE180 and Caesl7 and immortalized
esophageal epithelial cell line SHEE were originally
obtained from ATCC and cultured in RPMI 1640 medium
(Invitrogen) with 10 % fetal bovine serum, 10 units/ml
penicillin G, and 10 mg/ml streptomycin. The cells were
incubated at 37 °C in 5 % CO, humidified air.
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Cell growth assay

Cell growth and viability were determined by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay according to the manufacturer’s protocol (Roche Ap-
plied Science). In brief, 2x10° cells (per well) were seeded
in 96-well plates and were treated either for 48 h with
lovastatin at serial concentrations (0, 5, and 10 uM) or for
various times (0, 24, 48, and 72 h) with lovastatin at con-
centrations of 0, 5, and 10 uM. After treatment, 20 pl of
MTT solution was added to each well. The plates were
incubated for an additional 4 h, after which the absorbance
at 540 nm was recorded using a SpectraMax190 microplate
reader (Molecular Devices, USA) to calculate cell survival
percentages.

Cell cycle and apoptosis analysis

Briefly, 5x10° cells were seeded in six-well plates and
allowed to adhere. Twenty-four hours later, the cells were
harvested by centrifugation at 1,000 rpm for 5 min. The cell
pellets were washed twice with phosphate-buffered saline
(PBS), followed by fixation with ice-cold 70 % ethanol, and
stored at —20 °C overnight. Then, the pellets were washed
with cold PBS; suspended in 500 ml PBS containing 50 pg/
ml propidium iodide, 0.1 mg/ml RNase A, and 0.05 %
Triton X-100; and incubated at 37 °C for 40 min in the
dark. The cell cycle distribution was determined on the
Becton Dickinson FACSCalibur. The experiment was re-
peated thrice under the same conditions.

Western blotting analysis

Cells were harvested and lysed in cold lysis buffer (50 mM
Tris/HCI, pH 7.6; 150 mM NacCl; 0.1 % sodium dodecyl
sulfate (SDS); 1 % Nonidet P-40; 1 mg/ml PMSF) at 4 °C
for 20 min. Cellular lysates were cleared by centrifugation,
and protein concentrations were determined by the Bradford
method. Equal amounts of total cellular proteins were re-
solved by 8 % SDS—polyacrylamide gel and transferred to
polyvinylidene difluoride membranes (Millipore). After
blocking, the membranes were incubated with primary and
secondary antibodies. Protein bands were visualized by the
ECL system (Amersham Biosciences).

Tumorigenesis assay

Briefly, KYSE180 cells were harvested and re-suspended in
serum-free RPMI 1640 medium containing 20 % (v/v)
Matrigel (BD Biosciences, Bedford, MA, USA). Aliquots
of cells (2.5x10* cells/0.1 ml) were injected subcutaneously
into the left inguinal area of the mice. Tumor mass (weight
in grams) was determined by the formula 1/2a x5, where a



Tumor Biol. (2013) 34:429-435

431

is the long diameter and b is the short diameter. Mice
bearing tumors (about 1 week after tumor cell inoculation)
were randomly divided into control and treatment groups
(three mice/group). Lovastatin was administered at doses of
20 mg/kg (5 days/week for 4 weeks). The control group
received saline only. The mice were killed, and tumors were
carefully excised.

Result
MVA pathway was upregulated in clinical ESCC samples

In order to investigate the expression of enzymes involved
in the MVA pathway in ESCC samples, the expression of
HMGCR, MVD, and ACAT2 was examined by real-time
PCR analysis in a series of randomly selected tumors and
the paired normal tissues. Upregulation of HMGCR, MVD,
and ACAT2 was observed in ESCC samples (Fig. la—c).
Moreover, statistical analysis showed that the expression of
HMGCR, MVD, and ACAT?2 was significantly higher in the
ESCC tumor tissues compared with the normal tissues
(Fig. 1d). These results indicated that the MVA pathway
might play an oncogenic role in the progression of ESCC.

Statin, the inhibitor of MVA pathway, inhibited the growth
of ESCC cells

To determine whether endogenous MVA pathway played an
important role in the progression of ESCC, we used lova-
statin to modulate the activity of the MVA pathway in
KYSE180 and Caesl7 cells. The in vitro cytotoxicity of
lovastatin to KYSE180 and Caes17 cells were first assessed
using the MTT assay. Caesl7 and KYSE180 cells were
exposed to lovastatin at various concentrations for 72 h
(Fig. 2a). The apoptotic morphology of Caesl7 and
KYSE180 cells exposed to lovastatin is shown in Fig. 2a.
In addition, lovastatin inhibited the proliferation of Caes17
and KYSE180 cells in a dose-dependent manner (Fig. 2D,
c), while its anti-proliferative effects were much less evident
in the SHEE cells (immortalized non-tumorigenic esopha-
geal epithelial cells) treated with the same concentrations of
lovastatin (Fig. 2d). In fact, lovastatin significantly inhibited
the proliferation of Caes17 and KYSE180 cells beginning at
the 5-uM concentration (Fig. 2b, c; p<0.05), while there
was no significant inhibition in the SHEE cells at any of the
concentrations (up to 10 uM; Fig. 2d). In order to examine
whether statin inhibited the MVA pathway specifically in
the ESCC cell lines, we checked the activity of Ras which is
tightly regulated by the MVA pathway. In the glutathione S-
transferase (GST) pull-down assay, it was found that statin
blocked the activity of Ras dramatically, suggesting the
inhibition of the MVA pathway by statin (Fig. 2e). These
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Fig. 1 Upregulation of MVA pathway in ESCC samples. a—c Relative
expression of HMGCR, MVD, and ACAT2 mRNA in human ESCC
samples and paired normal esophageal tissues. Semi-quantitative RT-
PCR was performed on 20 paired ESCC RNA samples. The expression
of HMGCR, MVD, and ACAT2 was normalized to that of beta-actin.
Data were calculated in triplicate. Each bar was the log, value of the
ratio of MGCR, MVD, and ACAT2 expression levels between ESCC
(C) and matched normal tissues (V) from the same patient. Because
log,2=1, a bar value >1 represents more than twofold increase (C>N),
whereas a bar value<—1 represents more than twofold decrease (C<N).
d The expression of HMGCR, MVD, and ACAT2 was shown as box
plots, with the horizontal lines representing the median; the bottom and
top of the boxes representing the 25th and 75th percentiles, respective-
ly; and the vertical bars representing the range of data. We compared
the expression of HMGCR, MVD, and ACAT?2 in cancer tissues and
normal tissues using the ¢ test. n=20. Single asterisk indicates p<0.05;
double asterisk indicates p<0.01

observations suggested that lovastatin selectively inhibited
the growth of KYSE180 and Caes17 ESCC cells by inhibit-
ing the MVA pathway, while it exerted less potent effects on
non-tumorigenic SHEE cells.
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Statin induced cell cycle arrest and promoted apoptosis
of ESCC cells

Since lovastatin dramatically reduced the proliferation of
Caes17 and KYSE180 cells, we next investigated the un-
derlying mechanism. First, we evaluated whether lovastatin
could induce the apoptosis of KYSE180 cells. As shown in
Fig. 3a, b, lovastatin strongly induced apoptosis in a dose-
dependent manner during 24-h exposure. At 5-uM concen-
tration, lovastatin increased the apoptosis of KYSE180 cells
by nearly threefold (Fig. 3b; p<0.05). In conclusion, our
data demonstrated that lovastatin could induce significant
apoptosis in the KYSE180 cells in a dose-dependent man-
ner. We also investigated whether lovastatin could affect the
cell cycle progression in KYSE180 cells. For this assay, we
decreased the lovastatin incubation time to 12 h to avoid
high apoptosis induction. As illustrated in Fig. 3c, d, after a
12-h treatment, lovastatin induced significant increases in
the number of cells in the GO/G1 phase. In addition, lova-
statin led to a significant decrease in the number of cells in
the S phase. Taken together, our data suggested that the
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inhibitory effects of lovastatin might be associated with its
induction of cell cycle arrest and apoptosis.

Lovastatin regulated the expression of cell cycle
and apoptosis-related genes

In the previous study, we have found that lovastatin induced
cell cycle arrest and apoptosis. To further define the effects of
lovastatin on cell apoptosis and proliferation, we investigated
the expression of a panel of proteins involved in these path-
ways. After treating Caesl7 and KYSE180 cells with lova-
statin, we observed an increased cleavage of PARP (Fig. 4).
We further investigated the possible mechanism responsible
for the anti-proliferative effects of lovastatin. As mentioned
above, we evaluated the expression of various proteins asso-
ciated with proliferation and the cell cycle progression. It was
shown that treating the Caesl7 and KYSEI80 cells with
lovastatin downregulated the expression of cyclin D1, PCNA,
and the activated ERK (indicated by phosphorylated ERK).
Taken together, lovastatin might exert in vitro effects through
modulating cell growth and apoptosis pathway.
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Fig. 3 Lovastatin induced apoptosis and GO/G1 cell cycle arrest in KYSE180 cells treated with serial concentrations of lovastatin for 12 h.
KYSE180 cells in a dose-dependent manner. a Apoptosis of KYSE180 d Data analysis of cells presented as the percent distribution of a
cells treated with serial concentrations of lovastatin for 24 h. b Data specific phase. Data are representative of values from at least three
summary and analysis of the apoptotic index. ¢ Cell cycle evaluation of independent experiments with similar results

Lovastatin exerted potent anti-tumor activity in vivo Fig.5 Lovastatin exerted potent @
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Fig. 4 Lovastatin induced the expression of apoptosis-related genes
and downregulated the expression of growth-related genes. The ex- 0 -
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examined by Western blot analysis
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influence the tumorigenicity of ESCC cells in vivo by
utilizing the mouse xenograft tumor model. The compound
was administered 5 days a week at a dose of 20 mg/kg.
Therapeutic effects were evaluated by examining tumor
growth. As shown in Fig. 5a, lovastatin exhibited significant
tumor inhibition. After 18 days of treatment, lovastatin
resulted in about 60 % tumor growth inhibition (Fig. 5b;
p<0.05). Moreover, although the mice receiving the
20 mg/kg dose experienced a slight loss in body weight,
there were no significant differences in body weight com-
pared with the control group (data not shown), indicating
that lovastatin might have an acceptable safety profile.

Discussion

In previous studies, it was shown that statin induced DNA
damage, cell apoptosis, cell cycle arrest, and proliferation
inhibition in esophageal adenocarcinoma and pancreatic can-
cer [18, 19]. However, the anti-tumor activities of statin in
ESCC have not been elucidated. Here, we are the first to study
the expression of the MVA pathway in ESCC clinical samples
and systematically investigate the anti-tumor effects of lova-
statin in vitro and in vivo. We demonstrated that the MVA
pathway was activated in ESCC and lovastatin exerted its anti-
cancer activities on Caesl7 and KYSE180 cells by inhibition
of cell growth and proliferation. Further study revealed that it
could induce cell apoptosis and cell cycle arrest. Such func-
tional outcomes were achieved through a cascade of reactions
including downregulation of phosphorylated ERK, cyclin D1,
and PCNA. The focus of the current study was to determine
whether lovastatin could represent a promising candidate for
future anti-cancer drug development and to further elucidate
its mechanism(s) of action.

It has been reported that HMGCR, the rate-limiting en-
zyme in the MVA pathway, directly promoted transforma-
tion of MCF-10A cells [20]. Here, we provide evidence
demonstrating upregulation of the MVA pathway in ESCC
samples. However, the mechanisms for dysregulation of the
MVA pathway and HMGCR expression are not yet well
defined [5]. The MVA pathway is highly regulated in non-
transformed cells, and loss of any dysregulation of this
critical pathway would drive tumorigenesis. Recently, for
example, it was determined that HMGCR can be regulated
through the transcriptional activity of hypoxia-inducible
factor 1 alpha [21], a transcription factor that plays a funda-
mental role in the response to hypoxia and in tumor cell
metabolism. These reports suggested that activation of up-
stream signaling cascades might lead to the dysregulation of
HMGCR expression and the MVA pathway activation.

Statins have shown cancer chemopreventive effects [22].
They can trigger some tumor cells to undergo apoptosis in
vitro and suppress tumor growth in vivo. They also have an
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anti-metastatic property, which is evident in their suppression of
tumor cell invasiveness in Matrigel as well as in animal experi-
ments [23]. In addition, statins, especially at high concentra-
tions, can inhibit capillary tube formation by endothelial cells in
vitro and in vivo [24]. The effects of statins were thought to be
mediated through inhibition of Ras and RhoA activity [22].

In conclusion, our study demonstrated that lovastatin
could exert potent cytotoxicity and inhibit cell proliferation.
Besides the induction of apoptosis, it can also induce cell
cycle arrest and inhibit the growth of ESCC xenograft
tumors. In the future, the present study, together with the
previous reported findings, will surely improve our under-
standing about the mechanisms of action of statins and will
also provide a basis for their future clinical development as a
novel anti-cancer agent.
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