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Statins Cause Profound Effects on Gene
Expression in Human Cancer Cells In Vitro:
The Role of Membrane Microdomains

DAVID JOHN GARNETT AND TREVOR JAMES GREENHOUGH

*Structural Biology Research Group, Institute of Science Technology in Medicine, Keele University,
Keele, Staffordshire, UK

There is increasing evidence that statin treatment can be beneficial in certain cancer patients. To determine if
these benefits are a direct result of the cholesterol-lowering effects of statins or a result of secondary, protein
transcription effects, the impacts of pravastatin and a cholesterol sequestrating agent methyl-B-cyclodextrin
(MBCD) on mRNA expression in the breast cancer cell MDA-MB-231 and the lung carcinoma cell Calu-1 have
been compared by microarray techniques. The effects of these agents on cholesterol-rich rafts and caveolae,
which have significance in cancer signaling, have also been examined. Both treatments caused a general down-
regulation of not only signal transduction including cancer pathway proteins, but also apoptosis and chemokine
pathways, with statins impacting 35 genes by twofold or greater in MDA-MB-231 and >300 genes in Calu-1.
These manifold dysregulations could also explain the various side effects reportedly caused by statins. MBCD
produced far fewer statistical events than pravastatin in the breast cancer line but many more in the lung cell
line. Pravastatin increased expression of CAVI but caveolae density decreased and overall raft density was
unaffected. MBCD also caused an increase in CAVI expression and reduced the prevalence of both rafts and
caveolae. It is proposed that sequestration of cholesterol from the membrane by MBCD is not equivalent to
blockade of the cholesterol pathway and causes different effects on microdomain-mediated signal transduction
dependant on the cell line. The profound effects of statins on mRNA expression can be explained by the failure
of caveolin-1 to properly complex with cholesterol in an altered sterol environment, with caveolae acting as the
main loci for signaling directed towards those transcription processes unaffected by MBCD. Targeted inhibition
of the postmevalonate pathway could offer an opportunity to specifically reduce caveolae-based signaling in
cancer cells. The observed impact of pravastatin on gene expression may explain the pleiotropic effects of statins
when they are used as adjuvants in chemotherapy and suggests impact on gene expression as a possible cause
of side effects from statin use.
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INTRODUCTION

Statins inhibit the in vivo expression of inflamma-
tory cytokines (27), C-reactive protein (CRP) (28,41),
interleukins, tumor necrosis factor (TNF), and matrix
metalloproteins (MMPs) (3). These inflammatory
mediators are involved in many different diseases
(10) including coronary disease (25), type 2 diabetes

(23,43), and Alzheimer’s disease (20). The possible
clinical benefits of statin use outside the normal lipid-
lowering applications have been reported and these
pleiotropic effects have attracted considerable interest
(1). The use of statins to control cancer has also been
explored (7,22), with some studies showing benefi-
cial use in prostate cancer recurrence after surgery
(31) and radiation therapy (14), colorectal cancer (2,
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17), and ovarian cancer (9). Others, notably cancers
in the lung and bladder (39), do not respond (6).
Some researchers have postulated that statin use
could even promote tumor growth (13,29) through
upregulation of proteins involved in angiogenesis
(11), although the evidence is by no means conclu-
sive (40).

Several putative models have been proposed for
the proapoptotic and antimetastatic effects of statins,
including the direct downregulation of specific genes
such as survivin in prostate cancer cells (19) and in
breast cancer cells, and transcription factor activation
of c-Jun, part of the mitogen activated protein kinase
group that induce apoptosis and inhibit growth (21).
In contrast, two mechanisms that are closely linked
to the mevalonate pathway inhibited by statins are 1)
reduction in geranylgeranylpyrophosphate and farne-
sylpyrophosphate that cause isoprenylation and acti-
vation of RhoA, Ras, and other pro-oncogenic
proteins (12,40) and ii) reduction of caveolin-1 and
cholesterol-dependent endocytosis leading to nonca-
nonical signaling and tumor development in colon
cells (16), presumably through reduction of the com-
plexing of Cav-1 with cholesterol to form caveolae
in a reduced cholesterol environment. Direct down-
regulation of CAVI expression is another route to
fewer caveolae and generally reduced signal trans-
duction. It is possible that more than one mechanism
is involved in the manifold effects of statins on can-
cer progression.

Statins are known to affect gene expression in cal-
cium regulatory (e.g., SERCA3) and membrane repair
systems and this has been postulated as a cause of
statin-associated peripheral myopathy (30). These
“extensive” changes in protein turnover have also
been found in nonmyopathic patients receiving stat-
ins (8). Although the in vivo effects of statins on gene
expression have been studied in aortic cells (26) and
carotid explants (34) there have been few, if any,
attempts to measure genome-wide mRNA changes
following exposure to statins in human cancer cells
despite the plethora of data suggesting involvement
by statins in cancer pathways. It is difficult to dis-
criminate between the cholesterol-related effects of
the statin and other effects the molecule may have on
the proteome.

The objective of this study was to investigate the
impact on gene expression by microarray-based tech-
niques using the ER-negative and p53-mutant human
cell line MDA-MB-231 as a model invasive breast
cancer and the human lung carcinoma line Calu-1 as
an example of an aggressive lung cancer. Much of
the epidemiological work linking statin use with
reduced morbidity and mortality has alluded to possi-
ble antimetastatic effects. For this reason these two
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highly invasive cell lines were tested to examine if
genes associated with metastasis were affected. Pra-
vastatin was chosen as a model HMG-CoA reductase
inhibitor. To examine if the observed effects on gene
expression were caused by a reduction of cholesterol
per se, methyl-B-cyclodextrin (MBCD), a cyclic oligo-
mer of glucose that is able to entrap cholesterol in its
hydrophobic core and specifically sequester the sterol
from the membrane (35), was used for comparison
because it mimics only the ultimate cholesterol-lowering
effects of the statin.

Rafts and caveolae are morphologically and chemi-
cally distinct platforms that rely on high concentra-
tions of cholesterol and, once assembled, serve as
platforms for multiple signaling systems. To deter-
mine if these cholesterol-rich domains were disrupted
by the treatments, flotillin was used as a general indi-
cator of overall raft density and caveolin-1 as a spe-
cific marker of caveolae. Both were assayed using
immunofluorescence techniques.

MATERIALS AND METHODS
Sources

MDA-MB-231 and Calu-1 cells were obtained
from Cell Lines Service (Eppenheim, Germany).
Explorer protein microarrays were purchased from
Full Moon Biosciences Inc. (USA). Illumina Human
HT12_V4_0_R2_15002873_B human expression micro-
array was purchased from Gen-Probe Ltd (UK).
RNeasy Maxi Kit was purchased from Qiagen Ltd.
All other reagents were sourced from Sigma Aldrich
Ltd (UK) except where noted.

Treatments

The final concentrations of pravastatin and MBCD
in culture flasks were 8.0 uM and 0.00085% (w/v),
respectively, dissolved in DMEM plus 10% v/v
serum. The dose of pravastatin was chosen because
low millimolar serum levels are attainable in vivo at
high doses of other statins (lovastatin) (27). Treat-
ment exposure was for 24 h beginning after cells
reached 80% confluence. The same treatment regime
was used in the antibody assays at a range of doses
was used.

All treatments and controls were conducted in qua-
druplicate and the microarray was performed using
these four biological replicates. There were no techni-
cal replicates. Cells were treated in 174-ml culture
flasks (Nunc) containing 40 ml of DMEM with 10%
(v/v) FBS per treatment. Negative control flasks con-
tained only the FBS-supplemented media. Treatments
were 24 h and treatment start time was 24 h after
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subculture. Incubation was at 37°C with 5.0% CO,.
Cells from each treatment were harvested with 0.5 g/
L porcine trypsin w/v and 0.2 g/L. w/v EDTA in Dul-
becco phosphate buffer and immediately spun down
to a cell pellet. The cells were then resuspended in
PBS containing 0.1% of Sigma Protease inhibitor
cocktail and then recentrifuged. The resultant cell
pellet was then stored in LN2 prior to RNA or pro-
tein extraction.

mRNA Expression Profiling

Array analysis was performed in accordance with
the manufacturer’s guidance. Each treatment was
conducted in quadruplicate and there were no techni-
cal replicates in this study.

Protein Assay

Treatments and controls were prepared as above.
Each Explorer array slide has 656 protein probes in
duplicate. Mean spot intensities and coefficient of
variations were recorded to provide standard errors.

Immunofluorescence Assays

A conjugate of fluorescein isothiocyanate (E,495
and E;525) and anti-Flotillin antibody was prepared
using the Sigma Fluorotag kit and affinity isolated
anti-Flotillin-1 produced in rabbit. The second anti-
body used in the experiment was anti-Caveolin-1 that
was purchased preconjugated to the cyanine dye Cy3
(E<550 nm and E,570nm). Phosphate buffer solution
(1.25 ml) was added to 1 mg of lyophilized protein
and the light-protected tube vortexed for 1 min. It
was used without further preparation. Both antibodies
were used at 1 pg/ml in 96 x 100 pl plates (Sterilin).
Readings were taken using a Biochrom 480 fluores-
cence plate reader after 1-h exposure posttreatment
followed by three gentle washes with phosphate
buffer, pH 7.4.

Statistical Treatment

Raw array data were assessed for quality, and out-
liers removed. The remaining arrays were normalized
and array features annotated. A threshold for signifi-
cance was adjusted to p < 0.01 and significant loci in
each comparison were assessed for functional enrich-
ment of KEGG pathways, and GO terms, based on
their annotation information. The p-values were
adjusted using Benjamini & Hochberg method for
multiple testing, to 0.001 for the comparison of sig-
nificant array features.

Normalization of the 47,319 features across all
arrays was achieved using robust spline normaliza-
tion after data were subjected to a variance stabilizing
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transformation. Raw data were transformed using a
variance stabilizing transformation (VST) method
prior to normalization across all arrays using the
robust spline normalization (RSN) method. Expres-
sion measures (summarized intensities) are in log
base 2.

Probesets on the array may have been annotated as
being a member of a KEGG pathway (www.kegg.jp).
Significant genes (adjusted p <0.01) from each
comparison were analyzed for enrichment of KEGG
pathway membership using a hypergeometric test.
Enrichment (p < 0.05) was assessed for upregulated
and downregulated genes separately. Significant
genes (adjusted p < 0.01) from each comparison were
analyzed for enrichment of GO terms across all three
GO ontologies using a hypergeometric test. Enrich-
ment (p <0.001) was assessed for upregulated and
downregulated genes separately.

RESULTS
Pravastatin Treatment Relative to Negative Control

One hundred and one array features were statisti-
cally significant at p < 0.01 (27 upregulated, 74 down-
regulated). Within the significant features, ANGPTL2,
COL5A1, COPS2, DST, FOS, GAS2LI, GPR56,
GPRC5C, IDI, and ID2 were upregulated. Within
the significant features, ABCAI, ADM, ANGPTLA,
Cl00rf10, Cl3orfl5, Cl5orf48, C70rf68, CCL20,
CCL26, and CDCP1 were downregulated.

The predominant (number of p < 0.01 features are
in parenthesis) upregulated pathways include those
associated with TGF-f signaling (3), focal adhesion
(2), and ECM-receptor interactions (2).

The predominant downregulated pathways include
those associated with cytokine—cytokine receptor
interactions (9), chemokine signaling (5), NOD-like
receptor signaling (5), cancer (4), and MAPK signal-
ing (3). In terms of observed fold change (indepen-
dent of statistical threshold), no features exhibited
greater than twofold upregulation, while 24 features
exhibited greater than twofold downregulation. Fold
changes ranged from twofold up to 10.4-fold down.

Twenty KEGG pathways were statistically enriched.
Members of ECM-receptor interaction pathways
were among those enriched in upregulated loci.
Members of cytokine—cytokine receptor interaction
and NOD-like receptor signaling pathways were
among those enriched in downregulated loci. CAVI
was upregulated by 10%, FLOTI by 1%, and overall
gene expression was downregulated by 0.55% com-
pared to the control group. In Calu-1 cells, 5,107
array features were statistically significant (2,535
upregulated, 2,572 downregulated). The predominant
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upregulated pathways include metabolic pathways
(154), pathways in cancer (37), endocytosis (35),
insulin signaling pathway (29), MAPK signaling
pathway (28), lysosome (26), and cytokine—cytokine
receptor interaction (22). The predominant downreg-
ulated pathways include metabolic pathways (126)
and pathways in cancer (57).

In terms of observed fold change (independent of
statistical threshold), 219 features exhibited greater
than twofold upregulation, while 174 features exhib-
ited greater than twofold downregulation. Fold changes
ranged from 11.1-fold up to 5.1-fold down. Within
the biggest change loci, NUPRI, GDFI15, TRIB3,
RNF165, DDIT3, ASNS, DDIT4, PDE5A, CTH, and
PCK?2 were upregulated. Within the biggest change
loci, TXNIP, MMP3, STCI, CTGF, GLIPRI, NPPB,
BMPER, EDNI, MAP2K3, and CYP24AI were down-
regulated. FLOTI was upregulated with a log2 fold
change of 0.51 (p = 0.0024). CAVI was also upregu-
lated but this was not statistically significant.

Fifty-nine KEGG pathways and 408 GO terms were
statistically enriched. Members of steroid biosynthesis
were enriched in upregulated loci. Members of spliceo-
some, cell cycle, and DNA replication pathways were
among those enriched in downregulated loci.

MPBCD Treatment Relative to Negative Control

There were 79 statistically significant (3 upregu-
lated, 76 downregulated) array features. Within the
significant features, MARCH4, NQOI, and SNX6
were upregulated and ABCAI, ADAMS, ADM, AGR2,
ANGPTLA4, Cl100rfl0, Cl3orfl5, Cl50rf48, C70rf68,
and CCL20 were downregulated. The predominant
downregulated pathways include those associated
with cytokine—cytokine receptor interactions (9), can-
cer (6), chemokine signaling (5), NOD-like receptor
signaling (5), MAPK signaling (3), Toll-like receptor
signaling (3), type 1 diabetes mellitus (3), bladder
cancer (3), metabolism(2), apoptosis (2), and VEGF
signaling (2).

In terms of observed fold change (independent of
statistical threshold), no features exhibited greater
than twofold upregulation, while 13 features exhib-
ited greater than twofold downregulation. Fold changes
ranged from 1.6-fold up to 3.2-fold down. Within the
biggest change loci, THBSI, AMYIC, FTLP2, NQOI,
ID3, FLNC, CAVI, RPL35, SLC7A5, and PSMCI
were upregulated. Cytokine—cytokine receptor inter-
action and NOD-like receptor signaling pathways
were downregulated loci. CAVI was upregulated by
25% and the entire treatment caused a global increase
in gene expression of 8.64% compared to the control
group. FLOTI was not significantly affected (increas-
ing by 1.9%).
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In Calu-1 cells, 6,868 array features were statisti-
cally significant (3,417 upregulated, 3,451 downregu-
lated). The predominant upregulated pathways include
metabolic pathways (173), pathways in cancer (50),
endocytosis (39), MAPK signaling pathway (37),
insulin signaling pathway (34), lysosome (30), and
cytokine—cytokine receptor interaction (29). The pre-
dominant downregulated pathways include metabolic
pathways (174), pathways in cancer (73), spliceo-
some (61), and cell cycle (53). In terms of observed
fold change (independent of statistical threshold), 393
features exhibited greater than twofold upregulation,
while 349 features exhibited greater than twofold
downregulation. Fold changes ranged from 16.4-fold
up to 8.1-fold down. Within the biggest change loci,
GDF15, NUPRI, TRIB3, DDIT3, RNFI165, ASNS,
PDE5A, CTH, DDIT4, and FBXO32 were upregu-
lated. Within the biggest change loci, CTGF, STCI,
NPPB, BMPER, CYP24A1, GLIPRI, TXNIP, MMP3,
EDNI, and MARCH4 were downregulated. FLOTI
was upregulated by log2 fold change of 0.56 (p =
0.00069) but CAVI was not affected. Sixty-six
KEGG pathways were statistically enriched. Mem-
bers of steroid biosynthesis were among those
enriched in upregulated loci. Members of spliceo-
some, cell cycle, and DNA replication pathways were
among those enriched in downregulated loci.

Five hundred GO terms were statistically enriched
with members annotated with intracellular, intracellu-
lar part, and membrane-bound organelle GO terms
among those upregulated loci. Members annotated
with organelle part, intracellular organelle part, and
organelle GO terms were among those enriched in
downregulated loci.

Pravastatin Relative to MBCD

There were 27 statistically significant array fea-
tures (16 upregulated, 11 downregulated). Within the
significant features, ANGPTL2, GAS2LI, GPRS56,
GPRC5C, ID1, ID2, IGFBP6, ITGB4, MALL, and
MXD4 were upregulated while ABCAI, CRYI, FST,
IGFBP3, IL11, LOX, MMPI, PTGER4, and PTGS2
were downregulated. The predominant upregulated
pathways include TGF-f signaling (2). The predomi-
nant downregulated pathways include pathways in
cancer (2). In terms of observed fold change (inde-
pendent of statistical threshold), no features exhibited
greater than twofold upregulation, while three fea-
tures exhibited greater than twofold downregulation.
Fold changes ranged from 1.8-fold up to 3.3-fold
down. Six KEGG pathways and 21 gene ontology
terms were statistically enriched. Genes annotated
with regulation of localization, negative regulation
of transport, and negative regulation of hormone
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secretion gene ontology terms were among those
enriched in downregulated loci.

In Calu-1, 382 array features were statistically sig-
nificant (210 upregulated, 172 downregulated). The
predominant upregulated pathways include metabolic
pathways (8), cytokine—cytokine receptor interaction
(7), and protein processing in endoplasmic reticulum
(6). The predominant downregulated pathways include
metabolic pathways (17), cell cycle (8), pathways in
cancer (7), and DNA replication (6). Twenty-three
KEGG pathways were statistically enriched with
members of prion diseases, protein processing in
endoplasmic reticulum, and NA pathways among
those upregulated loci. Members of DNA replication,
cell cycle, and pancreatic cancer pathways were
among those enriched in downregulated loci.

One hundred and thirteen GO terms were statisti-
cally enriched. Members annotated with cellular
response to stress, response to stress, and cellular
response to stimulus GO terms were among those
enriched in upregulated loci. Members annotated
with cell division, DNA replication, and organelle fis-
sion GO terms were among those enriched in down-
regulated loci.

DISCUSSION

The response in mRNA expression caused by the
two agents suggests some, but not total, commonality
in mechanism. The volcano plots of mRNA events in
MB231 cells reveal that in the statin treatment there
is a bias towards downregulation (Fig. 1). MBCD ver-
sus statin (Fig. 2) shows that both treatments cause
similar responses, with some additional downregu-
lations caused by the statin. In Calu-1 cells the
response is very different with a symmetrical distri-
bution of statistical events in both treatments (Fig. 3)
and some additional upregulations caused by the
statin. In these two cell lines both the statin and
MBCD showed considerable crossover in impact on
ABCAI, ADM, ANGPTILA, Cl0orfl0, Cl3orfl5,
Cl50rf48, C70rf68, and CCL20 and this suggests a
similar mode of action. Significantly, ABCAI is a
cholesterol efflux regulator (33), while C130rf15 and
ANGPTL4 control the cell cycle (15,18,36) and
increase tumor growth, respectively. A direct DNA
suppression of these latter genes by both agents
seems unlikely so an indirect cholesterol raft-medi-
ated mechanism is an intriguing possibility. The
results suggest that removal of cholesterol by either
statin or MBCD causes changes in gene expression
unfavorable to cancer development, with both
treatments causing cancer pathways specifically to
be downregulated.
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Figure 1. Pravastatin causes many more and greater intensity dow-
nregulations compared to MBCD. The different response in terms
of gene expression could be a result of the type of membrane
domain affected by the two treatments.

However, apoptotic pathways are also downregu-
lated. In MDA-MB-231 cells MBCD produced fewer
events at p <0.001 (regardless of impact) than pra-
vastatin, with many fewer genes upregulated. At the
doses used in this research MBCD invoked downreg-
ulation of the proteins involved in cholesterol synthe-
sis to a greater extent than pravastatin, suggesting
that normal lipid homeostasis is secondary to choles-
terol raft-based signal transduction directed at the
genome. In Calu-1 MBCD had a drastic effect on
gene regulation with 742 features exhibiting a greater
than twofold change. This suggests that Calu-1 is
more than 20 times as susceptible to the effects of
MBCD as the breast cancer cell line but the genes
most affected are upregulated and are not related to
cancer pathways. The global gene events caused by
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Figure 2. Volcano plot of pravastatin relative to MBCD. The treat-
ments do not have equivalent effects on mRNA expression.

the treatments are given in Table 1. Further analysis
of the data set reveals that many of these features are
highly significant but have a low fold change value
and are therefore unlikely to affect cell health. In
MDA-MB231 cells pravastatin downregulated four
cancer pathways and increased CAVI expression by
10% and FLOTI by 1% (p <0.05). Overall gene
expression was reduced by 0.55%. In Calu-1 cells 37
cancer pathways were upregulated and 57 were down-
regulated. MBCD treatment, in contrast, caused six
cancer pathways in MDA-MB231 cells to be down-
regulated and CAVI expression to be upregulated by
25%. Overall gene expression in this experiment was
increased by 8.64% (p < 0.05). However, in Calu-1
cells 37 cancer pathways were upregulated and 57
were downregulated by statin treatment and mirrored
the result of MBCD treatment (50 upregulated and 73
downregulated). When the two treatments in MDA-
MB-231 cells are compared (Table 2) two genes spe-
cifically related to cancer are significantly affected
by statin but not MBCD: PTGS2 (log FC —1.73; p =
6.50E-06) and IL-8 (log FC —-1.01; p=0.017). In
Calu-1 cells seven cancer-related genes have low p-
values but the fold change is minimal. These include
IL-6, CCNDI, and SMAD3. The data from the MBCD
relative to pravastatin treatments suggests that remov-
ing cholesterol from the bilayer is not biologically
equivalent to inhibition of the mevalonate pathway.
MDA-MB-231 was analyzed for differences in the
densities of cholesterol-rich rafts and caveolae fol-
lowing treatment with pravastatin and MBCD as
determined by immunofluorescence (Figs. 4 and 5).
The results indicate that both treatments cause a
reduction of available Cav-1 at the membrane, despite
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Figure 3. Volcano plots of fold changes and significance in Calu-
1 lung cells.
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TABLE 1
CHANGES TO ARRAY FEATURES BY TREATMENT WITH PRAVASTATIN AND MBCD

Significant Array
Features at p <0.001
(Corrected Using
Benjamini and Hochberg
Method for

Features Greater

Cell Type Comparison Multiple Testing) Than Twofold Change
MDA-MB-231  Pravastatin relative to control 101 35
MDA-MB-231  MBCD relative to control 79 34
MDA-MB-231  Pravastatin relative to MBCD 27 8
Calu-1 Pravastatin relative to control 2,013 393
Calu-1 MBCD relative to control 3,149 742
Calu-1 Pravastatin relative to MBCD 30 4
TABLE 2
MOST SIGNIFICANTLY AFFECTED GENES
Gene Log Fold Adjusted
Treatment Cell Type Identifier Change Significance
Pravastatin—control ~ MDA-MB-231  PTGS2* -2.10 1.62E-11
MBCD-control MDA-MB-231  Lipocalin-2} -0.96 6.19E-10
Pravastatin-MBCD  MDA-MB-231  PTGS2 -1.73 6.50E-06
Pravastatin—control ~ Calu-1 ASNSH 2.63 5.43E-18
MpBCD-control Calu-1 ASNS 2.87 1.18E-18
Pravastatin-MBCD  Calu-1 RNUI1-5§ 1.42 1.75E-06

231

When the 50 genes with the highest fold change are ranked according to adjusted
statistical significance these four genes are most impacted.
*Prostaglindin-endoperoxide synthase-2 is a component of the pathways in cancer
and small cell lung cancer pathways.

FSteroid transport protein.

FAsparagine synthetase.

§snRNA component of the spliceosome.

Caveolin-1 Assay on MDA-MB-231 cells
Mean + standard error
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Figure 4. The effects of pravastatin and MBCD on caveolin-1 protein detection by immunofluorescence assay. MBCD caused a reduction in
caveolin-1 concentrations at both doses tested. The statin did not reduce cav-1 at 8§ uM but at much higher concentrations did reduce levels
of the protein with a clear dose response. *Statistical significant difference p < 0.05 between treatment and control data by ANOVA two-
tailed test, n = 3.
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Flotillin-1 Assay on MDA-MB-231 cells
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Figure 5. The effect of pravastatin and MBCD on flotillin-1 protein detection by immunofluorescence assay. Pravastatin did not reduce
flotillin concentrations, indicating that statins may not reduce prevalence of cholesterol-rich rafts in MB231. MBCD did reduce raft density.
*Statistical significant difference p < 0.05 between treatment and control data by ANOVA two-tailed test, n = 3.

the observed upregulation of CAVI, with pravastatin
causing a significantly greater reduction. This differ-
ence in response to the treatments was not seen in
Flot-1 availability, suggesting that pravastatin causes
a specific reduction in caveolae but not rafts per se.
Caveolae have unique signaling functionality in can-
cer that can vary by cell type and stage of disease
progression (4) and caveolae require cholesterol for
their formation. Pravastatin causes depletion of avail-
able sterol to perform this function but also causes
significant reduction in membrane Cav-1 (as assayed
by immunofluorescence) favoring the formation of
rafts rather than caveolae with any available choles-
terol. This is despite an upregulation in CAVI gene
expression. Indeed, rafts containing other sterol inter-
mediates are likely to be viable signaling platforms
whereas caveolae may have a specific requirement
for cholesterol so that the Cav-1 protein can oligo-
merize and coordinate with the other lipids correctly.
However, the statin is able to significantly reduce
membrane Cav-1 at higher doses. Neither treatment
caused any change to the amount of flotillin actually
being transcribed by RNA so it seems likely that the
changes in membrane flotillin and caveolin are not
driven by transcription events but rather they are a
downstream result of the reduction of cholesterol.
Statins are known to induce COX-2 gene expression
in a manner consistent with farnesyl transferase
inhibitors, geranylgeranyltransferase inhibition and
impairment of G-protein prenylation (5) but this does
not explain the breadth of response at the mRNA
level. It has been suggested that statins specifically

antagonize a set of genes modulated by L-NAME-
induced hypertension in vivo (32), but the results pre-
sented here reveal that 35 genes are modulated
greater than twofold by pravastatin in breast cancer
cells and more than 300 are affected greater than two-
fold in lung cancer cells.

Statins are among the most prescribed pharmaceu-
ticals and have undoubted health benefits not limited
to lipid-lowering indications. However, membrane
repair genes are activated during statin treatment irre-
spective of clinical myopathy and this could be due
to cholesterol-deprived membranes becoming more
permeable to ion leakage as the bilayer becomes flu-
idized without sufficient sterol reenforcement. Cal-
cium leakage is associated with myopathy (8). It
has been reported that 5% of patients using statins
suffer from toxic muscle damage (38). Common
side effects of statin treatment include peripheral
myopathy and mood disturbance (42), but multiple
others can be expected given the profound alterations
that statins cause to both membrane microdomains
and gene expression.

While the anti-inflammatory and antioncogenic
characteristics of some statin treatments are unex-
pected but welcome it is possible that rebound effects
on gene expression following termination of long-
term statin use—similar to those seen in inflamma-
tory response (24)—might result in reduced or reversed
biochemical impact in cancer patients benefiting
from statin treatment.

The overall effect on cancer of statin treatment
may be either deleterious or beneficial depending on
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the cell type, cancer phenotypes, and tissue environ-
ment. Cholesterol is, after all, primarily a structural
component of the plasma membrane and it seems rea-
sonable to assume that its effects can be measured by
the density of those microdomains that are rich in this
sterol—be they predominantly cholesterol-lipid or
cholesterol—protein in nature. Many of the anticancer
and anti-inflammatory effects noted by other research-
ers could be explained by a diminution of either raft-
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or caveolae-based canonical pathways leading to mRNA
dysregulation or abortive noncanonical signaling.
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