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Statins in Lymphangioleiomyomatosis

Simvastatin and Atorvastatin Induce Differential Effects on tuberous sclerosis
complex 2-Null Cell Growth and Signaling
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Mutations of the tumor suppressor genes tuberous sclerosis
complex (TSC) 1and TSC2 cause pulmonary lymphangioleiomyomatosis
(LAM) and tuberous sclerosis (TS). Current rapamycin-based thera-
pies for TS and LAM have a predominantly cytostatic effect, and
disease progression resumes with therapy cessation. Evidence of
RhoA GTPase activation in LAM-derived and human TSC2-null cells
suggests that 3-hydroxy-3-methylglutaryl-coenzyme A reductase
inhibitor statins can be used as potential adjuvant agents. The goal
of this study was to determine which statin (simvastatin or atorvas-
tatin) is more effective in suppressing TSC2-null cell growth and
signaling. Simvastatin, but not atorvastatin, showed a concentration-
dependent (0.5-10 pM) inhibitory effect on mouse TSC2-null
and human LAM-derived cell growth. Treatment with 10 pM sim-
vastatin induced dramatic disruption of TSC2-null cell monolayer
and cell rounding; in contrast, few changes were observed in cells
treated with the same concentration of atorvastatin. Combined
treatment of rapamycin with simvastatin but not with atorvastatin
showed a synergistic growth-inhibitory effect on TSC2-null cells.
Simvastatin, but not atorvastatin, inhibited the activity of prosurvival
serine-threonine kinase Akt and induced marked up-regulation
of cleaved caspase-3, a marker of cell apoptosis. Simvastatin, but
not atorvastatin, also induced concentration-dependent inhibition
of p42/p44 Erk and mTORC1. Thus, our data show growth-inhibitory
and proapoptotic effects of simvastatin on TSC2-null cells compared
with atorvastatin. These findings have translational significance for
combinatorial therapeutic strategies of simvastatin to inhibit TSC2-
null cell survival in TS and LAM.
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Mutational inactivation of the tumor suppressor genes tuberous
sclerosis complex (TSC)I and TSC2 occurs in the hamartoma
syndrome tuberous sclerosis (TS) and in pulmonary lymphan-
gioleiomyomatosis (LAM). TS manifests by multiple tumors in
the brain, kidney, heart, and skin (1). LAM, which can be spo-
radic or associated with TS (TS-LAM), is a rare lung disease
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CLINICAL RELEVANCE

This study provides further insights about simvastatin as
a potential therapeutic agent and additional preclinical
evidence for its use as treatment in tuberous sclerosis and
lymphangioleiomyomatosis. Understanding the differences
in effectiveness of simvastatin and atorvastatin provides critical
information for selection of the better choice as an adjuvant
therapy for tuberous sclerosis and lymphangioleiomyomatosis.

affecting predominantly women of childbearing age that mani-
fests by neoplastic growth of atypical smooth muscle-like LAM
cells, lung cyst formation, obstruction of lymphatics, and spon-
taneous pneumothoraces (2). A breakthrough in understanding
neoplastic pathophysiology in TS and LAM has resulted from
the discovery of TSCI/TSC2 tumor suppressor complex as a neg-
ative regulator of the mechanistic target of rapamycin (mTOR)
(3-6), an integrator of growth factor, nutrient, energy, and stress
signaling (7). The TSC2 regulation of mTORCI1 (4, 8) and in-
hibitory effects of rapamycin in preclinical studies (4, 5, 9, 10)
have provided a rationale for the clinical use of rapamycin ana-
logs (11-16). Despite promising results of rapamycin analogs in
the clinic, after cessation of sirolimus therapy pulmonary func-
tion reverts to the diminished levels observed before treatment
(11, 14-16), likely because sirolimus does not completely inhibit
mTORCI signaling, without promoting cell death (17). Further-
more, hyperlipidemia occurs as a side effect in patients with
LAM and TS on sirolimus (11, 18).

The identification of increased RhoA GTPase activity (19-21)
and its requirement for 7SC2-null and LAM cell survival (22) has
suggested a potential beneficial effect of therapeutic targeting of
RhoA in LAM and TS. The development of drugs targeting RhoA
GTPase, however, has not been successful (23). Rho GTPases
cycle between an inactive GDP-bound form and an active
GTP-bound form. Prenylation of small GTPases, which is the
posttranslational modification involving the addition of hydro-
phobic geranylgeranyl functional groups to C-terminal cysteine,
facilitates their attachment to the cell membrane. Thus, pharma-
cological targeting of geranylgeranylation of RhoA GTPase may
have therapeutic benefits.

Statins inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase, a rate-limiting enzyme in the mevalonate pathway
(24). Lipid products of the mevalonate pathway are necessary for
cellular functions including cholesterol metabolism, membrane in-
tegrity, and cell signaling specifically generating geranylgeranyl
pyrophosphate, which is involved in posttranslational modification
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of membrane-bound small GTPases including Rho, Racl, and
Cdc42 (23). Retrospective study of patients with LAM on statins
has cautioned about the potential effects of statins on lung function
without taking into account intermolecular differences between
statins (25). For example, atorvastatin up-regulates the expres-
sion of VEGF-D (26), which is up-regulated in the serum of
patients with LAM and is a potential prognostic biomarker for
LAM (27). Thus, preclinical comparison of different statins
under the same experimental conditions is needed, and their
pharmacological characteristics and safety in LAM remain to
be determined.

In our published studies, we demonstrated a growth inhibitory
effect of simvastatin in vitro and in vivo on TSC2-null cell and
tumor growth (22, 28). Finlay and colleagues (20) and Lee and
colleagues (29) used atorvastatin. These studies were performed
using different cell and animal models, limiting their translational
utility and leaving unanswered the question of whether simvas-
tatin or atorvastatin could be used in TS and LAM clinical trials.
The goal of this study was to determine whether simvastatin and
atorvastatin have differential effects on 7.SC2-null cell growth.
Understanding the differences in effectiveness of these drugs
may provide critical information for the selection of the better
choice as an adjuvant therapy for TS and LAM.

RESULTS

Effect of Simvastatin and Atorvastatin on Mouse TSC2-Null
Cell Growth

To perform comparative analysis of statins, we used mouse epithe-
lial 7SC2-null cells derived from kidney lesions of TSC2"~ mice
used in the LAM mouse model (28, 30) and human LAM-
derived cells (4). TSC2-null and LAM-derived cells, plated on
6-well plates, were maintained in Dulbecco’s modified Eagle me-
dium supplemented with 10% FBS for 6 days in complete me-
dium that was changed every other day and supplemented with
0.5, 1.0, 5.0, and 10 ym freshly made atorvastatin (Sigma Aldrich,
St. Louis, MO) or simvastatin (EMD Millipore, Darmstadt,
Germany). Control cells were maintained at the same conditions
and treated with diluent. Morphological analysis using a phase-
contrast microscope (TE 2000; Nikon, Melville, NY) showed dra-
matic disruption of 7.SC2-null cell monolayer and cell rounding
at 10 uM simvastatin at Day 6 (Figure 1). In contrast, few mor-
phological changes were observed in 7.SC2-null cells treated with
the same concentration of atorvastatin (Figure 1).

Statins not only inhibit cell proliferation but also promote ap-
optosis, which decreases cell numbers (22, 31). Thus, to adequately
assess the effect of simvastatin and atorvastatin on cell growth, we
used cell counts performed on the Countess Automated cell
counter (Invitrogen, Grand Island, NY). Treatment with simvas-
tatin exhibits significant dose-dependent inhibition of 7.SC2-null

Untreated Simvastatin  Atorvastatin
100 X
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Figure 1. Simvastatin, but not atorvastatin, induces tuberous sclerosis
complex 2 (TSC2)-null cell rounding. A total of 1.5 X 10° TSC2-null cells
were plated on 6-well plates and treated with 10 wM of atorvastatin or
simvastatin added freshly every other day as described in ResuLts. Un-
treated cell were used as a control. Representative images were taken
using a phase-contrast microscope.
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cell growth (56 = 3%, 61 = 8%, 34 = 5%, and 7 = 2% of cells
were detected after treatment with 1, 2, 5, and 10 wM, respec-
tively; P < 0.001 versus untreated cells). 7SC2-null cell counts
revealed that, at concentrations of 1 and 2 pM, simvastatin and
atorvastatin have comparable inhibitory effects on cell growth.
However, at a concentration of 5 wM atorvastatin showed 40%
inhibition, and simvastatin showed 66% inhibition (P < 0.005).
At 10 pM, only 7 = 2% of simvastatin-treated cells were detected,
in contrast to 69 = 6% of cells treated with atorvastatin (P <
0.0001) (Figure 2A). Similarly, simvastatin showed marked dose-
dependent growth inhibition of human LAM-derived cells with
complete loss of cell numbers at 10 pM (52 = 4%, 32 = 5%, and
0% of cells were detected after treatment with 1, 5, and 10 uM
simvastatin, respectively; P < 0.001 versus untreated cells) (Figure
2B). Unlike simvastatin, atorvastatin does not inhibit cell growth
at doses of 1, 5, and 10 puM (76 * 6%, 70 = 5%, and 72 = 14%,
respectively). Cell count analysis at 0.5 uM revealed that neither
simvastatin nor atorvastatin exhibits inhibitory effects on cell
growth in both cell lines.

To determine the potential for the combination therapy of statins
and rapamycin, 7SC2-null cells were treated with 20 nM of rapa-
mycin combined with atorvastatin or simvastatin. The combination
of atorvastatin with rapamycin appears to have an additive effect on
growth inhibition (Figure 3A). Rapamycin in combination with 0.5,
1, 5, and 10 wM atorvastatin shows 45 = 1%, 50 = 4%, 55 = 4%,
and 65 = 1% growth inhibition, respectively, compared with 40 *
3% inhibition by rapamycin alone (Figure 3A). In contrast, the
combination of simvastatin and rapamycin showed a synergistic
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Figure 2. Simvastatin, but not atorvastatin, abrogates TSC2-null cell
growth. TSC2-null (A) or lymphangioleiomyomatosis (LAM)-derived
cells (B) were treated with atorvastatin (triangles) or simvastatin
(squares) over the range of concentrations (0.5, 1.0, 5.0, and 10 uM).
Untreated cells were used as control. Cell counts were performed and
analyzed with three measurements for each condition. Each point rep-
resents the mean of three to eight measurements + SEM. *P < 0.01
for cells treated with simvastatin or atorvastatin versus untreated cells.
*P < 0.01 for cells treated with atorvastatin versus simvastatin by anal-
ysis of variance (Bonferroni-Dunn).
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Figure 3. Rapamycin differentially enhances inhibitory effects of sim-
vastatin or atorvastatin on TSC2-null cell growth. Cells were maintained
in Dulbecco’s modified Eagle medium with 10% FBS for 6 days in
complete media supplemented with freshly made 20 nM of rapamycin
(open diamonds); atorvastatin with the range of concentrations 0.5,
1.0, 5.0, and 10 uM (triangles); or a combination of both (solid dia-
monds) (A). TSC2-null cells were treated with 20 nM of rapamycin
(open diamonds); simvastatin with the range of concentrations 0.5,
1.0, 5.0, and 10 uM (squares); or a combination of both (solid dia-
monds) (B). Control cells were maintained at the same conditions
and treated with diluent. Cell counts were performed and analyzed;
two measurements were taken for each condition. Each point repre-
sents the mean of two measurements = SEM. *P < 0.01 for cells with
treatment versus untreated cells. *P < 0.01 for cells with single treat-
ment simvastatin or atorvastatin versus combination with rapamycin
alone by analysis of variance (Bonferroni-Dunn).

inhibitory effect on 7SC2-null cell growth at concentrations of
0.5 and 1 pM. Combining rapamycin with 0.5 and 1 pM of sim-
vastatin induced 75 £ 1% and 79 * 1.6% growth inhibition,
respectively, in contrast to 37 = 1% and 46 £ 1% inhibited by
simvastatin alone. Combination with rapamycin had little effect
on simvastatin used at the higher doses (19 = 0.9% and 9 = 0.6%
of cells were detected after treatment with 5 and 10 uM, respec-
tively; P < 0.001 versus untreated cells or rapamycin alone) (Figure
3B) potentially due to a dominant proapoptotic mechanism induced
by simvastatin, as demonstrated in a published study (22).

Simvastatin-Induced Down-Regulation of Akt/PKB
in TSC2-Null Cells

Akt/PKB is a serine-threonine kinase that controls programmed
cell death by phosphorylating substrates and regulates apoptosis
and cellular metabolism (32). Phosphorylation of Akt/PKB on
Serine-473 is regulated by mTORC2 and is required for Akt/
PKB activation (33). Whole cell lysates were prepared from
cells treated with diluent or with the indicated concentration
of simvastatin or atorvastatin. Cells were then washed with ice-cold
PBS, and whole cell lysates were prepared. Protein contents were
measured using a detergent-compatible protein assay reagent kit
(Bio-Rad, Hercules, CA), and equal amounts of protein were
subjected to SDS-PAGE. Immunoblot analyses were performed

with phospho-Akt and total Akt antibodies purchased from Cell
Signaling Technology, Inc. (Boston, MA). Treatment of 7SC2-null
cells with simvastatin abolished Ser-473 Akt/PKB phosphorylation
in a concentration-dependent manner (Figure 4A, upper panel).
The Akt/PKB protein level was also markedly decreased in cells
treated with 2, 5, and 10 M simvastatin (Figure 4A, lower panel).
In contrast, in cells treated with atorvastatin, phosphorylation lev-
els of Akt/PKB and protein levels were unchanged (Figure 4A).

Effect of Simvastatin on mTORC1 and Erk

Cells lacking TSC2 exhibit growth factor-independent activation
of mMTORCI that directly phosphorylates the ribosomal protein
S6 kinases, inducing phosphorylation of ribosomal protein S6 (7).
Antibodies phospho-S6 and total S6 were supplied by Cell Sig-
naling Technology, Inc. Simvastatin at concentrations of 2, 5, and
10 pM markedly inhibited S6 phosphorylation without affecting
total S6 protein level in 7SC2-null cells (Figure 3B). In contrast,
treatment of cells with atorvastatin had little effect on S6 phos-
phorylation and protein level (Figure 4B).

Extracellular mitogen-regulated protein kinase (Erk) p42/p44
is essential for carcinogenesis and is constitutively activated in a
variety of cancers (34). Treatment of 7SC2-null cells with 1 uM
simvastatin inhibited Erk phosphorylation (Figure 4C), and 2, 5,
and 10 uM simvastatin abolished Erk signaling. In contrast, the
same concentrations of atorvastatin had little effect on Erk.
Antibodies total p42/p44 Erk and phospho p42/44-Erk were
also purchased from Cell Signaling Technology, Inc.

Effect of Simvastatin and Atorvastatin on Cleaved Caspase-3
in TSC2-Null Cells

Our published study demonstrated marked induction of 7.SC2-null
cell apoptosis detected by terminal deoxynucleotidyltransferase-
mediated dUTPbiotin nick end labeling stating by simvastatin (22).
In this study, we examined the level of apoptosis using immunoblot
analysis with an antibody for cleaved caspase-3, a marker of cell
apoptosis (35). Immunoblot analyses were performed with cleaved
caspase-3 antibodies (Cell Signaling Technology, Inc.). At 2 pM,
simvastatin induced a slight increase in cleaved caspase-3 levels (Fig-
ure 4C). The treatment of cells with 5 and 10 uM simvastatin in-
duced marked up-regulation of cleaved caspase-3 levels (Figure 4C).
In contrast, no detectable cleaved caspase-3 was found in 7SC2-null cells
treated with concentrations of atorvastatin as high as 10 uM (Figure 4C).

DISCUSSION

Published preclinical studies using atorvastatin and simvastatin have
provided contradictory evidence, potentially due to the use of dif-
ferent cell types, about the effectiveness of these drugs in 7SC2-null
cells (20, 22, 28, 29). To address this issue, we tested the therapeutic
effect of simvastatin and atorvastatin on the same 7.SC2-null cells.
Our study demonstrates that the proapoptotic effect of simvastatin
but not atorvastatin correlates with simvastatin-induced inhibition
of TSC2-null cell growth. Combination with rapamycin markedly
potentiates the growth-inhibitory effect of simvastatin compared
with the apparent additive effect of rapamycin in combination with
atorvastatin. Simvastatin also shows effective inhibition of TSC2-
null cell signaling, including Akt/PKB, Erk, and mTORCI, in
contrast to the lack of atorvastatin effects. This study provides
important preclinical data about the differential effects of simvas-
tatin and atorvastatin on TSC2-null cell growth and signaling.
Mutations of tumor suppressor genes 7SCI or TSC2 cause TS,
a genetic disease affecting approximately 1 million people worldwide
(2). About 30% of those affected by TS, predominantly adult
women, develop pulmonary TS-LAM, which manifests as neoplas-
tic lesions that induce destruction of lung parenchyma and
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progressive loss of pulmonary function. TSCI/TSC2 regulates
mTOR, which forms two functionally distinct complexes,
rapamycin-sensitive mTORCI1 and rapamycin-insensitive mTORC2
(33). Current rapamycin-based therapy for TS and LAM only slows
down the disease progression, which is resumed upon the cessation
of treatment (14, 15). The limitation of rapamycin as a cytostatic
agent indicates the need for novel TS and LAM therapy targeting
TSC2-null cell survival.

mTORCI-independent regulation of the actin cytoskeleton
occurs through mTORC2-dependent regulation of RhoA and
Racl GTPases (36), and Racl is required for mTOR activation
(37). In TSC2-null and human LAM-derived cells, Rho GTPase
activity is required for cell adhesion, motility, proliferation,
and survival (19, 21, 22). Down-regulation of RhoA in 7SC2-
deficient, rat-derived 7SC2-null ELT3 cells increases apoptosis
and up-regulates the proapoptotic proteins Bim, Bok, and Puma
(22), suggesting that pharmacological inhibition of RhoA in 7SC2-
null cells impairs their survival.

Statins are small molecule inhibitors of HMG-CoA reductase,
the rate-limiting enzyme in the synthesis of mevalonate, a fatty acid
intermediate in de novo cholesterol biosynthesis. Statins including
simvastatin, pravastatin, lovastatin, and mevastatin are derived
from fungi or made synthetically (e.g., atorvastatin and fluvastatin)
(24). All statins are lipophilic except pravastatin (24). These agents
are effective in preventing cardiovascular disease largely due to
lowering cholesterol levels (38). In noncardiovascular diseases,
including cancer (39), rheumatologic (40), and neurological disor-
ders, the beneficial effects of statins are attributed to their “pleio-
tropic” effects (independent of their lipid-lowering properties).
Pleiotropic effects of statins include the inhibition of isoprenoid
intermediates involved in geranylgeranylation of Rho GTPases;
farnesylation of small GTPases Ras and Rheb; oxidative stress;
inhibition of L-type Ca®" current (41); cell proliferation (22), in-
vasion, and metastasis; and induction of apoptosis in leukemia and
in smooth muscle, prostate, and breast cancer (24). Simvastatin
has protective effects against oxidative stress, matrix metallopro-
teinase, and inflammation in preclinical studies (28). Statins also
show potential uses in chronic obstructive pulmonary disease,
osteoporosis, diabetes, and depression (42). The safety and effi-
cacy of cholesterol-lowering drug statins are well documented as
highly effective therapies used by millions of people (24, 38).

Statins differ in their pharmacological properties, such as
equipotent doses, bioavailability, protein binding and elimina-
tion, pharmacogenetic factors, and cellular effects. An important

question remains about the differences in the potency of statins
as cholesterol-lowering drugs compared with the cholesterol-
independent or “pleiotropic” effects of statins. Evidence from
randomized, placebo-controlled trials shows comparable effects
of atorvastatin and simvastatin at their standard doses on car-
diovascular function (43). The equipotent daily doses needed to
reach the therapeutic target of 25 to 30% reduction in low-
density lipoprotein cholesterol, a valid surrogate parameter of
HMG-CoA reductase inhibition, are 5 mg for atorvastatin and
10 mg for simvastatin (44). Thus, pharmacological and clinical
evidence demonstrates higher potency of atorvastatin compared
with simvastatin. Less is known about potency of statins in their
cholesterol-independent or “pleiotropic” effects (45). Despite
strong and consistent associations between the beneficial use of
statins, cancer incidence, reduced mortality (46), and improved
outcomes of treatment for chronic obstructive pulmonary disease
(47), observational studies are inconclusive because they often do
not provide information about the specific type of statin on clinical
outcome. Further preclinical and clinical research with defined
endpoints and defined population is needed to provide evidence
for unanswered mechanistic, translational, and clinical questions.

Statins also have different drug interactions (48). Whereas sim-
vastatin and lovastatin are mainly metabolized by cytochrome
P450 (CYP) 3A, fluvastatin is metabolized by CYP2C9, and pra-
vastatin is largely unchanged (44). Much less is known about statin
differences in their pleiotropic effects, including cell growth and
survival. For example, atorvastatin affects Rheb farnesylation (20),
whereas simvastatin appears to have no such effect (22). In
contrast, in vivo simvastatin induces cell apoptosis, whereas
atorvastatin has little effect on cell survival and tumor size (20,
22,28,29). Our data present comparative effectiveness of simvas-
tatin and atorvastatin using the same cell type and demonstrate
the effectiveness of simvastatin in inducing proapoptotic effects in
TSC2-null cells. This study provides further insights about simvas-
tatin as a potential therapeutic agent and additional preclinical
evidence for potential treatment in TS and LAM. Understanding
the differences in effectiveness of simvastatin and atorvastatin
provides critical information for choosing the most effective
adjuvant therapy for TS and LAM.
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