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Inhibitory effect of atorvastatin on the cell growth of
cardiac myxomas via the PTEN and PHLPP2
phosphatase signaling pathway
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Abstract. Insulin-like growth factor 1 (IGF-1) is a molecule
with strong proliferative effects, and statins have been reported
to exhibit antitumor effects based on clinical and experi-
mental studies. However, their effects on cardiac myxoma
(CM) cells and the underlying signaling mechanism(s) are
largely unknown. Therefore, we investigated whether the
protein/lipid phosphatases and tensin homolog deleted on
chromosome ten (PTEN) and pleckstrin homology domain
leucine-rich repeat phosphatase 1 and 2 (PHLPPI1 and 2) are
involved in the proliferative effect of IGF-1 on CM cells and
the pharmacological impact of atorvastatin. The activity of
PTEN and PHLPPs was determined using specific substrate
diC,,PIP; and pNPP. We found that IGF-1 enhanced CM cell
proliferation and inhibited both PTEN and PHLPP2 activity
in a concentration- and time-dependent manner. Atorvastatin
acted counter to IGF-1 and reversed the above effects medi-
ated by IGF-1. Both IGF-1 and atorvastatin did not affect the
activity of PHLPP1 and the protein expression of the three
phosphatases. The results suggest that IGF-1 may exert its
proliferative effects by negatively regulating the PTEN/
PHLPP?2 signaling pathway in CM cells, and atorvastatin may
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be a potential drug for the treatment of CM by enhancing the
activity of PTEN and PHLPP2.

Introduction

Cardiac myxomas (CMs) are mostly sporadic and only a few
are familial myxomas that are mainly referred to as Carney
complex (1,2). Clinical features and long-term outcome such
as recurrence, heart failure, sudden death and embolisms have
been reported (3,4). However, due to the limited understanding
of the molecular mechanisms leading to the development and
progression of CM, no target drug is available. Surgical exci-
sion of the tumor is still the only current treatment option,
however this approach has increased risk of death and may be
followed by recurrences, myocardial infarction and stroke (5).
Therefore, there is an urgent need to elucidate the molecular
mechanisms of CM and to develop new targeting chemo-
therapy agents.

To date, dozens of molecules and molecular markers of
sporadic cardiac myxomahave been studied which include inter-
leukin-6, interleukin-8 and growth-related oncogenes (5-10).
Insulin-like growth factor-1 (IGF-1) is a well-known survival
factor for both normal and malignant cells in many tissues,
including the prostate and the vascular system (11-13). Elevated
IGF-1 levels have been found in certain patients with Carney
complex, and it has been recommended as being suggestive of
or possibly associated with the disorder (14-16). However, the
role of IGF-1 in sporadic myxoma and the related signaling
pathways are largely unknown.

Studies using cancer cell lines revealed that the signal
transduction cascade underlying IGF-1 involved phos-
phoinositide 3-kinase/protein kinase-B (PI3K/Akts) (17-20).
The Akts are indirectly downregulated from upstream by
the lipid and protein double phosphatase and tensin homolog
deleted on chromosome ten (PTEN) (21-25) and inactivated
by PH domain leucine-rich repeat phosphatase 1 and 2
(PHLPP1 and 2) through dephosphorylating its hydrophobic
motif directly from downstream. We previously demonstrated
that IGF-1 increased the over-proliferation of vascular smooth
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muscle cells (VSMCs) by increasing phosphorylation of Akt
and repressing PTEN activation. Transgene experiments found
that the functional loss of PTEN or PHLPP induced the activa-
tion of Akt, a critical component of the survival and oncogenic
function of IGF-1, and led to the development of various types
of cancer (18,26-29). IGF-1 has been regarded as a potential
target for tumors and over-proliferating disorders such as
atherosclerosis. Statins, as cholesterol lowering drugs, have
also exhibited cancer-retardant efficacy in several in vitro and
in vivo models and epidemiological studies (30-39). However,
the study of whether the PTEN/PHLPP signaling pathway is
involved in the pleiotropic effect of statins is still obscure.

The aim of the present study was to elucidate whether
PTEN and PHLPPs are expressed in CM cells constitutively
or following stimulation by IGF-1, and to clarify the effect and
molecular mechanism of statins.

Materials and methods

Reagents. The antibodies against PHLPP1 and PHLPP2 were
obtained from Bethyl Laboratories Inc. (Montgomery, TX,
USA). Anti-PTEN was from Cell Signaling (Beverly, MA,
USA). Atorvastatin was from Pfizer (New York, NY, USA).

Culture of CM cells. The culture of CM cells was performed
as previously described (8). Myxoma tissues from a 46-year-
old patient with sporadic cardiac myxoma were obtained
during surgical operation at our hospital. The patient provided
informed consent, and the study protocol was approved by
the China PLA General Hospital Medical Ethics Committee.
The cardiac myxoma cells were extracted ex vivo by enzy-
matic digestion with collagenase and were maintained, after
differential trypsinization and morphological confirmation,
in Dulbecco's modified Eagle's medium. Before stimulation
experiments, the medium was replaced with serum-free
DMEM for 24 h and then replaced with fresh medium plus
the indicated agents for different times. For examination of
the expression of the signaling proteins, cells were treated for
24 h without control or with IGF-1 (100 pug/l) or with ator-
vastatin (10 M), or pretreated for 10 min with atorvastatin
(10 uM) and then with IGF-1 (100 ug/1) for 24 h. To assess
the effect of IGF-1 and atorvastatin on the activity of PTEN
and PHLPPs, the cells were treated for 0, 1/12, 1/6, 1, 6, 24
h with atorvastatin (0, 0.1, 1, 5, 10, 100 uM) or IGF-1 (0, 0.1,
1, 5, 10, 100 ug/1), or pretreated for 10 min with atorvastatin
(10 uM) and thereafter with IGF-1 (100 ug/1) for 10 min. CM
cells were seeded in triplicate at a density of 2.5x10° cells/
ml on 24-well plates. After incubation for the indicated time,
the medium was removed and the cells were stored at -80°C
until assay.

Proliferation assays. The proliferation assays were performed
as previously described (8). Cells were seeded into plastic wells
and allowed to grow for 48 h in culture medium with 10%
FBS. After 24 h in serum-free medium, the cells were treated
with atorvastatin (0, 0.1, 1, 5, 10, 100 gM) or IGF-1 (0, 0.1,
1, 5, 10, 100 pg/l) or pretreated for 30 min with atorvastatin
(10 uM) followed by stimulation with IGF-1 (0, 0.1, 1, 5, 10,
100 pg/1) for 48 h under high serum conditions and exposed to
DMEM containing 1 mCi [PH]thymidin for a further 24 h. The
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cells were washed, harvested and processed for counting in a
liquid scintillation counter.

Western blot analysis. The cellular lysates were prepared
as previously described (26,27). Lysates containing equal
protein were separated by SDS-PAGE and transferred to
polyvinyldifluoride membranes. For anti-PHLPPI1, anti-
PHLPP2 and anti-PTEN blotting, membranes were incubated
for 2 h with the indicated antibodies. Blots were then washed
and incubated with horseradish peroxidase-linked anti-rabbit
secondary antibody for 3 h. Densitometric analysis was
performed with ImagelJ analysis software.

Immunoprecipitation. Whole cell lysates were incubated for
1 h with 1 ug of PTEN, PHLPP1 or PHLPP2 antibody and
then with protein A/G Plus-agarose for 24 h at 4°C (28,40).

PTEN lipid phosphatase assay. The immunoprecipitated
PTEN was added to reaction buffer (100 mM Tris pH 8.0,
10 mM DTT, 0.01% Brij 35, 1 g/l BSA, 1 mM EDTA, 25 uM
diC,¢PIP;) for 30 min at 37°C, then terminated by the addition
of Biomol Green reagent (Biomol). The amount of phosphate
in the supernatant was determined by reading the absorbance
of the samples at 620 nm following incubation for 30 min.
Phosphate concentrations were estimated by comparison to
KH,PO, standards diluted (0-1000 pM) (11,27).

Assay of PHLPP activity. Briefly, PHLPP1 and PHLPP2
were immunoprecipitated, and their activities were measured
using pNPP as a substrate. Dephosphorylation of pNPP was
measured by continuously monitoring the change in absor-
bance at 405 nM (28.,40).

Statistical analysis. Values are expressed as means = SD from
at least 3 independent experiments. The significance of differ-
ences between groups was determined using one-way ANOVA
statistical analysis. The threshold for significance was set at a
p-value <0.05. Statistical analysis was performed using SPSS
19.0 statistical software.

Results

Effect of IGF-1 and atorvastatin on the proliferation of CM
cells. IGF-1 caused a 2.0- to 4.9-fold increase in [*H]thymidin
incorporation in a concentration-dependent mode (5-100 ug/1,
p<0.05), which was abolished by atorvastatin. Atorvastatin
decreased the constitutive proliferation of CM cells dose-
dependently (5-100 M, p<0.05) by 49-77% (Fig. 1).

Effect of IGF-1 and atorvastatin on the expression of PTEN
and PHLPPs in CM cells. IGF-1, atorvastatin, and IGF-1 plus
atorvastatin did not affect the protein expression of PTEN,
PHLPP1 and PHLPP?2 after stimulated for 24 h (Fig. 2).

Effect of IGF-1 on the activity of PTEN and PHLPPs in
CM cells. IGF-1 deceased both PTEN and PHLPP2 but not
PHLPP1 activity by 22-44% and 18-69% separately (p<0.01)
in a time-dependent mode, with a maximum depressive effect
noted at 5 min and lasting at least for 24 h (Fig. 3). IGF-1
inhibited both PTEN and PHLPP2 but not PHLPP1 activity by
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Figure 1. IGF-1 and atorvastatin affected the proliferation of CM cells. After
24 h in serum-free medium, the cells were treated with atorvastatin (Ator)
(10 uM) or IGF-1 (100 pg/1) or pretreated for 30 min with atorvastatin (10 M)
and thereafter with IGF-1 (100 ug/1) for 48 h, and then exposed to DMEM
containing 1 mCi [*H]thymidin for a further 24 h. IGF-1 caused a 2.0- to
4.9-fold increase in [*H]thymidin incorporation in a concentration dependent
mode. Atorvastatin decreased DNA synthesis by 49-77% concentration-
dependently and inhibited the proliferation of CM cells induced by IGF-1.
The measurements were performed in triplicate, and data are presented as
means + SD (n=6). Significance vs. control: “p<0.05, p<0.01.
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Figure 2. IGF-1 and atorvastatin did not affect the expression of PTEN,
PHLPPI and PHLPP2. Before the stimulation experiments, medium was
replaced with serum-free DMEM for 24 h and then replaced with fresh
medium plus the indicated agents for different periods of time. For examina-
tion of the expression of the signaling proteins, cells were treated for 24 h
without control or with IGF-1 (100 pg/1) or with atorvastatin (Ator) (10 uM),
or pretreated for 10 min with atorvastatin (10 M) and then with IGF-1
(100 peg/l) for 24 h. Lysates were separated by SDS-PAGE and transferred to
polyvinyldifluoride membranes. Membranes were incubated for 2 h with the
indicated antibodies and then with horseradish peroxidase-linked anti-rabbit
secondary antibody for 3 h.

14-54% and 14-70% separately in a concentration-dependent
mode (5-100 ug/l, p<0.01) (Fig. 4). These findings suggest that
IGF-1 signaling was via the PTEN and PHLPP2 pathway in
CM cells.

Effect of atorvastatin on the activity of PTEN and PHLPPs in
CM cells. Atorvastatin increased the constitutive phosphatase
activity of PTEN and PHLPP2 but not PHLPPI to 1.83- to
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Figure 3. Time-course effect of IGF-1 on PTEN, PHLPP1 and PHLPP2 phos-
phatase activity. To determine whether PTEN, PHLPP1 and PHLPP2 or both
are involved in IGF-1 signaling in CMs, cell lysates were immunoprecipi-
tated with relative antibodies, and the phosphatase activity was determined.
Serum-starved cells were treated with or without IGF-1 (100 pg/1) for various
periods of time (0-24 h). Cells were lysed, immunoprecipitated, and assayed
for phosphatase activity. The measurements were performed in triplicate
(n=6). Significance vs. control: “p<0.01.
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Figure 4. Dose-dependent effect of IGF-1 on PTEN, PHLPP1 and PHLPP2
phosphatase activity. Serum-starved cells were treated with or without IGF-1
at various concentrations (0-100 g/1) for 5 min, immunoprecipitated with
antibodies against PTEN, PHLPP1 and PHLPP2, and assayed for their
activity in vitro. The measurements were performed in triplicate (n=6).
Significance vs. control: “p<0.05, “p<0.01.

6 - ——PTEN
5 ~——PHLPP1
8 ——PHLPP2
§ 4
T
33 :
o *
T 2 :
[=]
L
1
0 . : . : .
0 12 16 1 6 24

Time course of atorvastatin (h)

Figure 5. Time-course effect of atorvastatin on PTEN, PHLPP1 and PHLPP2
phosphatase activity. Serum-starved cells were treated with or without
atorvastatin (10 M) for various periods of time (0-24 h). Cells were lysed,
immunoprecipitated, and assayed for phosphatase activity. The measure-
ments were performed in triplicate (n=6). Significance vs. control: "p<0.05,
p<0.01.
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Figure 6. Dose-dependent effect of atorvastatin on PTEN, PHLPP1 and
PHLPP2 activity. To determine the effect of atorvastatin on PTEN, PHLPP1
and PHLPP2 activity in CMs, serum-starved cells were treated with or
without atorvastatin at various concentrations (0-100 xM) for 5 min, immu-
noprecipitated with antibodies against PTEN, PHLPP1 and PHLPP2, and
assayed for their activity in vitro. The measurements were performed in
triplicate (n=6). Significance vs. control: “p<0.05, “p<0.01.
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Figure 7. Atorvastatin increased both PTEN and PHLPP2 phosphatase
activity inhibited by IGF-1. To assess the effect of atorvastatin on the activity
of PTEN and PHLPPs influenced by IGF-1, the cells were treated for 5 min
with atorvastatin (Ator) (10 uM), IGF-1 (100 pg/1), or pretreated for 10 min
with atorvastatin (10 M) and thereafter with IGF-1 (100 pg/1) for 5 min.
Cells were lysed, immunoprecipitated, and assayed for the PTEN. PHLPP1
and PHLPP2 phosphatase activity as mentioned above. The measurements
were performed in triplicate (n=6). Significance vs. control: “p<0.01.

2.9-fold and 1.7- to 4.57-fold separately (p<0.01) in a time-
dependent mode which lasted for 1 and 6 h separately (Fig. 5).
Atorvastatin increased constitutive phosphatase activity of
PTEN and PHLPP2 but not PHLPPI to 1.73- to 6.43-fold
and 3.27- to 6.17-fold separately in a concentration-dependent
mode (5-100 uM, p<0.05) (Fig. 6).

Effect of atorvastatin on the activity of PTEN and PHLPPs in
CM cells induced by IGF-1. Atorvastatin (10 xM) increased
PTEN and PHLPP2 phosphatase activity inhibited by IGF-1
(100 ug/1) by 32 and 45% separately and reversed them nearly
to the level of the control (both p<0.01) (Fig. 7).

Discussion

To elucidate the molecular mechanism of CM, a wide spectrum
of molecules and molecular markers has been studied, which
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include higher expression of membrane-associated MUCI1
gene, matrix metalloproteinases, vascular endothelial growth
factor and its receptors, basic fibroblast growth factor and its
receptor, endothelin and its precursor, monocyte chemotactic
protein-1, thymidine phosphorylase, transforming growth
factor f3, epidermal growth factor, interleukin-6, interleukin-8
and growth-related oncogenes (5-10). It was reasoned that
abnormalities in the expression levels of any of these mole-
cules can potentially contribute to cancer pathogenesis, but the
signaling pathways are poorly understood and targeting drugs
for sporadic cardiac myxoma are unknown.

Recent experiments revealed that PK B/Akt and protein and
lipid dual phosphatase PTEN were involved in the survival and
proliferation of various cancer cell lines. It was also believed
that IGF-1 may play an important role in the carcinogenesis
of certain malignancies (18,26), but IGF-1 has rarely been
investigated in CM cells.

Previous data from our laboratory and other centers have
shown that IGF-1 activated PI3K/Akt. In turn it phosphorylates
an array of substrates to regulate cell survival, proliferation,
growth, metabolism and motility (11,27). The Akts are indi-
rectly downregulated from upstream by the lipid phosphatase
PTEN (21-25), and inactivated by PHLPP directly from down-
stream. PHLPPs selectively regulate Akt isoforms. PHLPP1
dephosphorylates Akt-2, whereas PHLPP2 dephosphorylates
Akt-1. By specifically dephosphorylating the hydrophobic
motif, PHLPP1 controls the degree of agonist-evoked signaling
by Akt and the cellular levels of PKC. The aberrant regulation
of either kinase and phosphatase was noted in many diseases,
notably diabetes and cancer (28,40-43).

Recently, Wahdan-Alaswad er al reported that IGF-1
is a critical regulator of prostate tumor cell growth, which
is mediated by its ability to suppress bone morphogenetic
protein-induced apoptosis and Smad-mediated gene expres-
sion through a mechanism dependent on the PI3K, Akt, Raptor
and Rictor signaling pathway (17). It has not yet been eluci-
dated whether PTEN and PHLPPs are expressed in CM cells
constitutively or following stimulation by IGF-1.

In the present study, we found that IGF-1 increased the
proliferation of CM cells to 2.0 to -4.9 times that of the control
in a concentration- and time-dependent manner. This was
similar to our previous study on VSMCs in which the prolif-
eration was increased significantly by IGF-1 (27). The signal
mechanistic study revealed that PTEN, PHLPP1 and PHLPP2
were constitutively expressed in CM cells. Furthermore, IGF-1
stimulation resulted in a significant decrease in PTEN and
PHLPP2 activity but not PHLPP1 activity, suggesting that
IGF-1 primarily utilizes Akt-1 to transmit its signal in CMs.

For the drug interference study, we selected atorvastatin,
since statins have been used for dozens of years for the treat-
ment of cardiovascular diseases and have been reported to be
associated with a significant reduction in the risk of cancer
and lymphoma (32-39). Research of relative molecular mecha-
nisms have demonstrated that statins inhibited the synthesis
of mevalonate or of downstream isoprenoids, decreased the
availability of dolichol, impeded the glycosylation of nascent
IGF-1 receptors, prevented their transfer to the cell surface, and
eventually exerted cancer-retardant efficacy (30-32). Miraglia
et al recently reported that long-term treatment of non-small
cell lung cancer A549 cells with high concentrations of statins
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increased PTEN expression, enhanced PHLPP2 expression,
decreased PHLPP1 expression and inhibited downstream
pAkt signaling (32).

In the present study, atorvastatin decreased the DNA
synthesis of CMs by 49-77% concentration-dependently and
reversed the proliferative effect of IGF-1. This result was
similar to that of Brown e al who reported that lipophilic
statins including atorvastatin reduced the migration and
colony formation of PC-3 cells in human bone marrow stroma
by inhibiting geranylgeranyl pyrophosphate production,
reducing the formation and the spread of metastatic prostate
colonies (37). An in vivo study using Wistar rats by Parada
et al also found that atorvastatin had a clear inhibitory effect
on bladder cancer development, probably due to its antioxidant,
antiproliferative and anti-inflammatory properties. Regarding
protein expression, our findings were not consistent with those
of Miraglia et al, who found significant changes in the three
proteins following treatment with atorvastatin (32). These
discrepancies perhaps due to the different dose and incubation
period used.

It is meaningful to point out that in the present study ator-
vastatin possessed a strong and lasting inhibitory effect on
the proliferation of CM cells even at a concentration (1 xM)
relevant for lowering cholesterol levels and for preventing
cardiovascular disease. In addition, this study demonstrated
that atorvastatin not only increased the phosphatase activity
of PTEN and PHLPP2 constitutively but also significantly
restored their phosphatase activity inhibited by IGF-1, which
suggests that atorvastatin may exert its anticancer effect by
positive regulation of phosphatase activity as previously
reported in pancreatic cancer and prostate cancer cells
41-44).

In conclusion, our study supports the hypothesis that
altered phosphatase signaling plays a role in the tumorigenesis
of CM, and statins may have chemopreventive effects on CM
by regulating the regulator of the Akt pathway. This finding
is important for the management of CM, since patients with
this disorder often first present at the cardiology department,
and statins are widely used in cardiovascular disease preven-
tion by physicians who are familiar with its usage and side
effects. This may lead to an easy and affordable strategy for
the post-operative treatment of CM, however further evidence
from large clinical trials is warranted.
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