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Abstract
Cryptotanshinone (CPT), a natural compound isolated from the plant Salvia miltiorrhiza Bunge, is
a potential anticancer agent. However, little is known about its anticancer mechanism. Here we show
that CPT inhibited cancer cell proliferation by arresting cells in G1/G0 phase of the cell cycle. This
is associated with inhibiting expression of cyclin D1 and phosphorylation of retinoblastoma (Rb)
protein. Furthermore, we found that CPT inhibited the signaling pathway of the mammalian target
of rapamycin (mTOR), a central regulator of cell proliferation. This is evidenced by the findings that
CPT inhibited type I insulin-like growth factor (IGF-1) or 10% fetal bovine serum (FBS)-stimulated
phosphorylation of mTOR, p70 S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E (eIF4E)
binding protein 1 (4E-BP1), in a concentration- and time-dependent manner. Expression of
constitutively active mTOR conferred resistance to CPT inhibition of cyclin D1 expression and Rb
phosphorylation, as well as cell growth. The results suggest that CPT is a novel anti-proliferative
agent.
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Introduction
Deregulation of cell cycle progression plays an important role in the development of cancer
(1). Cell cycle progression occurs in an orderly fashion and is tightly regulated by the
expression and activity of cyclin/cyclin-dependent kinase (CDK) complexes (1,2). The CDK
complexes can be activated at specific points of the cell cycle when a CDK is bound with
cyclins, or inactivated when CDK inhibitors bind the CDK (1,2). Of cyclins, cyclin D1 is critical
in controlling cell cycle progression from G1 to S phase (2,4). Cyclin D1 binds to CDK4/6 and
forms the cyclin/CDK complexes, which result in phosphorylation and activation of the CDKs
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(1). Subsequently, the activated CDKs phosphorylate the retinoblastoma (Rb) tumor
suppressor protein (5). Hypophosphorylated Rb binds E2F, suppressing the transcription
activity of E2F; whereas phosphorylated Rb is released from E2F, promoting transition from
G1 to S phase (5). Therefore, the Rb protein has an essential role in mediating G1 progression
through the restriction point.

The mammalian target of rapamycin (mTOR), a Ser/Thr kinase, lies downstream of the type I
insulin-like growth factor (IGF-1) receptor-phosphatidylinositol 3′ kinase (PI3K) (6).
Recently, two mTOR complexes (mTORC1 and mTORC2) have been identified in mammalian
cells (6). mTORC1 is composed of mTOR, mLST8 (also termed G-protein β-subunit-like
protein, GβL, a yeast homolog of LST8), PRAS40 (proline-rich Akt substrate 40 kDa) and
raptor (regulatory-associated protein of mTOR), and is rapamycin-sensitive (7–13). In
response to growth factors and nutrients, mTORC1 regulates cell proliferation and growth by
controlling protein (cyclin D1, ornithine decarboxylase, etc.) synthesis and ribosome
biogenesis through phosphorylation of downstream effectors like 4E-BP1 (eukaryotic
initiation factor 4E binding protein 1) and S6K1 (ribosomal p70 S6 kinase 1) (7–14). mTORC2
consists of mTOR, mLST8, mSin1 (mammalian stress-activated protein kinase-interacting
protein 1), rictor (rapamycin insensitive companion of mTOR), protor (protein observed with
rictor) and PRR5 (proline-rich protein 5), and is rapamycin-insensitive (15–21). mTORC2
phosphorylates Akt and PKC, signals to small GTPases (RhoA and Rac1), and controls
cytoskeleton organization (17,22–25). Though the cellular functions of the mTOR complexes
remain to be determined, current data indicate that mTOR is a key kinase in the regulation of
cell proliferation, growth, survival, differentiation, motility and angiogenesis (6,14).

Cryptotanshinone (CPT) is one of the major tanshinones isolated from Salvia miltiorrhiza
Bunge (Danshen) that has been used in traditional oriental medicine for treatment of a variety
of diseases including coronary artery disease (26), hyperlipidemia (27), acute ischemic stroke
(27), and chronic renal failure (28), chronic hepatitis (29), and Alzheimer's disease (30). Studies
have shown that CPT inhibits inflammation by suppressing cyclooxygenase-2 (COX-2)
activity (31); inhibits TNF-α-induced matrix metalloproteinase-9 production and migration in
human aortic smooth muscle cells via downregulation of NF-κB and AP-1 (32); acts against
diabetes and obesity via activating AMP-activated protein kinase (33). CPT inhibits
chemotactic migration in macrophages through blocking PI3K signaling (34), but protects
primary rat cortical neurons from glutamate-induced neurotoxicity via activating PI3K/Akt
signaling (35). Most recent studies have shown that CPT is also a potential anticancer agent
(36,37). Though CPT has been found to inhibit prostate cancer cell growth by inactivating the
signal transducer and activator of transcription 3 (Stat3) activity (37), the anticancer
mechanism of CPT remains to be elucidated.

Here we show that CPT inhibited the growth of a panel of tumor cell lines by arresting cells
in G1/G0 phase of the cell cycle. Concurrently, CPT inhibited expression of cyclin D1 and
phosphorylation of Rb protein. Further, we found that this is related to inhibition of mTOR
signaling pathway.

Materials and Methods
Materials

Cryptotanshinone (CPT), tanshinone I, tanshinone IIA, dihydrotanshinone were extracted from
the roots of Salvia miltiorrhiza Bunge (Danshen) using ethanol. Briefly, the root (200 g) of
Danshen or red sage (Salvia miltiorrhiza) was extracted with 2 L 95% aqueous ethanol in a
high-power blending extractor for 10 min. After the extraction, the supernatant solution was
filtered through a filter paper (Whatman #4). The filtrate was freed of ethanol under reduced
pressure and lyophilized to powder (10.95 g). The ethanol extract yield was approximately
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5.5% (w/w). HPLC chromatographic fingerprints showed that the ethanol extract of Danshen
contained numerous components including the water-soluble salvianolic acid B and the water-
insoluble tanshinones including the indicated four compounds. The four tanshinone
compounds were purified by HPLC (>95% purity for dihydrotanshinone, and >98% purity for
CPT, tanshinone I and tanshinone IIA), and were dissolved in 100% ethanol to prepare stock
solutions (20 mM), which were aliquoted and stored at −20°C.

RPMI 1640 and Dulbecco’s Modified Eagle Medium (DMEM) were purchased from
Mediatech (Herndon, VA, USA). Fetal bovine serum (FBS) was from Hyclone (Logan, UT,
USA), and 0.05% Trypsin-EDTA from Invitrogen (Grand Island, NY, USA). Type I insulin-
like growth factor (IGF-1) (PeproTech, Rocky Hill, NJ, USA) was rehydrated in 0.1 M acetic
acid to prepare a stock solution (10 µg/ml), aliquoted and stored at −80°C. Enhanced
chemiluminescence solution was from Perkin Elmer Life Science (Boston, MA, USA).
CellTiter 96® AQueous One Solution Cell Proliferation Assay kit was from Promega (Madison,
WI, USA). The following antibodies were used: 4E-BP1 (Zymed, South San Francisco, CA,
USA), Akt, p-S6K1 (Thr389), S6K1, cyclin D1, Rb, p-Rb (Ser780), CDK2, CDK4 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), phospho-Akt (Ser473, Thr308), phospho-mTOR
(Ser2448), mTOR (Cell Signaling, Beverly, MA, USA), AU1 (Bethyl Laboratories,
Montgomery, TX, USA), β-tubulin (Sigma, St. Louis, MO, USA), goat anti-mouse IgG-
horseradish peroxidase and goat anti-rabbit IgG-horseradish peroxidase (Pierce, Rockland, IL,
USA).

Cell lines and cultures
Human rhabdomyosarcoma (Rh30) cell line expressing mutant p53 alleles R273C (38) was
generously provided by Dr. Peter J. Houghton (St. Jude Children’s Research Hospital,
Memphis, TN, USA). Human prostate carcinoma (DU145) and breast carcinoma (MCF-7)
cells were from American Type Culture Collection (Manassas, VA, USA). Rh30 and DU145
cells were grown in antibiotic-free RPMI 1640 medium supplemented with 10% FBS, whereas
MCF-7 cells were grown in antibiotic-free DMEM supplemented with 10% FBS. All cells
were maintained in a humid incubator (37°C, 5% CO2). For experiments where cells were
deprived of serum, cell monolayers were washed with phosphate-buffered saline (PBS) and
incubated in the serum-free DMEM.

One solution cell proliferation assay
Cell proliferation was evaluated using The CellTiter 96® AQueous One Solution Cell
Proliferation Assay (Promega), which is a colorimetric method to determine the number of
viable cells in proliferation or cytotoxicity. Briefly, cells suspended in the growth medium were
seeded in a 96-well plate at a density of 1 × 104 cells/well (in 6 replicates) and were grown
overnight at 37°C in a humidified incubator with 5% CO2. Next day, CPT, tanshinone I,
tanshinone IIA or dihydrotanshinone (0–40 µM) was added. After incubation for 48 h, each
well was added 20 µl of one solution reagent (Promega) and incubated for 4 h. Cell proliferation
was determined by measuring the optical density (OD) at 490 nm using a Wallac 1420
Multilabel Counter (Perkin-Elmer Life Sciences, Wellesley, MA, USA).

[3H]Thymidine incorporation assay
[3H]Thymidine incorporation assay was performed as described (39). Briefly, Rh30 or DU145
cells (3 × 104 cells/well) were seeded in 48-well plates in triplicate with 10% FBS-RPMI 1640
medium and were grown overnight at 37°C in a humidified incubator with 5% CO2. Next day,
CPT (0–40 µM) was added. After incubation for 48 h, methyl-[3H] thymidine (1 µCi/well)
(Amersham Biosciences, Piscataway, NJ, USA) was added. Following incubation for 8 h at
37°C, the used medium was aspirated. Subsequently, the cells were briefly washed with cold
PBS, and then incubated with ice cold 5% trichloroacetic acid for 30 min at 4°C. After a wash
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with PBS, the cells were incubated with 0.5M NaOH/0.5% SDS (250 µl/well) for 1 h. Finally,
the activity of [3H] thymidine incorporated was measured by a LS6500 scintillation counter
(Beckman Coulter, Brea, CA, USA).

Cell cycle analysis
Cell cycle analysis was performed as described previously (38). Briefly, cells were seeded in
100-mm dishes at a density of 1 × 106 cells/dish in the growth medium and were grown
overnight at 37°C in a humidified incubator with 5% CO2. After treatment with CPT (0–40
µM) for 24 h, the cells were briefly washed with PBS and trypsinized. Cell suspensions were
centrifuged at 1,000 rpm for 5 min, and pellets were stained with the Cellular DNA Flow
Cytometric Analysis Kit (Roche Diagnostics Corp., Indianapolis, IN, USA). Percentages of
cells within each of the cell cycle compartments (G0/G1, S, or G2/M) were determined by flow
cytometry (FACSCalibur; Becton Dickinson, Mountain View, CA, USA). Cells treated with
vehicle alone (100% ethanol) were used as a control.

Expression of constitutively active mTOR by adenoviral infection of cells
Recombinant adenovirus encoding AU1-tagged constitutively active mTOR (Ad-mTOR-RD)
was a gift from Dr. Christopher J. Rhodes (Pacific Northwest Research Institute, Seattle, WA,
USA) (40). The virus was amplified and titrated as described previously (41). For experiments,
Rh30 cells were grown in 6-well plates with RPMI 1640 supplemented with 10% FBS, and
infected with Ad-mTOR-RD for 24 h at the multiplicity of infection of 5. Subsequently, cells
were serum-starved for 24 h, and then treated with or without CPT (20 µM) for 2 h, followed
by stimulation with or without IGF-1 (10 ng/ml) for 1 h. Cells infected with Ad-GFP, encoding
the green fluorescence protein (GFP) (42), served as a control. Expression of AU1-tagged
constitutively active mTOR was confirmed by Western blotting with antibodies to AU1, p-
S6K1, 4E-BP1 and β-tubulin.

Western blot analysis
Western blotting was performed as described previously (38). Briefly, following treatment,
cells were washed with cold PBS. On ice, cells were lysed in RIPA buffer, containing 50 mM
Tris, pH 7.2; 150 mM NaCl; 1% sodium deoxycholate; 0.1% SDS; 1% Triton-X 100; 10 mM
NaF; 1 mM Na3VO4; protease inhibitor cocktail (1:1000, Sigma, St. Louis, MO, USA). Lysates
were sonicated for 10 s and centrifuged at 14,000 rpm for 10 min at 4°C. Protein concentration
was determined by bicinchoninic acid assay with bovine serum albumin as standard (Pierce,
Rockford, IL, USA). Equivalent amounts of protein were separated on 7.5%–12% SDS-
polyacrylamide gel and transferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA, USA). Membranes were incubated with PBS containing 0.05% Tween 20 and
5% nonfat dry milk to block nonspecific binding and were incubated with primary antibodies,
then with appropriate secondary antibodies conjugated to horseradish peroxidase.
Immunoreactive bands were visualized by using Renaissance chemiluminescence reagent
(Perkin-Elmer Life Science, Boston, MA, USA).

Statistical analysis
Results were expressed as mean values ± standard error (mean ± SE). The data were analyzed
by one-way analysis of variance (ANOVA) followed by post-hoc Dunnett’s t-test for multiple
comparisons. A level of P < 0.05 was considered to be significant.
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Results
CPT inhibits cancer cell proliferation

To assess the anti-proliferative activities of CPT, tanshinone I, tanshinone IIA and
dihydrotanshinone CPT, one solution assay was used. As shown in Fig.1A, treatment with the
compounds for 48 h inhibited the growth of rhabdomyosarcoma (Rh30) and prostate cancer
(DU145) cells in a concentration-dependent manner. Of the compounds, only CPT potently
inhibited the growth of the cells at low micromolar concentrations (2.5–10 µM). The IC50
values of CPT were approximately 5.1 µM in Rh30, and 3.5 µM in DU145 cells, respectively,
whereas the IC50 values of dihydrotanshinone, tanshinone I, and tanshinone IIA were > 20 µM
in both Rh30 and DU145 cells. Similar data were also observed in MCF-7 cells (data not
shown). The data suggest that CPT, among the tanshinones, is the most potent anti-proliferative
agent.

Because the one solution assay, in fact, determines the number of viable cells in proliferation
or cytotoxicity, to confirm the inhibitory effects of CPT on cell proliferation, we have also
performed [3H]thymidine incorporation assay. As shown in Fig.1B, CPT did inhibit [3H]
thymidine incorporation in Rh30 and DU145 cells in a concentration dependent manner. The
IC50 values of CPT were approximately 8.5 µM in Rh30, and 5.2 µM in DU145 cells,
respectively. The data indicate that CPT does inhibit tumor cell proliferation.

CPT arrests cells in G1/G0 phase of the cell cycle by inhibiting Cyclin D1 expression and Rb
phosphorylation

Cell proliferation is controlled by the progression of the cell cycle (1). To understand how CPT
inhibits cell proliferation, the effect of CPT on cell-cycle distribution was assessed using the
Cellular DNA Flow Cytometric Analysis Kit (Roche Diagnostics Corp.) and flow cytometry.
We found that treatment with CPT for 24 h arrested Rh30 and DU145 cells in G1/G0 phase of
the cell cycle in a concentration-dependent manner, consistent with the results shown in Fig.
1. At 10 µM, CPT treatment significantly increased the proportion of Rh30 cells in the G1/
G0 phase from 44.28% to 60.33% (Fig.2A). This increase in G1/G0 cell population was
accompanied with a concomitant decrease of cell number in S-phase or G2/M phase of the cell
cycle (Fig.2B). Prolonged treatment (48 h) with CPT did not significantly enhance the
proportion of Rh30 cells in the G1/G0 phase (e.g. at 10 µM, 60.33% for 24 h vs. 61.87% for
48 h) (data not shown). Similar results were observed in DU145 cells, even treated with CPT
for up to 96 h (see Supplimentary data, Fig.S1), indicating that CPT inhibition of cell
proliferation is attributed to the induction of G1/G0 cell cycle arrest.

Cyclins and CDKs play an essential role in the regulation of cell cycle progression (1). Thus,
perturbation of cyclins or CDKs expression may contribute to the altered cell cycle distribution.
Of the cell-cycle related cyclins, cyclins D and E play an important role in the transition from
the G1 to S phase, and cyclin D1-CDK4/6 and cyclin E-CDK2 complexes are required for
G1 progression (1). Since CPT induced G1/G0 cell-cycle arrest, next we examined protein
expression of cyclin A, cyclin B1, cyclin D1, cyclin E, CDK2, and CDK4. As shown in Fig.
3, treatment of Rh30 with CPT for 24 h inhibited cellular protein expression of cyclin D1 in a
concentration-dependent manner. Starting at 10 µM, CPT reduced expression of cyclin D1
sharply. Protein levels of other molecules including cyclin A, cyclin B1, cyclin E, CDK2, and
CDK4 were not obviously altered (Fig.3). As Rb, one of the most important G1 phase cyclin/
CDK substrates, functions as an archetypal tumor suppressor and a regulator of cell cycle
progression in the late G1 phase (2), we investigated the effect of CPT on Rb phosphorylation.
As shown in Fig.3, Rb was expressed as a 110-kDa band on Western blotting in vehicle treated
control Rh30 cells. After 10 µM CPT treatment for 24 h, a lower band, which migrates rapidly
and represents the dephosphorylated protein, was observed, indicating that CPT inhibits
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phosphorylation of Rb (Fig.3). The status of Rb phosphorylation is closely related to the level
of cyclin D1. Similar results were observed in DU145 cells (see Supplementary data, Fig.S2).
The data suggest that CPT arrests cells in G1/G0 phase of the cell cycle by inhibiting cyclin
D1 expression and Rb phosphorylation, which is not cell type-dependent.

CPT inhibits mTOR signaling pathway
mTOR plays a central role in the regulation of cell proliferation and growth (6,14). Inhibition
of mTOR by rapamycin downregulates cyclin D1 expression (43) and Rb phosphorylation
(44), resulting in cell cycle arrest in G1/G0 phase. Since we found that CPT arrested cells in
G1/G0 phase of the cell cycle by inhibiting cyclin D1 expression and Rb phosphorylation, we
hypothesized that CPT may inhibit mTOR signaling pathway. To test this hypothesis, we set
out to examine the effect of CPT on mTOR signaling in Rh30 and DU145 cells. As mTOR
signaling can be activated by nutrients, hormones and growth factors, such as insulin and IGF-1
(6), we therefore first investigated the effect of CPT on mTOR signaling in IGF-1-stimulated
cells. The results indicate that treatment of serum-starved Rh30 cells with CPT for 2 h inhibited
IGF-1-stimulated phosphorylation of S6K1 and 4E-BP1, the two best characterized
downstream effector molecules of mTORC1 (6), in a dose- and time-depedent manner (Fig.
4A). After 2 h exposure, CPT remarkably suppressed IGF-1-stimulated phosphorylation of
S6K1 (Thr389) starting at 2.5 µM (Fig.4A); and at 10 µM, CPT dramatically inhibited this
phosphorylation event within 2 h in Rh30 cells (Fig.4A). No obvious effect of CPT on total
protein levels of S6K1 was detected using an anti-S6K1 antibody that recognizes both
phosphorylated and unphosphorylated forms (Fig.4A). Similarly, the effect of CPT on
phosphorylation state of 4E-BP1 was detected with an antibody to 4E-BP1. Phosphorylation
of 4E-BP1 decreases its electrophoretic mobility during SDS-polyacrylamide gel
electrophoresis (45). CPT inhibited IGF-1-stimulated phosphorylation of 4E-BP1 in Rh30
cells, as indicated by the decrease in the intensity of the uppermost band γ and by the increase
in the higher mobility band α that corresponds to a less phosphorylated form of 4E-BP1 (Fig.
4A). In addition, we found that CPT also inhibited IGF-1-stimulated phosphorylation of mTOR
at Ser2448, a site phosphorylated by S6K1 (46), in a dose- and time-dependent manner (Fig.
4A). Similar data were also observed in DU145 and MCF-7 cells (data not shown), and Rh30
cells grown in the normal culture medium containing 10% FBS (Fig.4B). Moreover, we found
that CPT analogs, including tanshinone I, tanshinone IIA and dihydrotanshinone, did not
obviously alter phosphorylation of S6K1, 4E-BP1 and mTOR (Fig.4C), which is consistent
with the findings that CPT, but not tanshinone I, tanshinone IIA and dihydrotanshinone,
potently inhibited cancer cell growth.

mTOR functions as two complexes, mTORC1 and mTORC2, which phosphorylate S6K1/4E-
BP1 and Akt, respectively (17,18,22). After demonstrating that CPT inhibits mTORC1-
mediated phosphorylation of S6K1 and 4E-BP1, we further tested whether CPT inhibits
mTORC2-mediated phosphorylation of Akt. To our surprise, CPT increased phosphorylation
of Akt (S473 and T308) in Rh30 cells and DU145 cells in a concentration-dependent manner
(Fig.5). Taken together, our data suggest that CPT may represent a novel inhibitor for
mTORC1, but not for mTORC2.

Expression of constitutively active mTOR confers high resistance to CPT inhibition of mTOR
signaling, cyclin D1 expression and Rb phosphorylation

mTOR regulates cyclinD1 expression and Rb phosphorylation, and inhibition of mTOR by
rapamycin arrests cells in G1/G0 phase of the cell cycle (43,44). To determine whether CPT
inhibition of cyclin D1 expression and Rb phosphorylation is due to inhibition of mTOR
signaling, Rh30 cells were infected with recombinant adenovirus expressing AU1-tagged
constitutively active mTOR (mTOR-RD). We found that ectopic expression of constitutively
active mTOR increased the basal level of phosphorylation of S6K1, but not Akt, in serum-
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starved Rh30 cells (Fig.6A), suggesting that the constitutively active mTOR was functional in
the cells. Of interest, treatment with CPT (10 µM) for 24 h inhibited the basal or IGF-1-
stimulated S6K1 phosphorylation, as well as cyclin D1 expression and Rb phosphorylation in
the cells infected with Ad-GFP (Fig.6A), which is consistent with the data seen in the parental
Rh30 cells (Fig.3). However, expression of constitutively active mTOR conferred high
resistance to CPT inhibition of S6K1 phosphorylation, as well as cyclin D1 expression and Rb
phosphorylation (Fig.6A). The results suggest that CPT inhibits cyclin D1 expression and Rb
phosphorylation through targeting mTOR signaling.

Expression of constitutively active mTOR partially prevents CPT inhibition of cancer cell
growth

To further determine the role of mTOR in CPT inhibition of cell growth, Rh30 cells were
infected with Ad-GFP (control) and Ad-mTOR-RD. Expression of constitutively active
mTOR, but not GFP, rendered partial resistance to CPT inhibition of cell growth. This is
evidenced by cell counting (Fig.6B) and cell cycle analysis (Fig.6C). Expression of
constitutively active mTOR significantly prevented CPT (5–20 µM) inhibition of cell growth
by 1.4~2.2-fold (Fig.6B). Cell cycle analysis reveals that expression of constitutively active
mTOR also significantly attenuated CPT induction of G1/G0 cell cycle arrest (Fig.6C). Similar
data were observed in DU145 cells (see Supplementary data, Fig.S3).The results suggest that
CPT inhibits cancer cell growth at least partially through inhibiting mTOR signaling.

Discussion
In this study, we observed that CPT inhibited cell proliferation by arresting the cell cycle in
G1/G0 phase in rhabdomyosarcoma (Rh30), prostate (DU145) and breast (MCF-7) cancer cells.
This is related to CPT arresting cells in G1/G0 phase by inhibiting expression of cyclin D1 and
phosphorylation of Rb protein. Of importance, here for the first time we show that the anti-
proliferative effect of CPT is associated with inhibition of the signaling pathway of mTOR, a
master kinase that regulates cell proliferation (6,14), suggesting that CPT may be a new mTOR
inhibitor. Further understanding the underlying mechanism may lead to design of novel tumor-
selective therapeutics. Recent studies have shown that CPT inhibits prostate cancer cell growth
by inhibiting phosphorylation of Stat3 in JAK2-indepdent mechanism (37). It has been
suggested that Stat3 is positively regulated by mTOR (47). It would be interesting to elucidate
whether CPT downregulation of Stat3 phosphorylation is through inhibiting mTOR signaling.

We found CPT inhibited proliferation of Rh30 and DU145 by arresting cells in G1/G0 phase
of the cell cycle. This is an interesting finding because both Rh30 and DU145 cells express
mutant p53 alleles, losing the function of p53 (38,48). Therefore, it appears that CPT is able
to arrest cells in the G1/G0 phase in a p53-independent manner. Mutations of p53 have been
documented in over 50% human tumors (49). Our findings suggest that CPT may have potential
applications as a chemotherapeutic agent against those p53 mutant tumor cells, which are
resistant to irradiation therapy or other chemotherapies. However, we also noticed that CPT
inhibits tumor cell proliferation at rather high concentrations, with IC50 values (3–5 µM) for
Rh30 and DU145 cells. Animal studies have revealed that achievable maximal plasma
concentrations of CPT were only 14.7–55.8 ng/ml (i.e. 0.05–0.18 µM) in rats and 3.1–227.4
ng/ml (i.e. 0.01–0.77 µM) in dogs, respectively, after oral administration of a single dose (30–
180 mg/kg for rats; 17.8–1080 mg/kg for dogs) of CPT (50). Therefore, it is necessary to
develop new formula (such as nanoparticles) of CPT to increase its bioavailability or more
potent CPT analogs for cancer prevention and treatment.

Eukaryotic cell-cycle progression is balanced by cyclins/CDKs and CDK inhibitors (1). Early
G1 transition is mainly regulated by cyclin D complexed with CDK4 and/or CDK6, whereas
late G1-S and early S-phase transitions are regulated by cyclin E coupled with CDK2 (1,4,5).
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To investigate how CPT arrests cells in G1/G0 phase, we examined the effects of CPT on the
expression of cell-cycle regulatory proteins. Our Western blot analysis consistently revealed
that CPT downregulated protein expression of cyclin D1, but failed to alter expression of cyclin
A, cyclin B1, cyclin E, and CDK2 in all cell lines tested, including Rh30 (Fig.3), DU145, and
MCF-7 (data not shown). Our results further suggest that CPT downregulation of cyclin D1
expression is due to inhibition of mTOR signaling. This is supported by the findings that
overexpression of constitutively active mTOR in Rh30 cells conferred high resistance to CPT
inhibition of cyclin D1 expression (Fig.5). Our data are in agreement with previous findings
that mTOR controls synthesis of cyclin D1 (43). Taken together, the results suggest that CPT
inhibition of mTOR-mediated expression of cyclin D1 may be primarily responsible for G1/
G0 cell cycle arrest.

In the studies, we found that CPT inhibited mTORC1-mediated phosphorylation of S6K1 and
4E-BP1, but increased mTORC2-mediated phosphorylation of Akt. It has been described that
S6K1 phosphorylates insulin receptor substrate 1 (IRS-1), promoting its degradation (51).
Inhibition of S6K1 activity prevents phosphorylation of IRS-1 (S636/639), resulting in
accumulation of IRS-1 and activation of its downstream kinases, such as PI3K and Akt, by a
feedback regulating mechanism (51–54). Our preliminary data indicate that CPT did not alter
either protein expression of PI3K (p110 and p85) or phosphorylation of p85 (data not
shown). Whether CPT activates Akt through this feedback regulating mechanism remains to
be determined. Undoubtedly, it is of greater importance to elucidate how CPT inhibits
mTORC1 signaling, as this may provide direct evidence for development of more potent new
CPT analogs for cancer prevention and treatment.

The effects of CPT on CDK inhibitors were complex, which appeared to be cell line-dependent.
In Rh30, CPT upregulated expression of p21Cip1, but downregulated expression of p27Kip1; in
MCF-7 cells, CPT downregulated expression of p21Cip1, but upregulated expression of
p27Kip1; in DU145 cells, CPT downregulated expression of both p21Cip1 and p27Kip1 (data
not shown). Both Rh30 and DU145 cells express mutant p53 alleles, and MCF-7 cells express
wild type p53 (38,49), suggesting that CPT upregulation or downregulation of p21Cip1 was
independent of p53. It has been described that inhibition of mTOR results in accumulation of
p27Kip1 (55) and reduction of p21Cip1 expression (56). Further studies may help unveil whether
upregulation of p27Kip1 and downregulation of p21Cip1 expression in MCF-7 or DU145 cells
is a consequence of mTOR inhibition.

The Rb tumor-suppressor protein, a major target of CDKs, plays a pivotal role in the regulation
of cell cycle progression from G1 to S phase (2). The activity of Rb is controlled by its
phosphorylation status (2). Hypophosphorylated Rb is the active growth-inhibitory form,
which binds E2F and prevents G1/S transition; in contrast, hyperphosphorylated Rb is released
from E2F and is the inactive form (2). The D cyclins and their counterparts CDKs have been
suggested to be the most important regulators of Rb phosphorylation (2,3). Here we observed
a profound loss of Rb phosphorylation after 24 h exposure to CPT in Rh30 cells.
Overexpression of constitutively active mTOR rendered high resistance to CPT inhibition of
cyclin D1 expression and Rb phosphorylation, further supporting the notion that CPT-induced
G1/G0 cell cycle arrest is a consequence of suppression of mTOR-mediated cyclin D1
expression and Rb phosphorylation.

In summary, we have shown that CPT inhibits proliferation of tumor cells by arresying cells
in G1/G0 cell cycle, which is related to downregulation of cyclin D1 expression, resulting in
hypophosphorylation of Rb. The anti-proliferative effect of CPT is probably linked to
inhibition of mTOR signaling pathway.
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Fig. 1. CPT inhibits proliferation of cancer cells in a concentration-dependent manner
Rh30 and DU145, grown in 96-well plates with RPMI 1640 medium supplemented with 10%
FBS, were exposed to indicated compounds (0–40 µM) for 48 h. Cell proliferation was
evaluated using One solution cell proliferation assay (A) or [3H]Thymidine incorporation assay
(B), as described in Materials and Methods. Results in (A) and (B) are presented as mean ±
SE (n = 3). *P < 0.05, difference vs. control.
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Fig. 2. CPT arrests cell cycle in G1/G0 phase in cancer cells
(A, B) Rh30 cells, grown in 6-well plates (1×105 cells/well) with RPMI 1640 medium
supplemented with 10% FBS, were treated with CPT (0–40 µM) for 24 h, followed by cell
cycle analysis using Cellular DNA Flow Cytometric Analysis Kit. (A) A representative cell
cycle analysis result for Rh30 cells is shown. (B) Results are presented as mean ± SE (n = 3).
*P < 0.05, difference vs. control.
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Fig. 3. CPT inhibits cyclin D1 expression and Rb phosphorylation in cancer cells
Rh30 cells were treated with CPT (0–40 µM) for 24 h, followed by Western blotting with
indicated antibodies. β-Tubulin was used for loading control.
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Fig. 4. CPT inhibits mTOR pathway in cancer cells
Western blot analysis was performed for (A–D). β-Tubulin was used for loading control.
Serum-starved (A) or non-starved Rh30 cells (B) were pre-treated with CPT (0–40 µM) for 2
h, and then stimulated with IGF-1 (10 ng/ml) for 1 h (Left Panel), or with CPT (10 µM) for
the indicated time and stimulated with IGF-1 (10 ng/ml) for 1 h (Right Panel). (C) Serum-
starved DU145 cells were treated with CPT, tanshinone I, tanshinone IIA or dihydrotanshinone
(0–40 µM), respectively, for 2 h, and then stimulated with IGF-1 (10 ng/ml) for 1 h.
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Fig. 5. CPT activates Akt in a concentration-dependent manner
Serum-starved (A,B) or non-starved (C,D) Rh30 and DU145 cells were pre-treated with CPT
(0–40 µM) for 2 h, and then stimulated with (A,B) or without (C,D) IGF-1 (10 ng/ml) for 1 h.
The cell lysates were subjected to Western blot analysis with indicated antibodies. β-Tubulin
was used for loading control.
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Fig. 6. Expression of constitutively active mTOR confers high resistance to CPT inhibition of mTOR
signaling, cyclin D1 expression and Rb phosphoryaltion, and partially prevents CPT inhibition of
cell proliferation in cancer cells
(A) Rh30 cells, grown in 6-well plates and infected with Ad-GFP or Ad-mTOR-RD for 24 h,
and treated with or without CPT (10 µM) for 2 h, followed by stimulation with or without
IGF-1 (10 ng/ml) for 1 h. The cell lysates were subjected to Western blot analysis with indicated
antibodies. β-Tubulin was used for loading control. (B,C) Rh30 cells, grown in 6-well plates
and infected with Ad-GFP or Ad-mTOR-RD for 24 h, were treated with CPT (0–20 µM)
respectively for 24 h, followed by cell counting using a Beckman Coulter Counter (B), or cell
cycle analysis (C). Results are presented as mean ± SE (n = 3). *P < 0.05, difference vs. control.
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