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Currently available data indicate the potential application of rapa-
mycin and its analogues in the clinic as anticancer therapeutic
agents through inhibiting tumor cell growth and tumor angiogen-
esis. However, whether rapamycin can directly suppress tumor
metastasis remains unclear. In the present study, we demonstrated
that rapamycin treatment results in reduced formation of meta-
static nodules in the lung by B16 cells. This is due to two mecha-
nisms. First, the expression of av integrin is down-regulated by
rapamycin treatment, and subsequently, the phosphorylation of
focal adhesion kinase (FAK) is reduced. Second, rapamycin pro-
motes apoptosis by up-regulating the proapoptotic molecules Bid
and Bax and down-regulating Bcl-xL. Blocking the apoptosis path-
way by pan-caspase inhibitor zVAD partially reversed the suppres-
sion of rapamycin in B16 metastasis. Interestingly, rapamycin
up-regulates Bax and Bid in B16 cells via the S6K1 pathway and
down-regulates the expression of av integrin via other path-
way(s). In addition, our data showed that autophagy was not
involved in the mechanisms of rapamycin-mediated metastasis
suppression. Our findings demonstrate a potential anti-metastatic
effect of rapamycin via down-regulating av integrin expression
and up-regulating apoptosis signaling, suggesting that rapamycin
might be worthy of clinical evaluation as an antimetastatic agent.
(Cancer Sci 2010; 101: 494–500)

T he development of metastases is the major cause of death
for cancer patients. However, effective treatment and pre-

vention of metastases remains unavailable. The molecular mech-
anisms involved in tumor metastases are incompletely
understood, although it is generally accepted that tumor metasta-
ses are associated with tumor cell-matrix adhesion, with the deg-
radation of the extracellular matrix (ECM), and with the
survival of tumor cells in blood stream.(1,2) Hence, these steps
provide potential targets against tumor metastasis.

Integrin signaling pathways play a fundamental role in tumor
cell-matrix adhesion and metastasis.(3–5) The engagement of
integrins with ECM components such as fibronectin, collagen,
and laminin results in tumor cell adhesion, mobility and migra-
tion, proliferation, and survival. Integrins are membrane-span-
ning heterodimers composed of a and b subunits. Tumor cells
commonly express altered integrins on their surface. For
instance, avb3 integrin is not expressed in normal mammary
epithelium; however, altered expression of avb3 integrin is
frequently observed in various types of tumors, including
breast,(6,7) prostate,(8) ovary,(9) melanomas,(10,11) and glio-
mas.(12) Notably, av integrin is required for melanoma metasta-
sis and targeting the av integrin signaling pathway inhibits the
metastatic potential of melanoma. (13–18) It has been shown that
the engagement of avb3 integrin with its ligand can alter cellu-
lar behavior through the recruitment and activation of signaling
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protein such as focal adhesion kinase (FAK), leading to tumor
cell migration and invasion.(19,20) In addition, up-regulation of
cdc2, a downstream target molecule of the avb3 signaling path-
way, also promotes tumor cell migration.(20–22)

ECM degradation, mediated by matrix metalloproteinases
(MMPs) such as MMP-2 and MMP-9,(23,24) is another prerequi-
site for tumor metastasis. As a consequence of ECM degrada-
tion, tumor cells have the chance to interact with and enter into
blood vessels. In the bloodstream, which is different from the
primary tumor microenvironment, the dynamic flow conditions
are dangerous for circulating tumor cells. Such tumor cells have
to be subjected to shear forces and most of them are cleared
from circulation through the apoptosis pathway.(25) Therefore,
apoptosis-resistance is critical for the survival of circulating
tumor cells.

Rapamycin, a lipophilic macrolide antibiotic, was originally
identified as a fungicide and immunosuppressant.(26) However,
studies have revealed that rapamycin can potently arrest the
growth of cells derived from a broad spectrum of cancers.(27–32)

Rapamycin has been shown to specifically inhibit its target
mTOR (mammalian target of rapamycin), which is a key player
in tumor development and progression.(33) Rapamycin binds the
immunophilin FK506 binding protein (FKBP12) to form the
FKBP12-rapamycin complex, which then interacts with mTOR
and inhibits the mTOR-mediated phosphorylation of S6K1 and
4E-BP1.(33) In addition, rapamycin is the best characterized drug
that enhances autophagy,(34–36) a process of ‘‘self-eating’’ that
involves both cancer cell death and survival. Therefore, rapamy-
cin might interfere with different aspects of the tumor.

It has been noted that rapamycin can impede tumor
metastasis by suppressing tumor angiogenesis and lymphangio-
genesis.(37–39) However, the direct effects of rapamycin on
tumor metastasis remain unclear. In this study, we demonstrate
that rapamycin directly suppresses tumor metastasis through
down-regulating av integrin and up-regulating apoptosis signal-
ing in a mouse model of melanoma lung metastasis. Our data
also indicate that autophagy is not involved in the rapamycin-
mediated suppression of metastasis.

Materials and Methods

Animals and the cell line. Six- to 8-week-old C57BL ⁄ 6 mice
were purchased from the Center of Medical Experimental Ani-
mals of Hubei Province (Wuhan, China) for studies approved by
the Animal Care and Use Committee of Tongji Medical College.
Mouse melanoma tumor cell line B16 F1 was purchased from
doi: 10.1111/j.1349-7006.2009.01412.x
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the China Center for Type Culture Collection (CCTCC; Wuhan,
China), and cultured according to the guidelines.

Reagents. Rapamycin, 3-methyladenine (3-MA), and wort-
mannin (WM) were purchased from Sigma (St. Louis, MO,
USA). The apoptosis inhibitor zVAD was purchased from R&D
Systems (Minneapolis, MN, USA). The antagonist Cyclo(Arg-
Gly-Asp-D-Phe-Val) of av integrin was purchased from Calbio-
chem (San Diego, CA, USA). The recombinant polypeptide with
cell-binding domain (CBD) and Hep II domain of human fibro-
nectin (FN), designated as CH50, was preserved in our labora-
tory, which may function to inhibit av integrin signaling.(21) The
concentrations used in this study have described in the figure
legends.

Melanoma model of lung metastasis. B16 melanoma tumor
cells were treated with different agents for 24 h. Then 2 · 105

treated cells were injected into the mice via the tail vein.
Twenty-one days later, the mice were sacrificed and the black
melanoma nodules on the lungs were calculated.

Analysis of gene expression by real-time RT-PCR. Total RNA
was extracted from cells with TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instructions.
For real-time RT-PCR assays, the cDNA sequences of all
detected genes were retrieved from the NCBI database. The
primers were designed with Oligo Primer Analysis 4.0 software
and the sequences were blasted (http://www.ncbi.nlm.nih.gov/
BLAST/). One hundred ng of total RNA was used for reverse
transcription using Superscript II RNase H reverse transcriptase
(Invitrogen) in a volume of 25 lL. Then 2 lL of cDNA was
amplified with SYBR Green Universal PCR Mastermix (Bio-
Rad, Richmond, CA, USA) in duplicate. For sample analysis,
the threshold was set based on the exponential phase of prod-
ucts, and the cycle threshold (CT) value for samples was deter-
mined. The resulting data were analyzed with the comparative
CT method for relative gene expression quantification against
the housekeeping gene GAPDH.

MMP assay by gelatin zymography. The assay of MMPs in
protein samples was performed as described previously.(15)

Briefly, proteins prepared from B16 cells of each group were
separated by 7.5% SDS-PAGE containing 1% gelatin. The gels
were incubated in MMP activation buffer containing 50 mM Tris
(pH8.0) and 10 mM CaCl2 at 37�C overnight, and then stained
with 1% Coomassie Brilliant Blue R-250 for 3 h and destained
in 10% (V ⁄ V) methanol and 5% (V ⁄ V) acetic acid.

Western blot analysis. Cell lysates (30 lg of total protein)
and prestained molecular weight markers were separated by
SDS-PAGE followed by transfer onto nitrocellulose membranes.
The membranes were blocked in TBST (Tris-buffered saline
with 0.5% of Triton X-100) containing 5% nonfat milk, and
probed with primary antibodies. After incubation with the sec-
ondary antibody conjugated with horseradish peroxidase, mem-
branes were extensively washed, and the immunoreactivity was
visualized by enhanced chemiluminescence according to the
manufacturer’s protocol (ECL kit; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Antibody LC3 was purchased from No-
vus Biologicals (Littleton, CO, USA); antibodies mTOR, phos-
pho-mTOR (Ser2448) S6K1 and phospho-S6K (Thr421 ⁄ Ser424)
were purchased from Cell Signaling Technology (Danvers, MA,
USA); and other antibodies were purchased from Santa Cruz
Biotechnology.

Construction of B16 tumor cell line expressing S6K1-siRNA. The
S6K1-siRNA sequence (gagccttagggatgaagtg) and its control
siRNA (gagccttagcgatcaagtg) were inserted into RNAi-Ready
pSIREN-RetroQ expressing vector with U6 promoter (BD Bio-
sciences, Clontech, Palo Alto, CA, USA). The recombinant siR-
NA-expressing plasmids and control plasmids were transfected
into B16 tumor cells using FuGENE 6 transfection reagent
(Roche, Indianapolis, IN, USA) for stable expression after
selection.
Yang et al.
Construction of B16 tumor cell line overexpressing av
integrin. The full length of cDNA of mouse av integrin gene
was inserted into eukaryotic expressing vector pcDNA3.1. The
recombinant vector and mock plasmid were transfected into B16
cells with G418 selection.

Apoptosis assay. B16 melanoma tumor cells were cultured in
the presence or absence of rapamycin (0.5 lg ⁄ mL) for 24, 48, or
72 h. Then cells were stained with phycoerythrin (PE)-conjugated
Annexin V (BD Biosciences) and analyzed by flow cytometry.

In vitro migration assay. A Transwell system that incorpo-
rated a polycarbonate filter membrane with a diameter of
6.5 mm and pore size of 8 lm (Corning, Corning, NY, USA)
was used to assess the migration of B16 cells. The Matrigel
(5 lg in 10 lL serum-free 1640) was added to the filter to form
a thin gel layer, and the lower membrane was coated with fibro-
nectin (5 lg in 10 lL serum-free 1640), dried in a hood over-
night. Cells (1 · 105) were suspended in 100 lL of medium in
the presence of different agents as indicated and then added to
the upper chamber of the Transwell insert. The lower chamber
was filled with 600 lL of the same medium as in the upper
chamber. After 12 h of incubation at 37�C, cells on the upper
surface of the filter were removed by using a cotton swab. The
cells that penetrated to the lower surface of the filter were fixed
in methanol, and then sections were stained with hematoxylin–
eosin and observed under a microscope.

Data analysis. Results were presented as mean values ± SD
and interpreted by repeated-measure ANOVA. Differences were
considered to be statistically significant when the P-value was
less than 0.05.

Results

Rapamycin suppresses lung metastasis of circulating B16
melanoma cells. To evaluate the direct effects of rapamycin on
tumor metastasis, we used a well-characterized model of experi-
mental lung metastasis by i.v. injection of B16 melanoma
cells.(40,41) B16 cells were treated with 0.5 lg ⁄ mL rapamycin
for 24 h and then injected into mice via the tail vein. This condi-
tion was chosen because no obvious apoptosis was induced by
rapamycin (Fig. 1a). Twenty-one days after B16 cell injection,
the mice were sacrificed and assayed. As shown in
Figure 1(b,c), rapamycin treatment significantly suppressed B16
cell lung metastasis, compared to control. Furthermore, in
another experiment, we found that the survival of mice of rapa-
mycin group was significantly prolonged (P < 0.001, Fig. 1d).
To further confirm our in vivo data, we conducted an in vitro
Transwell assay, and we found that the migrating ability of rapa-
mycin-treated B16 cells was reduced (Fig. 1e). In addition, we
here also tested the direct pharmacological activity of rapamycin
in vivo. Mice were administrated with 0, 1.25, 2.5, and 5 mg ⁄ kg
rapamycin by i.p. injection once daily for 7 days. Four hours
after the first injection of rapamycin, the mice were injected
with 2 · 105 B16 tumor cells. Twenty-one days later, the mice
were sacrificed and assayed. The result showed a dose-depen-
dent reduction of B16 cell lung metastasis (Fig. 1f). Taken
together, these data suggested that rapamycin directly effects
B16 tumor cells and suppresses B16 lung metastasis.

Autophagy is not involved in rapamycin-mediated suppression
of B16 metastasis. Autophagy is a process of self-degradation of
cellular components, such as long-lived proteins and organ-
elles.(34) Though autophagy has become an important area in
cancer research, its role in the tumor may be variable and
depends on the context.(42,43) Taking into account the positive
regulation of rapamycin on autophagy,(34–36) we initially
hypothesized that rapamycin suppressed B16 metastasis through
the up-regulation of autophagy. As shown in Figure 2(a), the
induction of autophagy by rapamycin was observed in B16 cells.
Therefore, we expected that the decrease of autophagy should
Cancer Sci | February 2010 | vol. 101 | no. 2 | 495
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Fig. 1. Rapamycin suppresses the lung metastasis of circulating B16 melanoma cells. (a) Influence of rapamycin on B16 cell apoptosis. B16 cells
were treated with 0.5 or 5 lg ⁄ mL rapamycin for different time periods. The cells were harvested and stained with phycoerythrin (PE)-conjugated
Annexin V for apoptosis detection by flow cytometry. (b,c) Rapamycin suppresses lung metastasis of B16 cells. B16 cells were treated with
rapamycin (0.5 lg ⁄ mL) in vitro for 24 h, and then i.v. injected into mice. Twenty-one days later, the mice were sacrificed. The data shown are
the representative photograph of lungs from three independent experiments (b); and the number of lung tumor nodules (c). (d) Long-term
survival of mice after injection of rapamycin-treated B16 cells. The survival period of tumor-bearing mice in the rapamycin group was
significantly prolonged, compared with that in the control group (n = 16; P < 0.001, Kaplan–Meier analysis). (e) Rapamycin inhibited the
migration of B16 cells. The migration of rapamycin-treated B16 cells by Transwell assay was determined as described in the Materials and
Methods. The data shown are the representative from three reproducible experiments. (f) Rapamycin administration inhibited the lung
metastasis of circulating B16 cells. Mice were administrated with 0, 1.25, 2.5, and 5 mg ⁄ kg rapamycin by i.p. injection once daily for 7 days. Four
hours after the first injection of rapamycin, the mice were injected with 2 · 105 B16 tumor cells. Twenty-one days later, the mice were sacrificed
and the number of lung tumor nodules was counted.
reverse the effect of rapamycin and facilitate metastasis. To test
this, a B16 tumor cell line expressing Beclin 1-siRNA was used
here to interfere with the formation of autophagosome, since
Beclin 1 plays an important role in the initiation of autophago-
some. The efficiency of Beclin 1 knockdown in B16 cells was
proved in our previously study.(44) Beclin 1-siRNA and control
cell lines were treated with rapamycin and then i.v. injected into
mice. Twenty-one days later, the mice were sacrificed and
assayed. Nevertheless, the inhibition of autophagy by beclin 1
knockdown did not alter the negative effect of rapamycin on
B16 lung metastasis (Fig. 2b). Consistently, the decrease of
autophagy by knockdown Beclin 1 did not inhibit the suppres-
sion of rapamycin on B16 cell migration in in vitro assay
(Fig. 2c), suggesting that the autophagic pathway is not involved
in rapamycin-mediated suppression of B16 metastasis. In addi-
tion, we also used autophagy inhibitors to counteract the pro-
autophagic effect of rapamycin. As shown in Figure 2(d), the
treatment of B16 cells with rapamycin plus autophagy inhibitor,
either wortmannin (34) or 3-methyladenine,(34) did not enhance
B16 lung metastasis. Taken together, these data suggested that
rapamycin suppresses B16 lung metastasis through autophagy-
independent mechanism(s).

Rapamycin suppresses tumor metastasis by down-regulating
av integrin signaling. Enhanced levels of expression of certain
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integrins, and a consequent increase in specific integrin sig-
nals, have been linked to cancer cell progression and metasta-
sis.(3,4) We previously reported that avb3 integrin signaling
plays an important role in B16 lung metastasis.(20,21) Here, we
wondered whether rapamycin mediated metastatic suppression
via influencing the avb3 integrin signaling pathway. First, we
examined the expression of avb3 integrin in rapamycin-treated
B16 cells by real-time RT-PCR and Western blotting. We found
that rapamycin had no effect on b3 expression, but effectively
down-regulated av expression (Fig. 3a,b). Notably, the with-
drawal of rapamycin in the culture medium did not cause the
recovery of av expression until 4 h later (data not shown). Next,
we analyzed the activation of FAK, a critical mediator of inte-
grin signaling,(19) and the expression of cdc2, a downstream
molecule of the avb3 signaling pathway.(22) Consistently, rapa-
mycin treatment reduced phosphorylated but not total FAK
(Fig. 3c) and the mRNA and protein levels of cdc2 (Fig. 3d). In
addition to regulating integrin signaling, we also wondered
whether rapamycin was capable of regulating MMPs, another
group of important molecules for metastasis. For this purpose,
the production of MMP-2 and MMP-9 was determined by
real-time RT-PCR and zymography assay. The results showed
that rapamycin did not affect the production of MMPs
(Fig. 3e,f).
doi: 10.1111/j.1349-7006.2009.01412.x
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Fig. 2. Autophagy is not involved in the suppression of B16
metastasis by rapamycin. (a) Effect of rapamycin on autophagy in B16
cells. B16 cells were treated with rapamycin (0.5 lg ⁄ mL) in vitro.
Twenty-four hours later, the cells were harvested to determine LC3 by
Western blotting. (b) Inhibition of autophagy by beclin 1 knockdown
did not alter the effect of rapamycin on B16 lung metastasis. Beclin 1
siRNA- or control siRNA-expressing B16 cells, treated with rapamycin,
were injected into mice via the tail vein. Twenty-one days later, mice
were sacrificed and the lung tumor nodules were counted. PBS-
treated B16 cells were used as positive control. (c) Knockdown of
Beclin 1 did not inhibit the suppression of rapamycin on B16 cell
migration in vitro. Beclin 1 siRNA- or control siRNA-expressing B16
cells were treated with rapamycin. The Transwell assay was
determined as described in the Materials and Methods. (d) Autophagy
inhibitors did not inhibit rapamycin-mediated suppression of B16 cell
lung metastasis. B16 cells were treated with rapamycin plus
autophagy inhibitor wortmannin (WM, 100 nM) or 3-methyladenine
(3-MA, 3 mM) for 24 h. The treated cells were injected into mice.
Twenty-one days later, the mice were sacrificed and the number of
lung tumor nodules was enumerated. The data shown are the
representative from two independent experiments.

Fig. 3. Rapamycin inhibits av integrin signaling of B16 cells. (a,b)
Rapamycin down-regulated the expression of av integrin in B16 cells.
B16 cells were treated with rapamycin in vitro. Twenty-four hours
later, the cells were harvested for the detection of av and b3
expression by real-time RT-PCR (a); or 24 h later, the cells were used
for Western blot analysis (b). (c) Rapamycin inhibited the activation of
focal adhesion kinase (FAK). B16 cells were treated with rapamycin
for 24 h. The phosphorylated FAK and total FAK were analyzed by
Western blotting. (d) Assay of cdc2 expression. The rapamycin-treated
cells were used for total RNA isolation and cell lysate preparation. The
expression of cdc2 was analyzed by real-time RT-PCR (bottom) and
Western blotting (up). (e,f) Assay of matrix metalloproteinase (MMP)-
2 and MMP-9 production. B16 cells were cultured in the presence or
absence of rapamycin for 24 h. MMP-2 and MMP-9 in supernatants
were detected by zymography assay (e). The relative mRNA levels of
MMP-2 and MMP-9 were detected by real-time RT-PCR (f).
To further confirm that down-regulation of av integrin was
required for rapamycin-mediated metastasis suppression, we
constructed an av integrin-overexpressing B16 cell line
(Fig. 4a). We found that rapamycin did not inhibit the expres-
sion of av integrin (Fig. 4b), suggesting that the rapamycin sig-
naling pathway might not have effects on exogenous expressing
vector in B16 cells. Such conditions partially reversed the inhib-
itory effect of rapamycin on lung metastasis of B16 cells
(Fig. 4c). We previously reported that a recombinant CBD-
HepII (heparin II domain) polypeptide of fibronectin (designated
as CH50) effectively suppresses avb3 signaling, leading to the
suppression of B16 cell lung metastasis.(20,21) Here, we further
compared the suppressive effects among rapamycin, CH50, and
commercial av integrin antagonist Cyclo(Arg-Gly-Asp-D-Phe-
Val). Interestingly, despite the down-regulation of both av and
b3 by CH50, rapamycin was showed stronger suppression
against B16 lung metastasis, compared to CH50 as well as av
integrin antagonist (Fig. 4d), suggesting that rapamycin might
be an ideal agent targeting av integrin signaling.

Rapamycin suppresses tumor metastasis by up-regulating
apoptosis signaling. Because the rapamycin-mediated suppres-
sion of tumor metastasis could be partially reversed by over-
expressing av integrin and rapamycin exhibited a stronger
suppressive effect than that of CH50 or av integrin antagonist,
Yang et al.
we hypothesized that other pathway(s) might be involved in ra-
pamycin-mediated metastasis suppression besides down-regula-
tion of integrin signaling. The acquirement of apoptosis
resistance is critical for the survival of circulating tumor cells
and subsequent metastasis. In this regard, we further questioned
whether rapamycin suppressed B16 lung metastasis through the
apoptosis pathway. To address this question, B16 cells were
treated with pan-caspase inhibitor zVAD to block apoptosis.
Under this condition, the suppressive effect of rapamycin on
metastasis declined (Fig. 5a). In line with these data, the pro-
apoptotic molecules Bid and Bax were up-regulated and the
antiapoptotic member Bcl-xL was down-regulated in B16 cells
by rapamycin (Fig. 5b,c). Taken together, these findings sug-
gested that rapamycin might enhance the apoptosis of circulat-
ing tumor cells, thus suppressing tumor metastasis.

S6K1 is involved in the up-regulation of Bax and Bid but not
the down-regulation of av integrin in B16 cells. Although S6K1
and 4E-BP1 are the downstream targets of mTOR, reports have
indicated that rapamycin selectively inhibits the phosphorylation
of S6K1 rather than that of 4E-BP1 in many cells.(45–47) Here,
by generating an S6K1 siRNA-expressing B16 cell line
(Fig. 6a), we further asked whether rapamycin regulated av inte-
grin, Bid, and Bax through the S6K1 pathway. As shown in Fig-
ure 6(b,c), S6K1 knowndown could up-regulate the expressions
of Bax and Bid in B16 cells, suggesting that the mTOR ⁄ S6K1
pathway is involved in the regulation of the expressions of Bax
and Bid. Taking into account the inhibition of the mTOR ⁄ S6K1
Cancer Sci | February 2010 | vol. 101 | no. 2 | 497
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Fig. 5. Rapamycin suppresses tumor metastasis by up-regulating
apoptosis signaling. (a) Inhibition of apoptosis declined the effect of
rapamycin on B16 cell metastasis. B16 cells were treated with
rapamycin in the presence or absence of zVAD (10 lM), and then
injected to mice via the tail vein. Twenty-one days later, the mice
were sacrificed and the lung tumor nodules were counted. (b,c)
Rapamycin increased the apoptosis potential of B16 cells. B16 cells
were treated with rapamycin for 24 h. The cells were harvested for
RNA isolation. The expressions of Bcl-2, Bcl-xL, Bax, and Bid were
determined by real-time RT-PCR (b); or the cells were used for protein
analysis by Western blotting (c).

Fig. 4. Down-regulation of av integrin is required for rapamycin-
mediated suppression of B16 metastasis. (a) Construction of av
integrin-overexpressing B16 cell line. av Integrin-expressing plasmid
was transfected to B16 cells. The stably transfected cells were used
to analyze av integrin expression by Western blotting. (b) Rapamycin
did not inhibit the exogenous expression of av integrin. (c)
Overexpression of av integrin partly reversed the suppression of
rapamycin in lung metastasis. av-Overexpressing or mock B16 cells,
treated with rapamycin, were injected into mice via the tail vein.
Twenty-one days later, the mice were sacrificed and the lung tumor
nodules were counted. (d) Comparison of the effect on B16 cell
metastasis among rapamycin, CH50, and av integrin antagonist. B16
cells were treated with rapamycin (0.5 lg ⁄ mL), CH50 (10 lg ⁄ mL), or
high-dose CH50 (25 lg ⁄ mL); or av integrin antagonist (10 lg ⁄ mL) or
high dose (25 lg ⁄ mL) for 24 h. Then the cells were injected to the
mice. Twenty-one days later, the mice were sacrificed and the lung
tumor nodules were counted.
pathway by rapamycin,(45–47) it was reasonable that rapamycin
might up-regulate Bax and Bid expression through suppressing
the mTOR ⁄ S6K1 pathway. In line with this, the addition of ra-
pamycin to S6K1 knockdown B16 cells did not alter Bax and
Bid expression, compared to addition of rapamycin to S6K1-
expressing B16 cells (Fig. 6b,c). On the other hand, as shown in
Figure 6(d), S6K1 knowndown had no effect on av integrin
expression and did not inhibit the down-regulation of av integrin
by rapamycin. Moreover, the inhibition of mTOR and S6K1 by
rapamycin was also observed under the same conditions
(Fig. 6e). These data suggested that rapamycin may use the
S6K1 pathway to up-regulate Bax and Bid, but another pathway
to down-regulate av integrin in B16 cells.

Discussion

The major finding in the present study is that rapamycin directly
suppresses the lung metastasis of circulating B16 melanoma
cells through mechanisms of down-regulating av integrin
expression and up-regulating apoptosis signaling. Our data also
indicate that autophagy is not involved in rapamycin-mediated
metastasis suppression.

Intense studies on the antitumor effects of rapamycin have
been mainly focused on the inhibition of tumor cell prolifer-
ation and tumor angiogenesis. Here, we provide additional
evidence that rapamycin can directly suppress tumor metas-
tasis. Even though it has been shown that mTOR has versa-
tile effects on cancer development and progression, we first
identified that rapamycin targets integrin, the critical signal-
ing pathway required for tumor cell migration and metasta-
sis. Our convincing evidence includes (i) both mRNA and
protein levels of av integrin were decreased in B16 cells
after rapamycin treatment; (ii) the phosphorylation of down-
stream signal molecule FAK declined; and (iii) the mRNA
level of effector molecule cdc2 was decreased. The members
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of the av integrin family are widely expressed in various
types of tumor cells, which involve tumor angiogenesis and
metastasis. There are five recognized av integrin receptors:
avb1, avb3, avb5, avb6, and avb8.(48) Among them, agents
targeting the avb3 integrin receptor are now in clinical
development for treating solid tumors.(49–51) Therefore, tar-
geting av integrin by rapamycin may have important clinical
significance. In addition, although we confirm here that av
integrin is targeted by rapamycin, our ongoing study is try-
ing to elucidate whether other integrin(s) is also targeted by
rapamycin and the underlying mechanism(s).

By complexing with FKBP-12, rapamycin binds to mTOR
and inhibits the mTOR-mediated phosphorylation of down-
stream targets S6K1 and 4E-BP1. However, S6K1 and 4E-BP1
seem not to regulate integrin expression, considering that the
activities of S6K1 and 4E-BP1 are related to cell growth and cell
cycle progression.(52,53) In support of this, our data show that the
knockdown of S6K1 by specific siRNA does not decrease the
expression of av integrin in B16 cells (Fig. 6d), suggesting that
other target(s) of mTOR might be involved in the regulation
of integrin expression. Therefore, a closer examination of the
doi: 10.1111/j.1349-7006.2009.01412.x
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Fig. 6. S6K1 is involved in the up-regulation of Bax and Bid, but not
in the down-regulation of av integrin in B16 cells. (a) siRNA silenced
S6K1 expression. After stable transfection of S6K1 siRNA vector into
the B16 cell line, S6K1 mRNA and protein expression was examined
by RT-PCR and Western blotting. (b–d) The influence of S6K1
knockdown on the expressions of Bax, Bid, and av integrin in B16
cells. S6K1 or control siRNA-expressing B16 cells were cultured in the
presence or absence of rapamycin. Twenty-four hours later, cells were
harvested for RNA isolation. The real-time RT-PCR was performed to
analyze the expression of Bax (b), Bid (c), and av integrin (d). (e)
The inhibition of mTOR and S6K1 by rapamycin. B16 cells were
cultured in the presence or absence of rapamycin. Twenty-four hours
later, cells were harvested to determine mTOR and S6K1 by Western
blotting.
regulation of integrin by mTOR signaling should be useful for
the comprehensive evaluation of the tumor therapeutic value of
rapamycin.

Besides the inhibition of metastasis through down-regulating
integrin signaling, the present study also reveals that rapamycin
can suppress metastasis through up-regulating apoptosis signal-
ing. To succeed in metastasis, circulating cancer cells have to
pass through several stressful and highly selective steps, includ-
ing survival in the bloodstream, arrest in the capillary bed, and
resumption of proliferation in distant organs. The acquirement
of apoptosis resistance is a prerequisite for tumor cells to real-
Yang et al.
ize these goals. It has been reported that Bcl2 overexpression is
associated with a 10-fold decrease in the number of apoptotic
tumor cells at the secondary site 1 h after intravenous injec-
tion,(54) and with an increase in metastasis formation.(55) There-
fore, the increase of apoptosis potential by rapamycin may play
an important role in rapamycin-mediated metastasis suppres-
sion. Actually, our in vivo data clearly show that blockade of
apoptosis pathway by pan-caspase inhibitor zVAD effectively
declines the suppression of rapamycin in B16 lung metastasis
(Fig. 5a).

The occurrence of metastasis may be unpredictable after
surgical excision of primary tumor. Therefore the prevention
of metastasis should be a long-term event. Considering the
multiple effects on tumor cell proliferation, apoptosis, migra-
tion, and tumor angiogenesis, and the safety of long-term oral
administration, rapamycin might be a good candidate agent
for tumor metastasis prevention. However, the immunosup-
pressive property of rapamycin should be considered. Rapa-
mycin exerts its potent immunosuppressive effects in part
through direct effects on antigen-specific lymphocytes; how-
ever, rapamycin also modulates adaptive immunity through
its effects on innate immune cells, including dendritic cells
and macrophages, and others.(56,57) Although clinical sequels
of immunosuppression do not seem to be a major concern in
the current clinical evaluation of rapamycin in cancer, the
long-term effects might have a negative consequence. In this
context, combining other immune modulators to overcome
such pitfalls may be of benefit when using rapamycin in the
prevention of tumor metastasis.

The regulation of autophagy by rapamycin hints at a pos-
sible mechanism involving rapamycin-mediated metastasis
suppression. However, the inhibition of autophagosome for-
mation by Beclin1 knockdown did not change the inhibitory
effect of rapamycin on metastasis, suggesting that autophagy
is not involved in rapamycin-mediated suppression of B16
metastasis. However, considering the role of autophagy in
energy metabolism and the requirement of energy for cell
mobility, it is still possible that autophagy participates in
tumor cell migration and metastasis by increasing the energy
supply of tumor cells.

In summary, a novel finding in the present study is that rapa-
mycin may directly effect tumor cells and suppresses their
metastasis by regulating integrin expression and apoptosis sig-
naling. Our data and others(31–33) together suggest that rapamy-
cin and its analogues are worthy of clinical evaluation as an
antimetastatic agent.
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