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Transforming growth factor ␤ (TGF-␤) induces cell cycle arrest of most nontransformed epithelial cell lines.
In contrast, many human carcinomas are refractory to the growth-inhibitory effect of TGF-␤. TGF-␤ overexpression inhibits tumorigenesis, and abolition of TGF-␤ signaling accelerates tumorigenesis, suggesting that
TGF-␤ acts as a tumor suppressor in mouse models of cancer. A screen to identify agents that potentiate
TGF-␤-induced growth arrest demonstrated that the potential anticancer agent rapamycin cooperated with
TGF-␤ to induce growth arrest in multiple cell lines. Rapamycin also augmented the ability of TGF-␤ to inhibit
the proliferation of E2F1-, c-Myc-, and V12H-Ras-transformed cells, even though these cells were insensitive to
TGF-␤-mediated growth arrest in the absence of rapamycin. Rapamycin potentiation of TGF-␤-induced growth
arrest could not be explained by increases in TGF-␤ receptor levels or rapamycin-induced dissociation of
FKBP12 from the TGF-␤ type I receptor. Significantly, TGF-␤ and rapamycin cooperated to induce growth
inhibition of human carcinoma cells that are resistant to TGF-␤-induced growth arrest, and arrest correlated
with a suppression of Cdk2 kinase activity. Inhibition of Cdk2 activity was associated with increased binding
of p21 and p27 to Cdk2 and decreased phosphorylation of Cdk2 on Thr160. Increased p21 and p27 binding to
Cdk2 was accompanied by decreased p130, p107, and E2F4 binding to Cdk2. Together, these results indicate
that rapamycin and TGF-␤ cooperate to inhibit the proliferation of nontransformed cells and cancer cells by
acting in concert to inhibit Cdk2 activity.
T␤RI and T␤RII and Smad2 and Smad4. These genetic alterations, however, explain only a small percentage of the TGF-␤
insensitivity observed in human carcinomas, suggesting that
alternate mechanisms are responsible for the loss of TGF-␤induced cell cycle arrest in many tumors.
Oncogenes, including activated Ras, E2F1, and c-Myc, abolish TGF-␤-induced growth arrest. Since the Ras and Myc oncogenes are commonly dysregulated in human cancers (2, 47,
59), and since activation and/or overexpression of receptor
tyrosine kinases such as the epidermal growth factor receptor
and Her2 may activate Ras and upregulate c-Myc, oncogenic
transformation may explain the lack of TGF-␤ sensitivity of
many cancer cell lines. A general observation in cells that are
resistant to TGF-␤-induced growth arrest is the lack of TGF␤-mediated c-Myc downregulation (68). The findings that cMyc dysregulation alone is sufficient to abolish TGF-␤-induced
growth arrest (5) and that c-Myc dysregulation blocks TGF-␤
induction of the cyclin-dependent kinase inhibitors p15 and
p21 (17, 24, 74, 76) suggest that agents capable of inducing
c-Myc downregulation could restore TGF-␤-induced growth
arrest in transformed and cancer cells. It has been reported
(43, 82) that the pathway of the mammalian homolog of the
yeast target of rapamycin (TOR) (mTOR)/p70s6k regulates
c-Myc protein levels. This suggests that inhibitors of the
mTOR pathway may potentiate TGF-␤-mediated growth arrest by inducing c-Myc downregulation.
We hypothesize that rapamycin may augment or restore
TGF-␤ sensitivity in cancer cells that are refractory to TGF-

Previous studies of transgenic mouse model systems (11, 66,
78), as well as mutational analysis of human cancers (65, 91),
indicate that the transforming growth factor ␤ (TGF-␤) signaling pathway is tumor suppressive. The observation that many
human carcinomas are refractory to TGF-␤-induced growth
arrest (7, 14, 64) suggests that abolition of TGF-␤-induced cell
cycle arrest may be a requirement for tumorigenesis in many
circumstances as suggested previously (26, 39, 54). TGF-␤induced growth arrest is initiated by TGF-␤ binding to the type
II TGF-␤ receptor (T␤RII), which leads to the recruitment,
phosphorylation, and activation of T␤RI. The activated serine/
threonine kinase T␤RI then phosphorylates the downstream
effectors that mediate TGF␤ signaling. The most extensively
studied mediators of TGF-␤ signaling are the Smad proteins,
which act as transcriptional regulators. Phosphorylation of
Smad2 and -3 by T␤RI triggers their oligomerization with
Smad4 as well as their nuclear accumulation. A key role for the
Smad proteins in TGF-␤-induced cell cycle arrest is suggested
by studies demonstrating Smad-dependent regulation of p15,
p21, and c-Myc by TGF-␤ (14, 17, 24, 74, 76, 81, 86).
The loss of TGF-␤ growth-inhibitory responses in some cancers results from the functional inactivation of genes whose
protein products mediate TGF-␤ signal transduction, including
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MATERIALS AND METHODS
Cell culture and cell proliferation assays. The Mv1Lu mink lung epithelial
cells used (MLEC clone 32) were kindly provided by D. Rifkin (New York
University, New York) and have been described previously (1). The HaCaT
human keratinocyte, MDA-MB-231 human mammary carcinoma, DU145 human prostatic carcinoma, A549 human lung carcinoma, NMuMG mouse mammary epithelium, and NIH OVCAR-3 human ovarian carcinoma cell lines were
obtained from the American Type Culture Collection and grown in Dulbecco’s
minimal essential medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). MCF10A human mammary epithelial cells were also obtained from the
American Type Culture Collection and were grown in a 1:1 mixture of DMEM
and Ham’s F12 medium supplemented with 20 ng of epidermal growth factor/ml,
100 ng of cholera toxin/ml, 0.01 mg of insulin/ml, 500 ng of hydrocortisone/ml,
and 5% horse serum. Mouse NIH 3T3 cells (clone 7) were kindly provided by
Doug Lowy (37) and were propagated in 10% FBS–90% DMEM. The Phoenix
cells used for retroviral packaging were obtained from Gary Nolan (40) (Stanford University, Stanford, Calif.) and were grown in 10% FBS–90% DMEM. The
origin and propagation of the BALB/MK mouse keratinocyte cell line and the
NMuMG normal mouse mammary epithelial cell line were as described previously (9, 42). TGF-␤ was kindly provided by R&D Systems Inc., Minneapolis,
Minn. Rapamycin was purchased from Sigma-Aldrich Co. (St. Louis, Mo.). The
rapamycin derivative RAD001 was a kind gift from Heidi Lane (Novartis Pharma
AG, Basel, Switzerland).
[3H]thymidine incorporation assays were performed as described previously
(42). In all [3H]thymidine incorporation experiments, cells were plated at 20,000
cells per well in 24-well plates, incubated 24 h, treated as indicated in the figure
legends, and pulsed for the last 2 h of the treatment time with [3H]thymidine. In

sequential cell-counting experiments, MDA-MB-231 cells or DU145 cells were
plated at 150,000 or 75,000 cells per well, respectively, in six-well plates and
incubated for 24 h. Cells from three replicate wells were then counted (day 0)
using a Coulter Counter (Beckman Coulter, Inc., Fullerton, Calif.). The remaining wells were treated in triplicate as indicated in the figure legend, and cells
were counted in triplicate at 24-h intervals for the remainder of the experiment.
Flow cytometry was performed using a FACSCalibur instrument (Becton
Dickinson, San Jose, Calif.), and the results were modeled using Winlist (Verity
Software House, Topsham, Maine).
Retroviral gene transduction. The retroviruses used were based on the pBabe
vector with a puromycin selectable marker (53) and were made using the Phoenix
packaging cell line. Viral vectors encoding c-Myc2 and c-Myc2(T58A) were
supplied by S. Hann (Vanderbilt University, Nashville, Tenn.), and a viral vector
encoding V12H-Ras was supplied by P. Liang (Vanderbilt University) and were
described previously (17, 33, 36). The E2F1 retroviral vector was obtained by
subcloning the E2F1 cDNA obtained from Srilata Bagchi (University of Illinois,
Chicago) into pBabe.
Cell lines stably expressing the genes of interest were prepared by applying
retrovirus-containing supernatants to rapidly growing MLEC-32 cells in the
presence of 8 g of Polybrene (Sigma Chemical Co.)/ml, followed by selection
with 1.5 g of puromycin/ml beginning 24 h postinfection. Individual clones were
isolated and characterized. Clones expressing the highest levels of c-Myc2,
c-Myc2(T58A), V12H-Ras, or E2F1 exhibited the least sensitivity to TGF-␤induced growth arrest and were used in subsequent experiments. Cell lines
transformed by overexpression of c-Myc2, c-Myc2(T58A), V12H-Ras, or E2F1
formed colonies in soft agar, while cells transduced with the “empty” pBabe
retroviral vector and selected with puromycin (Puro. Cont.) did not. The Puro.
Cont. polyclonal cell line was used as the nontransformed control cell line in
subsequent experiments. Derivation of the individual stable cell lines took approximately 6 weeks, and all experiments were performed using clones passaged
less than 10 times. Similar results were obtained in at least three independent
clonal cell lines expressing each oncogene.
Preparation of cell extracts and immunoblotting. Whole-cell protein extracts
were prepared as described before (42) with the exception that extracts were
sonicated to insure the recovery of nuclear proteins. Immunoblotting was performed as described previously (42) using antibodies from Santa Cruz Biotechnology to detect p107 (sc-318), p130 (sc-317), BRCA1 (sc-646), cyclin A (sc-596),
E2F1 (sc-193), E2F4 (sc-866), B-Myb (sc-725), Smad4 (sc-7966), p21 (sc-6246),
cyclin E (sc-481), p70s6k (sc-230), Cdk2 (sc-163), Cdk4 (sc-601), and c-Myc
(sc-764). ␤-Tubulin (T4026) and actin (A2066) antibodies were obtained from
Sigma Chemical Co. The antibody recognizing total Rb levels (14001A) was
obtained from BD-Pharmingen. Antibodies recognizing Rb phosphorylated on
Thr821 (44-582Z) or Ser249/Ser252 (44-584Z) were obtained from Biosource International. Antibody specific for phosphorylated Smad2 (06-829) was obtained
from Upstate Biotechnology, Inc. Antibodies specific for total levels of Smad2
(610842) p27 (K25020) were obtained from BD Transduction Laboratories, and
antibody specific for Smad3 (51-1500) was obtained from Zymed Laboratories.
Antibody to Cdk2 phosphorylated on Thr160 (no. 2561) was obtained from Cell
Signaling Technologies, Inc. Cyclin D1 antibody (DCS-6) was obtained from
Neomarkers. PHAS1 antibody was generously provided by John Lawrence, University of Virginia, Charlottesville (13). Protein assays were performed using the
Bradford reagent (Bio-Rad Laboratories, Hercules, Calif.). ␤-Tubulin and actin
were used as loading controls for immunoblotting. Since the level of neither
protein was altered by the experimental treatments, ␤-tubulin and actin were
used interchangeably as loading controls.
125
I-TGF-␤ cross-linking. 125I-TGF-␤1 was obtained from NEN Life Science
Products, Inc. (Boston, Mass.). Nearly confluent MDA-MB-231 cells in 12-well
plates were treated with 10 ng of TGF-␤1/ml, 100 nM rapamycin, 10 ng of
TGF-␤1/ml plus 100 nM rapamycin, or dimethyl sulfoxide vehicle control. Twenty-four hours after treatment, the cells were washed three times over 30 min with
500 l of ice-cold 0.1% bovine serum albumin–Dulbecco’s phosphate-buffered
saline (D-PBS) containing Ca2⫹ and Mg2⫹. The cells were then affinity labeled
with 100 pM 125I-TGF-␤1 as previously described (22), with slight modifications.
Briefly, after a 3-h incubation with 100 pM 125I-TGF-␤1 at 4°C, the cells were
washed with 500 l of ice-cold D-PBS and the ligand-receptor complexes were
cross-linked with 400 l of 1 mM bis(sulfosuccinimidyl)suberate (BS3) (Pierce,
Rockford, Ill.) for 10 min on ice. The cross-linking reaction was stopped with the
addition of 100 l of 500 mM glycine. Cells were washed twice with 500 l of
D-PBS and were solubilized with 125 l of 20 mM Tris buffer, pH 7.4, containing
1% Triton X-100, 10% glycerol, 1 mM EDTA, and protease inhibitors. Solubilized material was recovered from each well and centrifuged for 10 min at 4°C to
pellet cell debris, and the supernatants were transferred to 1/5 volume of fivefold-concentrated electrophoresis sample buffer, boiled, and vortexed. All sam-
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␤-mediated growth arrest due to oncogene activation by inducing c-Myc downregulation or by cooperating with TGF-␤ to
inhibit E2F-dependent transcription. Such a hypothesis is particularly intriguing in light of the fact that the rapamycin derivatives RAD001 (Novartis) and CCI-779 (Wyeth-Ayerst) are
in preclinical and clinical testing as anticancer agents with
promising preliminary results (21, 25, 60, 88). We propose that
the antitumor actions of rapamycin and its derivatives are in
part due to their influence on TGF-␤-induced growth arrest.
Rapamycin was identified some time ago as a potent inhibitor
of cell proliferation, yet little is known regarding the exact
mechanisms by which rapamycin inhibits cell proliferation.
The observation that rapamycin arrests the proliferation of
yeast cells by inhibiting TOR (30, 50) and blocks mammalian
cell proliferation by inactivating mTOR (12, 31, 71) suggests
that the TOR proteins play an evolutionarily conserved role in
regulating the eukaryotic cell cycle. Subsequent studies demonstrated that rapamycin acts by binding to its intracellular
receptor protein FKBP12 and that the rapamycin-FKBP12
complex binds and inhibits the function of the high-molecularweight protein kinase mTOR. The two most extensively studied downstream effectors of mTOR are the protein kinase
p70s6k and the inhibitor of cap-dependent translation, PHAS1,
both of which play critical roles in regulating protein synthesis.
D-type cyclins and c-Myc are also important targets of mTOR
signaling that are downregulated in response to treatment with
rapamycin (23, 27, 29, 43, 55, 82).
In this study we examined the interaction between TGF-␤
and rapamycin in arresting cell proliferation. The results demonstrate that rapamycin potentiates TGF-␤-induced growth
arrest in nontransformed cells and restores TGF-␤-induced
growth arrest in oncogene-transformed rodent cells and human carcinoma cells. Suppression of c-Myc expression is not
required for G1 cell cycle arrest. Instead, TGF-␤ and rapamycin cooperated to increase binding of the Cdk inhibitors p21
and p27 to Cdk2 with inhibition of Cdk2 kinase activity.
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RESULTS
TGF-␤ and rapamycin cooperate to induce a more complete
G1 cell cycle arrest in nontransformed epithelial cells. Mv1Lu
mink lung epithelial cells were treated with increasing concentrations of TGF-␤ or rapamycin for 22 h to test the hypothesis
that TGF-␤ and rapamycin cooperate to induce growth arrest.
The cells were then pulsed with [3H]thymidine for 2 h, and
[3H]thymidine incorporation was quantitated as a measure of
the rate of DNA synthesis. Rapamycin induced a dose-dependent inhibition of DNA synthesis with a maximal inhibition to
approximately 40% of control occurring at or above 100 nM
rapamycin (Fig. 1A). TGF-␤ also inhibited DNA synthesis in a
dose-dependent manner with a maximal inhibition to about
25% of control occurring at or above 0.4 ng/ml (Fig. 1B).
Interestingly, combined treatment with 100 nM rapamycin and
10 ng of TGF-␤/ml inhibited DNA synthesis to about 2% of
control (Fig. 1B, last bar).
Since TGF-␤ and rapamycin each induce a G1 cell cycle
arrest, we examined whether combined treatment with TGF-␤
and rapamycin also inhibited cell proliferation by inducing a
G1 cell cycle arrest. When flow cytometry analysis was used,
both 10 ng of TGF-␤/ml and 100 nM rapamycin were shown to
induce a partial G1 cell cycle arrest when applied separately
but to induce a more complete G1 arrest when applied in
combination (Fig. 1C). The data demonstrate that TGF-␤ and
rapamycin cooperate to induce a G1 cell cycle arrest in nontransformed Mv1Lu cells.

NMuMG normal mouse mammary epithelial cells were
treated with increasing concentrations of TGF-␤ or rapamycin,
either alone or in combination (Fig. 1D) to determine whether
the cooperative growth-inhibitory effects of TGF-␤ and rapamycin apply to other cell types. The results indicate that
TGF-␤ and rapamycin cooperate to inhibit the proliferation of
NMuMG cells.
TGF-␤ and rapamycin cooperate to inhibit cell proliferation, induce Rb dephosphorylation, and downregulate E2F1
and B-Myb expression in NMuMG cells. NMuMG cells were
treated with TGF-␤ and rapamycin, either alone or in combination, and the effects were correlated with effects on Rb
phosphorylation. Levels of E2F1, B-Myb, and c-Myc (Fig. 2)
were examined to characterize the biochemical mechanisms of
TGF-␤–rapamycin-induced cooperative growth arrest. Rapamycin had a minimal effect on Rb phosphorylation when applied alone but cooperated with TGF-␤ to induce a more
complete Rb dephosphorylation. Likewise, TGF-␤ and rapamycin cooperated to decrease levels of E2F1 and B-Myb. In
contrast, while TGF-␤ induced a partial downregulation of
c-Myc, rapamycin had no effect on c-Myc levels and did not
cooperate with TGF-␤ to induce c-Myc downregulation. These
results suggest that the ability of TGF-␤ and rapamycin to
inhibit the proliferation of NMuMG cells correlates more
closely with Rb dephosphorylation and E2F1 and B-Myb
downregulation than with c-Myc downregulation.
Rapamycin restores TGF-␤-mediated arrest of cells rendered TGF-␤ resistant by oncogenic transformation. We examined whether rapamycin potentiates TGF-␤-induced growth
arrest of Mv1Lu cells transformed by the E2F1, c-Myc, and
V12
H-Ras oncogenes, since E2F1-, c-Myc-, and V12H-Ras-mediated transformation of epithelial cells abolishes the antiproliferative effects of TGF-␤ (5, 14, 38, 63, 73) and since oncogenic activation of c-Myc and Ras is a relatively common event
during tumorigenesis (2, 47, 59). Neither TGF-␤ nor rapamycin strongly inhibited the proliferation of E2F1-transformed
Mv1Lu cells, but TGF-␤ plus rapamycin cooperated to induce
potent growth arrest of these cells (Fig. 3A, left panel). We
examined several biochemical events associated with TGF-␤mediated growth arrest, including Rb dephosphorylation,
E2F1 downregulation, and c-Myc downregulation to investigate the mechanisms by which TGF-␤ plus rapamycin induced
growth arrest. The control cells used in these experiments
(Puro. Cont.) were prepared by infecting Mv1Lu cells with the
pBabe-Puro retrovirus (53), followed by selection with puromycin. When the control cells were treated with TGF-␤, Rb
dephosphorylation, E2F1 downregulation, and c-Myc downregulation were observed (Fig. 3A, right panel). Rapamycin
did not significantly induce any of these changes. Interestingly,
combined treatment with TGF-␤ plus rapamycin induced a
more complete Rb dephosphorylation, E2F1 downregulation,
and c-Myc downregulation than treatment with TGF-␤ alone.
These results are consistent with rapamycin potentiating TGF␤-induced growth arrest. In the E2F1-transformed cell line, the
inability of TGF-␤ alone to induce growth arrest correlated
with the lack of Rb dephosphorylation, E2F1 downregulation,
or c-Myc downregulation. As with the control cells, rapamycin
alone had minimal effects on these biochemical endpoints. In
contrast, TGF-␤ plus rapamycin induced potent Rb dephosphorylation in the E2F1-transformed cells. E2F1 was overex-
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ples were analyzed using sodium dodecyl sulfate–3 to 12% polyacrylamide gel
electrophoresis and were visualized by autoradiography.
Luciferase assays. The E2F-responsive luciferase reporter plasmid pE2F-TALuc is from the Mercury Cell Cycle Profiling System (Clontech Laboratories,
Inc.). The (CAGA)12-luciferase reporter plasmid was provided by Jean-Michel
Gauthier (20). NMuMG cells were transfected by the Ca3(PO4)2 precipitation
method. DU145 cells were transfected using FuGENE 6 (Roche) according to
the manufacturer’s instructions. Twenty-four hours posttransfection the cells
were treated as indicated in the figure legend and were incubated an additional
24 h. Cell extracts were prepared and subjected to luciferase assays and protein
assays. Background readings were subtracted from the luciferase assay values,
and the results were normalized to total protein concentration.
Kinase assays and coimmunoprecipitation. Cdk2 and Cdk4 kinase assays were
performed essentially as described previously (44). Briefly, 500 to 1,000 g of
total cell extract was precleared for 2 h with protein A-Sepharose; 2 or 3 g of
anti-Cdk2 or Cdk4 antibody was added to the precleared extracts and was mixed
overnight at 4°C. The following day, 30 l of protein A-Sepharose beads was
added and mixed for an additional 2 h at 4°C. The beads were washed twice with
extraction buffer and twice with kinase assay buffer (50 mM HEPES, pH 7.2, 10
mM MgCl2, 2.5 mM EGTA, 1 mM dithiothreitol, 0.1 mM NaF, and 0.1 mM
Na3VO4). Kinase reactions were performed for 1 h at 30°C in kinase assay buffer
and contained 20 M [␥-32P]ATP at a specific activity of 10 Ci/mmol and 500 ng
of glutathione transferase-Rb (Santa Cruz) for Cdk4 assays and 1 g of histone
H1 for Cdk2 assays. Reactions were stopped with fourfold-concentrated Laemmli sample buffer, and reaction products were separated into several portions
and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
15% gels. The gels were either dried and exposed to phosphor screens to
visualize and quantitate kinase assay results using a PhosphorImager (Molecular
Dynamics) or were transferred to nitrocellulose membranes and analyzed by
immunoblotting to verify uniform Cdk2 or Cdk4 immunoprecipitation and to
detect p21 and p27 coimmunoprecipitation. The coimmunoprecipitation experiments depicted in Fig. 10 were performed similarly but were scaled up so that 3
mg of cell extract was immunoprecipitated with 4 g of Cdk2 antibody. Normal
rabbit immunoglobulin G (IgG) was used as a negative control in immunoprecipitation experiments.
Statistics. P values were calculated on the GraphPad.com website using the
unpaired Student t test.
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pressed under all four sets of treatment conditions relative to
the control cells, as was c-Myc. E2F1-induced c-Myc overexpression is likely due to the presence of an E2F site within the
c-Myc promoter (32, 52). The induction of growth arrest by
TGF-␤ plus rapamycin in the absence of E2F1 and c-Myc
downregulation suggests that these events are not essential to
the antiproliferative effects of TGF-␤ plus rapamycin. We directly examined whether rapamycin could restore TGF-␤-induced growth arrest in c-Myc transformed cells since c-Myc
downregulation is essential for TGF-␤-induced growth arrest
(5).
c-Myc-transformed cells were largely resistant to TGF-␤induced growth arrest as observed previously (5) and were

slightly inhibited by rapamycin treatment but were more
strongly growth arrested by combined treatment with TGF-␤
plus rapamycin (Fig. 3B, left panel). Biochemical analyses indicated that, in the c-Myc-transformed cells, TGF-␤ did not
induce Rb dephosphorylation, E2F1 downregulation, or c-Myc
downregulation. Rapamycin did not induce a significant downregulation of c-Myc in nontransformed Mv1Lu cells, in contrast to previously published results in BALB/MK mouse keratinocytes (43). Interestingly, however, rapamycin consistently
induced c-Myc downregulation in several different Mv1Lu
clones overexpressing c-Myc, including clone 5 (Fig. 3B).
These results suggest that rapamycin-induced c-Myc downregulation may depend on c-Myc expression level or the cel-
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FIG. 1. TGF-␤ and rapamycin cooperate to induce G1 cell cycle arrest of Mv1Lu cells and NMuMG cells. (A) Nontransformed Mv1Lu cells
were treated for 22 h with the indicated concentrations of rapamycin. The cells were pulsed for an additional 2 h with [3H]thymidine, and thymidine
incorporation (Inc.) was quantitated as described in Materials and Methods. Results are presented as the average percent control incorporation
from six replicate wells ⫾ standard deviation. (B) Nontransformed Mv1Lu cells were treated for 24 h with the indicated concentrations of TGF-␤
for 24 h and were processed, and the results were presented as in panel A. The last bar (TGF-␤ ⫹ Rapa.) represents treatment for 24 h with both
10 ng of TGF-␤/ml and 100 nM rapamycin. (C) Nontransformed Mv1Lu cells were treated for 24 h with normal growth medium (Control), 10 ng
of TGF-␤/ml, 100 nM rapamycin, or 10 ng of TGF-␤/ml plus 100 nM rapamycin. The cells were stained with propidium iodide and subjected to
flow cytometry as described in Materials and Methods. (D) NMuMG cells were treated with the indicated concentrations of TGF-␤1 and
rapamycin either alone or in combination for 24 h, and [3H]thymidine incorporation assays were performed as for panel A.
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lular context. We constructed Mv1Lu cells transformed by the
Thr58-to-Ala (T58A) mutant of c-Myc to more conclusively
rule out a role for c-Myc downregulation in TGF-␤–rapamycin-induced growth arrest.
The c-Myc(T58A) mutation is observed in human lymphomas (8, 87). The Thr58-to-Ala mutation of c-Myc
[c-Myc(T58A)] renders the mutant protein resistant to ubiquitin-mediated degradation by preventing phosphorylation of
Thr58, producing a Myc protein with a significantly longer
half-life (6, 69, 72). We reasoned that expression of the
c-Myc(T58A) mutant might prevent rapamycin from cooperating with TGF-␤ to induce growth arrest since c-Myc overexpression may decrease sensitivity to rapamycin-induced growth
arrest (34), as well as TGF-␤-induced growth arrest (5), and
since rapamycin regulates c-Myc at the level of protein abundance (82). As expected, transformation of Mv1Lu cells by
c-Myc2(T58A) abolished TGF-␤-induced arrest (Fig. 3C). Surprisingly, c-Myc2(T58A) expression blocked rapamycin-induced growth arrest but did not alter the ability of rapamycin
to cooperate with TGF-␤ to induce growth arrest. Biochemical
analyses indicated that, under conditions where TGF-␤ plus
rapamycin cooperated to induce growth arrest, TGF-␤ plus
rapamycin did not induce Rb dephosphorylation or E2F1 or
c-Myc downregulation. These results indicate that Rb dephosphorylation and E2F1 and c-Myc downregulation are dispensable for growth arrest induced by TGF-␤ plus rapamycin in
c-Myc2(T58A)-transformed cells and perhaps more generally.
Similar to c-Myc, the Ras oncogene is often activated during
human tumorigenesis and abolishes TGF-␤-induced growth
arrest (35, 38, 63). It was important therefore to examine
whether TGF-␤ and rapamycin cooperate to inhibit the proliferation of Ras-transformed cells. Transformation of Mv1Lu
cells by V12H-Ras largely blocked TGF-␤-mediated growth
arrest, as well as partially overriding rapamycin-induced
growth arrest (Fig. 3D). TGF-␤ plus rapamycin did not induce

growth arrest as effectively in the V12H-Ras-transformed cells
as in the E2F1- or c-Myc2(T58A)-transformed cells; however,
TGF-␤–rapamycin treatment inhibited proliferation to a
greater extent than either treatment alone. No Rb dephosphorylation or downregulation of E2F1 or c-Myc was observed
under conditions where TGF-␤ plus rapamycin inhibited proliferation by nearly 60%. Together, the results in Fig. 3C and D
suggest that TGF-␤ plus rapamycin may induce growth arrest
of transformed cells through a mechanism distinct from that
employed by TGF-␤ in nontransformed cells, since TGF-␤–
rapamycin-mediated growth arrest can occur in the absence of
classically observed TGF-␤ cell cycle effects. TGF-␤ did not
increase the sensitivity of cells to rapamycin inhibition of the
mTOR pathway. Rapamycin alone completely inhibited p70s6k
phosphorylation and partially inhibited PHAS1 phosphorylation, and cotreatment with TGF-␤ plus rapamycin did not
cause any further decrease in p70s6k or PHAS1 phosphorylation in all of the nontransformed and transformed cell lines
examined (data not shown).
Rapamycin cooperation with TGF-␤ to induce growth arrest
is mediated by rapamycin binding to FK506 binding protein(s). We next examined the effect of rapamycin on TGF-␤mediated signaling events to more fully understand the mechanisms by which rapamycin cooperates with TGF-␤ to induce
growth arrest. We examined whether rapamycin alters 125ITGF-␤ ligand binding to cell surface receptors in affinity crosslinking experiments (Fig. 4A), since many cancers exhibit decreased levels of T␤RI or T␤RII (64). Rapamycin did not
significantly alter TGF-␤ binding to T␤RI, T␤RII, or T␤RIII
relative to either untreated controls or vehicle controls in
MDA-MB-231 mammary carcinoma cells. Identical results
were also obtained in similar experiments employing DU145
cells (data not shown), suggesting that rapamycin does not
augment TGF-␤ signaling by potentiating TGF-␤ binding to its
receptors.
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FIG. 2. TGF-␤ and rapamycin cooperate to induce Rb dephosphorylation in NMuMG cells. (A) NMuMG cells were treated for 24 h with either
normal growth medium (C), 10 ng of TGF-␤/ml (T), 100 nM rapamycin (R), or 10 ng of TGF-␤/ml and 100 nM rapamycin (T ⫹ R) and were
subjected to [3H]thymidine incorporation analyses as for Fig. 1. (B) NMuMG cells were treated as for panel A, and cell extracts were prepared
and subjected to immunoblot analyses as described in Materials and Methods using antibody specific for total Rb, Rb phosphorylated on
Ser249/Thr252 [P-Rb(S249/T252)], Rb phosphorylated on Thr821 [P-Rb(821)], E2F1, c-Myc, or ␤-tubulin as a loading control.
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Previous studies indicating that FKBP12 binds and inhibits
the function of T␤RI and that FK506 and rapamycin induce
the release of FKBP12 from the receptor (4, 15, 62, 77, 80)
raise the possibility that rapamycin cooperates with TGF-␤ to
induce growth arrest by reversing FKBP12-mediated inhibition
of T␤RI. If this hypothesis is correct, then FK506 should also
cooperate with TGF-␤ to induce growth arrest to an extent
similar to that observed with rapamycin. This hypothesis was
directly tested by performing [3H]thymidine incorporation experiments in cells treated with various combinations of TGF-␤,
rapamycin, and FK506 (Fig. 4B and C). As expected, rapamycin cooperated with TGF-␤ to induce growth arrest in both the
nontransformed Mv1Lu (Puro. Cont.) and DU145 human
prostatic carcinoma cell lines. The Novartis rapamycin derivative RAD001, like rapamycin, cooperated with TGF-␤ to inhibit cell proliferation (Fig. 4B). FK506, however, did not cooperate with TGF-␤ to induce growth arrest in either the
Mv1Lu cells or the DU145 cells. Rapamycin and FK506 are
structurally similar and bind to the same binding pocket on
FKBP12 and thus compete with each other for FKBP12 binding. Consequently, 500 nM FK506 not only did not cooperate
with TGF-␤ to induce growth arrest in the Mv1Lu or DU145

cells but also blocked the ability of rapamycin to augment
TGF-␤-induced growth arrest. Together, the results in Fig. 4B
and C suggest that rapamycin does not accentuate TGF-␤induced growth arrest by releasing FKBP12 from T␤RI but
that rapamycin cooperates with TGF-␤ signaling to induce
growth arrest by binding to a FK506 binding protein(s).
TGF-␤ and rapamycin cooperate to induce growth arrest of
human carcinoma cells. TGF-␤ and rapamycin cotreatment
induced growth arrest of cells transformed by three different
oncogenes, suggesting the possibility that TGF-␤ plus rapamycin may be effective in inhibiting the proliferation of tumor
cells that harbor a variety of oncogenic lesions. MDA-MB-231
human mammary carcinoma cells and DU145 human prostatic
carcinoma cells were therefore treated with TGF-␤, rapamycin, or TGF-␤ plus rapamycin and were subjected to [3H]thymidine incorporation assays (Fig. 5A and B) or sequential
cell-counting assays (Fig. 5C and D) to test the hypothesis that
TGF-␤ and rapamycin cooperate to inhibit the proliferation of
human carcinomas. The results of both assays indicate that
TGF-␤ and rapamycin cooperate to inhibit the proliferation of
these two human carcinoma cell lines.
We screened a number of different nontransformed cell
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FIG. 3. Rapamycin cooperates with TGF-␤ to induce growth arrest of cells transformed by E2F1, c-Myc, and V12H-Ras. (A) Mv1Lu cells
transformed with E2F1 (E2F1-13) were treated for 24 h with normal growth medium (C), 10 ng of TGF-␤/ml (T), 100 nM rapamycin (R), or 10
ng of TGF-␤/ml plus 100 nM rapamycin (T ⫹ R). The cells were then subjected to [3H]thymidine incorporation assays as for Fig. 1 (left panel),
or cell extracts were subjected to immunoblot analyses using antibody to total Rb, Rb phosphorylated on Ser249/Thr252 [P-Rb(S249/T252)], Rb
phosphorylated on Thr821[P-Rb(T821)], E2F1, or c-Myc or ␤-tubulin as a loading control (right panel). Results of [3H]thymidine incorporation
assays are presented as the average percent control incorporation of six replicate determinations ⫾ standard deviation. (B) Mv1Lu cells
transformed with c-Myc (c-Myc-5) were subjected to [3H]thymidine incorporation analyses (left panel) or immunoblot analyses (right panel) as for
panel A. (C) Mv1Lu cells transformed with c-Myc2(Ala58) [c-Myc(58A)-7] were subjected to [3H]thymidine incorporation analyses (left panel) or
immunoblot analyses (right panel) as for panel A. (D) Mv1Lu cells transformed with V12H-Ras (Ras-9) were subjected to [3H]thymidine
incorporation analyses (left panel) or immunoblot analyses (right panel) as for panel A.
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lines and human carcinomas for their sensitivity to TGF-␤,
rapamycin, or TGF-␤ plus rapamycin (Table 1) to determine
whether TGF-␤ and rapamycin cooperate to induce growth
arrest in cells of epithelial origin in a more general way. TGF-␤
and rapamycin cooperated to induce a degree of growth arrest
that was significantly greater than that induced by either agent
alone in all epithelial cell lines tested. NIH 3T3 fibroblasts,
however, which are not growth arrested by TGF-␤, exhibited a
similar level of growth inhibition in the presence of rapamycin
or TGF-␤ plus rapamycin. Although the differences in thymidine incorporation observed were statistically significant (P ⫽
0.017), the magnitude of the difference observed was small (51
versus 58% of control), suggesting that TGF-␤ and rapamycin
do not cooperate to potently inhibit the proliferation of all cell
types. Significantly, the combined effect of TGF-␤ and rapamycin was cytostatic, since no detectable cell death was apparent, either visually or as a sub-G0/G1 2N DNA content peak in
flow cytometry experiments in any of the cell lines examined.
In addition, the proliferation of Mv1Lu cells was not inhibited
by BMP4, BMP6, or BMP7 alone. Further, BMPs did not
cooperate with rapamycin to inhibit cell proliferation (data not
shown). Together, these results indicate that rapamycin-mediated potentiation of growth arrest is not a general phenomenon observed with all TGF-␤ superfamily members.
Effects of TGF-␤ and rapamycin on proliferation-related
signaling pathways in DU145 cells. DU145 cells were treated
with TGF-␤ and rapamycin, alone or in combination, and the

resulting cell extracts were analyzed by immunoblotting (Fig.
6A) to determine the reasons for the lack of responsiveness of
DU145 cells to TGF-␤ and the enhanced responsiveness to
TGF-␤ in the presence of rapamycin. Surprisingly, TGF-␤ induced p21 expression even in the absence of rapamycin, but
downregulation of E2F1, a well-characterized cell cycle response to TGF-␤ (46, 73), was observed only upon treatment
with both TGF-␤ and rapamycin. Rapamycin treatment caused
p70s6k and PHAS1 dephosphorylation as evidenced by shifts in
electrophoretic mobility, and combined treatment with rapamycin and TGF-␤ had no additional effect on p70s6k or PHAS1
phosphorylation. These results suggest that, while rapamycin
potentiates some biochemical responses to TGF-␤, TGF-␤
does not potentiate rapamycin effects on p70s6k and PHAS1
phosphorylation. Interestingly, while rapamycin has been demonstrated (27, 29, 34, 43, 82) to induce cyclin D1 and c-Myc
downregulation and while TGF-␤ induces c-Myc and cyclin D1
downregulation in some cell types (41, 56, 67, 68), neither
rapamycin nor TGF-␤ altered c-Myc or cyclin D1 levels in
DU145 cells, indicating that the growth-inhibitory effects of
TGF-␤ plus rapamycin are independent of changes in c-Myc or
cyclin D1 levels.
The observation that TGF-␤ treatment induced p21 suggested that TGF-␤-stimulated signaling pathways are intact in
the DU145 cells but are uncoupled from the cell cycle. Since
TGF-␤-dependent induction of p21 and p15 and repression of
c-Myc are mediated in part by the Smad transcription factors
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FIG. 4. Rapamycin potentiation of TGF-␤-induced growth arrest is mediated by rapamycin binding to FK506 binding protein(s). (A) MDAMB-231 cells were treated for 24 h with normal growth medium (C), dimethyl sulfoxide vehicle (V), 10 ng of TGF-␤/ml (T), 100 nM rapamycin
(R), or 10 ng of TGF-␤/ml plus 100 nM rapamycin (T ⫹ R), and 125I-TGF-␤ affinity cross-linking experiments were performed as described in
Materials and Methods. Puro. Cont. cells (B) or DU145 cells (C) were treated with 10 ng of TGF-␤/ml and various combinations of rapamycin,
the Novartis rapamycin derivative RAD001, or FK506 for 24 h as indicated, and [3H]thymidine incorporation assays were performed as for Fig.
2.
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(14, 86), we examined the effect of TGF-␤ and rapamycin
on the Smad-dependent transcriptional reporter construct
(CAGA)12-luc (20). As shown in Fig. 6, TGF-␤ potently stimulated Smad-dependent transcription, rapamycin was without
effect, and the combination of TGF-␤ plus rapamycin stimulated transcription only slightly more than TGF-␤ alone. These
results were similar to the effects observed with endogenous
p21 levels.
We performed transcriptional reporter assays using an E2Fluciferase reporter construct (Fig. 6C) to verify that the decrease in E2F1 levels in Fig. 6A, lane T ⫹ R, correlated with a
decrease in E2F-dependent transcription. The results suggest
that, while TGF-␤ and rapamycin can each partially inhibit
E2F-dependent transcription, the combination of both agents
is more effective at inhibiting E2F-dependent transcription,
consistent with their cooperative effect in downregulating endogenous E2F1. Additional experiments demonstrated that
downregulation of the E2F1 protein correlated with a decrease
in E2F1 mRNA (data not shown). Together, these results
indicate that TGF-␤ activates the Smad signaling pathway in
DU145 cells. Activation of this pathway in DU145 carcinoma
cells is not sufficient to induce growth arrest, even though the
Smad pathway mediates growth arrest in nontransformed cells
(48).
TGF-␤–rapamycin-induced arrest of DU145 cells correlates
with Cdk2 inhibition and increased p21 and p27 binding to
Cdk2. DU145 cells were previously shown to be refractory to
growth arrest by TGF-␤ and to lack TGF-␤ inhibition of Cdk2
activity (16). We hypothesized that TGF-␤ and rapamycin

TABLE 1. TGF-␤ and rapamycin cooperate to induce growth arrest
of multiple nontransformed epithelial cell lines and
human carcinoma cell linesa
% control
[3H]thymidine
incorporation

Cell line (description)

Mv1Lu (mink lung epithelial cells)
HaCaT (human keratinocytes)
BALB/MK (mouse keratinocytes)
NMuMG (mouse mammary
epithelial cells)
MCF10A (human mammary
epithelial cells)
MDA-MB-231 (human mammary
carcinoma cells)
DU145 (human prostatic carcinoma
cells)
A549 (human lung carcinoma cells)
NIH OVCAR-3 (human ovarian
carcinoma cells)
NIH 3T3 (mouse fibroblasts)
a

P

T

R

T⫹R

20
53
34
54

41
54
28
76

1
19
1
20

⬍0.0001
0.03
⬍0.0001
⬍0.0001

58

49

11

⬍0.0001

86

58

33

0.0016

90

48

17

⬍0.0001

96
43

57
55

15
11

0.006
⬍0.0001

106

58

51

0.017

The cell lines indicated were treated for 24 h with either 10 ng of TGF-␤
(T)/ml, 100 nM rapamycin (R), or 10 ng of TGF-␤/ml plus 100 nM rapamycin (T
⫹ R). In each case, [3H]thymidine incorporation in normal growth medium was
set at 100% (not shown) and the incorporation observed in the treated cells was
presented as percentage of control [3H]thymidine incorporation. The results
presented are the average of six replicate determinations. In all cases the differences between treatment with T ⫹ R and treatment with T or with R are
statistically significant (P ⬍ 0.05) using Student’s unpaired t test. The P values
shown represent the difference between T ⫹ R treatment and the single-drug
treatment (T or R) with the value closest to that of T ⫹ R treatment.
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FIG. 5. TGF-␤ and rapamycin cooperate to inhibit the proliferation of human carcinoma cells. MDA-MB-231 (A) or DU145 human carcinoma
(B) cells were subjected to [3H]thymidine incorporation assays as for Fig. 2. The values are shown over the bars. MDA-MB-231 (C) or DU145
(D) cells were plated as described in Materials and Methods and treated as for Fig. 4A and B, and cells were counted on sequential days using
a Coulter counter. Results are presented as the average of triplicate determinations ⫾ standard deviation.
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would cooperate to inhibit Cdk2 activity since combined treatment of DU145 cells with TGF-␤ and rapamycin induced a
growth arrest (Fig. 4). As demonstrated in Fig. 7A, TGF-␤ did
not strongly inhibit Cdk4 activity in DU145 cells and only
partially inhibited Cdk2 activity. In contrast, treatment with
both TGF-␤ and rapamycin strongly inhibited Cdk2 but not
Cdk4 activity. Analysis of the kinase assay immunoprecipitates
by immunoblotting (Fig. 7B) showed that the increased Cdk2
inhibition observed upon treatment with both TGF-␤ and
rapamycin correlated with an increased association with the
cyclin-dependent kinase inhibitors p21 and p27. These data
suggest that TGF-␤ and rapamycin cooperate to inhibit cell
proliferation specifically by inhibiting Cdk2 kinase activity.
TGF-␤–rapamycin inhibition of Cdk2 activity in NMuMG
cells correlates with increased p27 binding to Cdk2 in the
absence of changes in total p27 levels. We performed similar
experiments with the nontransformed NMuMG cell line to
determine whether the cooperative inhibition of Cdk2 by
TGF-␤ and rapamycin occurred in other cell types (Fig. 8). As
with the DU145 cells, TGF-␤ partially inhibited Cdk2 activity
and TGF-␤ plus rapamycin inhibited Cdk2 activity more effectively. Interestingly, immunoblots of whole-cell extracts indicated that, while none of the treatments significantly altered
total p21 or p27 levels (Fig. 8B), TGF-␤ increased the amount
of both p21 and p27 that coprecipitated with Cdk2 in the
immune-complex kinase assays. Combined treatment with
TGF-␤ and rapamycin further increased the amount of p27 but

decreased the amount of p21 that coprecipitated with Cdk2,
suggesting that, under these conditions, Cdk2 inhibition correlates better with p27 association than with p21 association.
Time-dependent inhibition of DU145 cell proliferation by
TGF-␤ plus rapamycin correlates with inhibition of Cdk2 activity and increased p27 binding to Cdk2. We examined the
time course of Cdk2 inhibition, since Smad2 phosphorylation
induced by TGF-␤ and p70s6k and PHAS1 dephosphorylation
induced by rapamycin occur within minutes, while cell cycle
arrest generally takes several hours. As indicated in Fig. 9A
and B, Cdk2 inhibition by TGF-␤ plus rapamycin was apparent
at 8 h and increasingly more dramatic at 12 and 24 h. p21
association with Cdk2 was observed within 8 h, but the further
inhibition of kinase activity observed at 12 and 24 h correlated
with increased p27 binding, while the amount of p21 associated
with Cdk2 increased only slightly.
Immunoblot analysis of total cell extracts (Fig. 9C) showed
that levels of p21- and TGF-␤-receptor-phosphorylated Smad2
were near maximal at 8 h, demonstrating that TGF-␤ activates
the Smad signaling pathway in DU145 cells in a rapid and
sustained manner. In other experiments, TGF-␤ induced
Smad2 phosphorylation within 15 min and p21 upregulation
within 2 h and rapamycin-induced p70s6k and PHAS1 dephosphorylation was apparent within 15 min. Substantial inhibition
of Cdk2 activity however, was not observed until later time
points (ⱖ8 h) (data not shown). Rapamycin-dependent dephosphorylation of p70s6k and p85s6k, which are alternatively
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FIG. 6. DU145 cells exhibit TGF-␤-dependent activation of Smad signaling. (A) DU145 cells were treated for 24 h with normal growth medium
(C), 10 ng of TGF-␤1/ml (T), 100 nM rapamycin (R), or 10 ng of TGF-␤1/ml plus 100 nM rapamycin (T ⫹ R), and immunoblotting experiments
on whole-cell extracts were performed using antibodies specific for the indicated proteins. Total extracts from HEK 293 (293) cells were used as
a positive control in Rb, p107, and p130 immunoblotting experiments. (B) DU145 cells were treated as for panel A, and (CAGA)12-luciferase
assays were performed as described in Materials and Methods. Assays were performed in triplicate, and results are presented as relative luciferase
units (RLU) normalized to micrograms of protein assayed. (C) Luciferase assays were performed using an E2F-luciferase reporter construct, and
the results are presented as for panel B.
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translated protein products of the same mRNA (70), was near
maximal at 8 h. Total p27 levels did not dramatically change
over the time course of the experiment, but p27 association
with Cdk2 increased at 12 and 24 h following treatment. These
results suggest that the time-dependent inhibition of Cdk2
activity by TGF-␤ plus rapamycin correlates best with increased association of p27 with Cdk2 but does not correlate
with changes in the total levels of p27 and does not occur with
the same kinetics as p21 induction, Smad2 phosphorylation,
and p70s6k dephosphorylation. Significantly, the inhibition of

cell proliferation by TGF-␤ plus rapamycin, as measured by
[3H]thymidine incorporation, correlated with inhibition of
Cdk2 activity in a time-dependent manner (Fig. 9D).
TGF-␤ plus rapamycin induces dissociation of E2F4:p107/
p130 complexes from Cdk2 and dephosphorylation of Cdk2 at
Thr160. The results in Fig. 9 suggested that TGF-␤–rapamycininduced growth arrest results from a time-dependent change in
the composition of Cdk2 complexes. Larger-scale immunoprecipitation experiments were performed followed by immunoblot analyses (Fig. 10) to more fully characterize changes in

FIG. 8. TGF-␤ and rapamycin cooperate to inhibit Cdk2 activity in NMuMG cells. (A) NMuMG cells were treated as in Fig. 7, and cell extracts
were prepared and subjected to immune-complex kinase assays using Cdk2 or Cdk4 antibody or normal rabbit IgG (Rab. IgG) as a control (top
panel). A portion of the kinase assays was subjected to immunoblot (IB) analysis using antibody to Cdk2, p21, or p27 (lower panels). IP,
immunoprecipitation. (B) Total protein extracts from cells treated as for panel A were analyzed by immunoblot with antibody specific for p21 or
p27 or actin as a loading control.
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FIG. 7. TGF-␤ and rapamycin cooperate to inhibit Cdk2 activity in DU145 cells. (A) DU145 cells were treated as for Fig. 6, and cell extracts
were prepared and subjected to immune-complex kinase assays using Cdk2 or Cdk4 antibody as described in Materials and Methods. GST,
glutathione transferase. (B) A portion of the kinase assays was subjected to immunoblot (IB) analysis using antibody specific for Cdk4, Cdk2, p21,
or p27. IP, immunoprecipitation.
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Cdk2 complexes. As in Fig. 9, TGF-␤ plus rapamycin induced
a rapid association of p21 with Cdk2, followed by increased p27
association at later time points. Interestingly, TGF-␤–rapamycin treatment induced dissociation of E2F4, p130, and p107
from Cdk2. These results are consistent with previous results
showing that p107 binding to Cdk2 is mutually exclusive with
p21 binding (3, 90) and that, while p130 and p107 are capable
of inhibiting Cdk2 activity (18, 19, 83, 90), p130, p107, and
E2F4 are present in Cdk2 complexes in rapidly growing
DU145 cells. We examined the phosphorylation of Cdk2 on
Thr160 using phosphorylation-state-specific antibodies, since
p27 binding to cyclin A-Cdk2 complexes was previously shown
to inhibit the activating phosphorylation of Cdk2 on Thr160 by
cyclin-dependent kinase activating kinase. These experiments
showed that the time-dependent inhibition of Cdk2 activity
(Fig. 9) correlates with a time-dependent dephosphorylation of
Cdk2 at Thr160. Thus, inhibition of Cdk2 activity by TGF-␤
plus rapamycin may result not only from direct inhibition by
p21 and p27 but also indirectly from dephosphorylation at
Thr160. Dephosphorylation at Thr160 could potentially result
from (i) prevention of Cdk2 phosphorylation by p21 and/or p27
association, (ii) inhibition of cyclin-dependent kinase activating kinase toward Cdk2, as occurs in HepG2 cells in response
to TGF-␤ treatment (57), or (iii) an increased rate of dephosphorylation at Thr160 by kinase-associated phosphatase. Together, these results suggest that combined treatment with

TGF-␤ and rapamycin alters the composition of Cdk2 complexes in a complicated, time-dependent manner, ultimately
culminating in the inhibition of Cdk2 kinase activity and inhibition of E2F-dependent transcription.
DISCUSSION
Evidence has been accumulating for some time that TGF-␤
acts as an endogenous suppressor of tumorigenesis and that
the tumor suppressor function of TGF-␤ is inactivated in carcinomas. The development of therapeutic approaches to reactivate or mimic the TGF-␤ tumor suppressor pathway in cancers, however, is in its infancy. In this report we demonstrate
that rapamycin potentiates TGF-␤-induced growth arrest in
nontransformed cells, partially restores TGF-␤-induced biochemical responses and growth arrest in oncogene-transformed cells, and cooperates with TGF-␤ to induce growth
inhibition of several human carcinoma cell lines.
Rapamycin and TGF-␤ inhibit cell proliferation in an additive manner in many of the experiments presented. However,
biochemical analyses indicate that rapamycin potentiates
TGF-␤ responses, while TGF-␤ does not alter rapamycin responses. For example, TGF-␤ induces a partial dephosphorylation of Rb in NMuMG (Fig. 2) and combined treatment with
TGF-␤ and rapamycin induces a more complete Rb dephosphorylation, while rapamycin alone has no effect on Rb phos-
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FIG. 9. TGF-␤ plus rapamycin inhibit Cdk2 activity in DU145 cells in a time-dependent manner. (A) DU145 cells were treated with normal
growth medium (C) or 10 ng of TGF-␤1/ml plus 100 nM rapamycin (T ⫹ R) for the indicated periods, and cell extracts were prepared and subjected
to immune-complex kinase assays as for Fig. 7. IP, immunoprecipitation; IB, immunoblotting. The results of kinase assays were quantitated and
plotted (B) with the control Cdk2 activity at each time point normalized to 100%. (C) Total protein extracts from cells treated as for panel A were
analyzed by immunoblotting with antibodies specific for the indicated proteins. (D) Cells treated as for panel A were pulsed with [3H]thymidine
for the last 2 h of each time point, and [3H]thymidine incorporation into DNA was quantitated and presented as the average of six replicate
determinations ⫾ standard deviation.
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phorylation status. In contrast, TGF-␤ does not augment the
ability of rapamycin to induce p70s6k or PHAS1 phosphorylation (Fig. 6). Defining the interaction between TGF-␤ and
rapamycin-sensitive signaling as either additive or cooperative
is also complicated because rapamycin induces growth arrest
through mechanisms independent of effects on TGF-␤ signaling. For example T47D human mammary carcinoma cells lack
functional TGF-␤ receptors yet are still potently growth inhibited by rapamycin (data not shown). Thus, due to the biochemical complexity involved in the interactions between TGF-␤
and rapamycin and our incomplete knowledge of the mechanisms of TGF-␤ and rapamycin-induced cell cycle arrest, the
interaction between TGF-␤ and rapamycin does not strictly fit
the classical definition of an additive, synergistic, or cooperative interaction.
Our results indicate that the ability of rapamycin to augment
TGF-␤-induced antiproliferative responses is not due to alterations in TGF-␤ receptor levels or FKBP12 binding to T␤RI.
Rapamycin restores TGF-␤-induced growth arrest to various
degrees in cells transformed by the E2F1, c-Myc,
c-Myc2(T58A), and V12H-Ras oncogenes. In E2F1-and c-Myc
transformed cells, rapamycin restoration of TGF-␤-induced
growth arrest is associated with Rb dephosphorylation. Rapamycin cooperates with TGF-␤ to induce growth arrest in the
absence of Rb dephosphorylation or E2F1 or c-Myc downregulation in c-Myc2(T58A)- and V12H-Ras-transformed cells.
These observations, combined with the finding that TGF-␤ and
rapamycin cooperate to inhibit the proliferation of DU145
cells, which lack functional Rb (10, 79, 89), suggest that Rb
dephosphorylation is dispensable for TGF-␤–rapamycin-induced growth arrest. The fact that TGF-␤ and rapamycin cooperate to inhibit the proliferation of c-Myc2(T58A)- and

V12
H-Ras- transformed Mv1Lu cells in the absence of the
hallmarks of TGF-␤-induced growth arrest, including Rb dephosphorylation and E2F1 and c-Myc downregulation, suggests that TGF-␤ plus rapamycin may inhibit cell proliferation
through a novel mechanism. The data in Fig. 5 and Table 1
suggest that this putative novel mechanism of growth arrest
may extend to human carcinoma cells.
Analysis of the mechanisms of TGF-␤–rapamycin-induced
growth arrest in DU145 carcinoma cells shows that growth
inhibition is associated with inhibition of Cdk2 activity but not
of Cdk4 activity. Inhibition of Cdk2 activity by TGF-␤plus
rapamycin is associated with increased p21 and p27 binding to
Cdk2 and dephosphorylation of Cdk2 at Thr160. The ability of
TGF-␤ and rapamycin to cooperate to inhibit Cdk2 activity is
interesting in light of previous observations that the ability of
Ras and Myc to cooperatively transform cells and induce tumorigenesis in mouse models correlates with their ability to
stimulate Cdk2 activity and downregulate p27 (45).
Our results suggesting that rapamycin cooperation with
TGF-␤ to inhibit Cdk2 activity involves the cyclin-dependent
kinase inhibitor p27 in the TGF-␤ resistant DU145 carcinoma
cells are consistent with previous reports demonstrating that
rapamycin blocks interleukin-2-induced mitogenesis of T cells
by preventing Cdk2 activation (61) and that the lack of TGF␤-induced growth arrest in Ras-transformed Mv1Lu cells is
due to p27 mislocalization to the cytoplasm (49). In addition,
p27 phosphorylation and localization were shown to differ between TGF-␤- resistant and TGF-␤-sensitive human mammary
epithelial cell lines. Together these results suggest that p27
plays an important role in TGF-␤-induced growth arrest; however, the exact part that p27 plays in TGF-␤ responses is likely
to be complicated. T cells from p27-null mice respond normally to both TGF-␤- and rapamycin-induced growth arrest
(58). More recently, however it has been shown that, in the
absence of both p27 and p21, p130 becomes upregulated and
maintains normal cell cycle-dependent regulation of Cdk2 activity and in so doing compensates for the absence of p27 and
p21 (19). Thus, the ability of TGF-␤ plus rapamycin to induce
growth arrest in transformed cells and cancer cells suggests
that the combined signaling effects of these agents may activate
growth arrest mechanisms that are redundant in normal cells.
Knowledge of the biochemical mechanisms by which TGF-␤
plus rapamycin induce growth arrest in carcinomas may be
important in the development of novel therapeutic strategies
against cancer, since one or more of the normal growth arrest
pathways is lost in cancer cells (75).
The observation that TGF-␤–rapamycin treatment of
DU145 cells induces dissociation of p130, p107, and E2F4 from
Cdk2 in parallel with increased p21 and p27 binding suggests
that TGF-␤ plus rapamycin may regulate Cdk2 activity and
E2F-dependent transcription simultaneously. It was proposed
recently that p107 acts as a scaffolding protein facilitating the
formation of a complex containing Cdk2, cyclin A, E2F4, and
DP1 (90). This complex was proposed to sequester E2F4 in an
inactive form until Cdk2 becomes activated, phosphorylates
p107, and releases E2F4-DP1 complexes capable of activating
transcription. If this model is correct, then the induction of
increased p21 and p27 binding to Cdk2 may not only inhibit
Cdk2 activity but may also keep E2F4 and DP1 in transcriptionally inactive or transcriptionally repressive complexes with
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FIG. 10. TGF-␤ plus rapamycin alter the composition of Cdk2
complexes in a time-dependent manner. DU145 cells were treated as
for Fig. 9, and cell extracts were subjected to immunoprecipitation (IP)
using Cdk2 antibodies or normal rabbit IgG (Rab. IgG). Immunoprecipitates were analyzed by immunoblotting (IB) with antibody specific
for Cdk2, Cdk2 phosphorylated on Thr160, E2F4, p130, p107, p21, or
p27.
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p107 or p130. According to this model, TGF-␤ plus rapamycin
would simultaneously inhibit Cdk2 activity and E2F-dependent
transcription, both of which are required for cell cycle progression (28, 51, 84, 85).
Overall, the data presented here suggest that rapamycin
treatment may be effective in restoring the TGF-␤ tumor suppressor pathway in a subset of tumors. Such a therapy might be
particularly effective against tumors that secrete autocrine
TGF-␤ but are resistant to TGF-␤-induced growth arrest because of oncogene activation. Many breast cancers and prostate cancers secrete autocrine TGF-␤, and autocrine TGF-␤ is
thought to play an important role in tumor progression. Thus,
it is possible that rapamycin in addition to directly inhibiting
tumor cell proliferation may also inhibit tumor growth by potentiating autocrine or paracrine TGF-␤-induced growth arrest.
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