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serum-free medium, IGF-I stimulated Akt activation in MCF-7 cells
and that cotreatment with rapamycin enhanced this activation >2-
fold (Fig. 44). This further supports the idea that mTOR negatively
regulates IGF-I signaling in these cells.

IGF-I prevents and IGF-IR inhibitors enhance the anti-
proliferative effects of rapamycin. Rapamycin analogues have
shown limited antitumor activity in clinical trials (21). IGF-I has
been shown to rescue rhabdomyosarcoma cells from rapamycin-
induced apoptosis, suggesting that IGF-I may antagonize the
effects of mTOR inhibition (22). If so, our data implies that
induction of IGF-I-dependent Akt activation by rapamycin could
be responsible for attenuating its anticancer effects. We tested
whether IGF-I could interfere with rapamycin-induced inhibition
of tumor cell proliferation. MCF-7 cells were serum-starved for 16
hours and treated with rapamycin in the presence or absence of
IGF-1 (Fig. 44). Rapamycin treatment dramatically reduced the
cell proliferation rate, but cells treated with both rapamycin
and IGF-I were not inhibited and proliferated at a rate similar to

the cells treated with IGF-I alone. When added to rapamycin-
treated cells in serum-free medium, IGF-I acted to completely
abrogate the antiproliferative effects of rapamycin. In addition,
the induction of pAkt(S473) was >2-fold higher in cells treated
with both rapamycin and IGF-I as compared with cells treated
with either agent alone.

As IGF-I rescued cells from the antiproliferative effects of
rapamycin, we tested whether IGF-IR inhibition enhanced the
antiproliferative effect of rapamycin in cells growing in serum. Cells
were treated with rapamycin, with or without NVP-AEW541, for 3
days. Simultaneous administration of NVP-AEW541 and rapamycin
to DU-145, MCF-7, and MDA-MB-468 (Fig. 4B) cancer cells resulted
in additive antiproliferative effects as compared with either agent
alone. Cell cycle analysis revealed additive effects on G, arrest
in the MCF-7 and DU-145 cell lines after 2 days of treatment with
the combination of IGF-IR and mTOR inhibitors as compared
with cells treated with either single agent or vehicle (Fig. 4C).
On comparison with control and single agent-treated cells, an
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Figure 2. mTOR inhibition activates Akt in humans. A, liver
metastasis of a colorectal carcinoma from a patient treated with a
daily administration of RAD0OO1 for 4 weeks. pAkt was expressed in
nuclei and cytoplasm of tumor cells (1) and levels of expression
increased after therapy (2). Skin infiltration by ductal carcinoma in a
patient treated with a weekly administration of RAD0OO1 for 4 weeks.

A similar increment of pAkt was observed before (3) and after therapy
(4); (3,3-diaminobenzidine, pAkt 400). B, evaluation of levels of pAkt in
paired tumor samples from patients treated with daily and weekly

RADO0O1 RADOO1 administration of RADOO1 by immunohistochemistry. A significant
increment (P = 0.018) of this protein was observed in eight patients.
C, tumor and biopsy characteristics. The characteristics of each tumor
biopsy and the dose schedule of the eight patients in the RAD001
clinical trial are described.
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Figure 3. IGF-I signaling mediates AKT activation induced by
mTOR inhibition. A and B, the induction of pAkt (S473) by
rapamycin was abrogated by the small-molecule inhibitor of IGF-IR,
NVP-AEWS541, and by the monoclonal antibody against IGF-IR, A12,
in both the DU-145 prostate cancer cell line (A) and the MCF-7
breast cancer cell line (B). Total Akt levels did not change. C, 1
nmol/L rapamycin treatment up-regulates IRS-1 levels in MCF-7,
DU-145, and MDA-MB-468 cell lines by 1 hour, and this induction
persists for 24 hours. IRS-2 levels remain unchanged.

enhanced sub-G; population was observed in MDA-MB-468 cells
after 2 days of treatment with combined mTOR and IGF-IR
inhibitors (Fig. 4C).

Discussion

Dysregulation of mTOR function via physiologic or mutational
activation of upstream pathways is a common event in tumors
from many lineages (2, 11). We speculated that tumor cells with
activated mTOR display a phenotype functionally equivalent to
insulin-resistant diabetes with an exaggerated down-regulation
of upstream signaling molecules like IRS-1 (4-8). We report here
that, in a variety of tumor cell lines, the mTOR inhibitory drug
rapamycin up-regulates IRS-1 protein levels and induces Akt
phosphorylation, protein kinase activity, and downstream signal-
ing. In parallel clinical studies with the rapamycin derivative
RADO01 (Novartis Pharma), the intensity of immunohistochemical
staining of tumor biopsies for p-Akt was significantly elevated after
4 weeks of drug treatment. These data suggest that the induction of

Akt activity observed in tumor cells in tissue culture is biologically
relevant and may be important clinically.

Rapamycin and rapamycin-like molecules inhibit mTOR effi-
ciently in patients, are useful as immunosuppressants, and
suppress S6 kinase activity in normal and tumor cells in vitro
and in vivo (18). Pharmacologic inhibition of mTOR has been
shown to potently inhibit tumor cells with activation of PI3K/Akt
signaling due either to PTEN loss, expression of Akt, or growth
factor activation (16). In this regard, rapamycin derivatives are
effective in in vivo models, as recently shown in myr-Akt-driven
transgenic models of prostatic neoplasia (17). The Akt activation
induced by rapamycin in tumor cells, however, is likely to reduce its
antitumor effects, by activating pathways that attenuate its effects
on proliferation and apoptosis. In tumors in which Akt activation is
induced, rapamycin will not effectively inhibit PI3K/Akt kinase
signaling except insofar as it is mediated through mTOR. We show
here that IGF-I overcomes the rapamycin-induced inhibition of
MCF-7 proliferation in serum-free medium. This result is
consistent with those of Houghton and coworkers, who showed
that induction of apoptosis by rapamycin via ASK-1 activation
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Figure 4 Continued. C, in the breast cancer cell line, MCF-7, and the prostate cancer cell line, DU-145, 2 days of combined mTOR and IGF-IR inhibition with
rapamycin (1 nmol/L) and NVP-AEW541 (1 pmol/L) resulted in enhanced G arrest. In the breast cancer cell line, MDA-MB-468, 2 days of combination treatment

resulted in enhanced apoptosis compared with single agent treatment groups.

occurs in serum-free but not serum-containing medium (22). We
find that inhibition of induction of Akt activation with agents that
block IGF-I signaling enhances cell cycle arrest and apoptosis
induction by rapamycin.

Despite the results from model systems, the clinical antitumor
activity of mTOR inhibitor analogues has been modest at best.
Our demonstration that rapamycin can induce Akt phosphory-
lation in tumors implies that its potential antitumor activity is
attenuated by release of feedback inhibition of growth signaling
pathways. The results also suggest a new model for the
development of effective combinatorial anticancer therapy.
Combined inhibition of constitutively activated oncoproteins
and of normal pathways that are down-regulated by oncopro-
tein-inhibition (and thus up-regulated by oncoprotein-targeted
drugs) may be much more effective than either alone. For the
specific case discussed in this article, the work provides a
rationale for tailored combination therapy with an mTOR
inhibitor and an inhibitor of the growth factor receptor, such
as IGF-IR, that normally drives PI3K activity in that tumor.
Considering our results in which LY294002 abrogates rapamycin-
induced Akt kinase activity, and the report by Sun et al. detailing
the combined efficacy of LY294002 and rapamycin in non-small
cell lung cancer cell lines, mTOR inhibitors and PI3K inhibitors
might also be a promising combination therapy (15).

We have shown that rapamycin induces Akt activity and that
abrogating this induction could enhance the antitumor effects of
rapamycin in vitro, but the mechanism of rapamycin-induced Akt

activity remains unclear. Our finding that rapamycin treatment
induces IRS-1 expression suggests that rapamycin’s inhibition of
p70/S6K results in increased IGF-IR/IRS-1/PI3K signaling to Akt.
Previous reports have shown that p70/S6K mediates phosphor-
ylation of IRS-1 inhibitory serine sites (S312 and/or S636/639)
which lead to IRS-1 degradation (8, 23, 24). Thus, suppression of
p70 activity by rapamycin may prevent inhibitory IRS-1 phos-
phorylation, thereby stabilizing IRS-1. An increase in IRS-1
adapter protein levels may induce Akt activity by augmenting
IGF-IR signaling to PI3K/Akt. The inhibition of pAkt induction
with LY294002 implies that the phenomenon is PI3K-dependent
and supports this mechanism. However, LY294002 inhibits several
PI3K-like kinases, including mTOR, and has been reported to
inhibit the activity of rictor-mTOR, recently described as the Akt
$473 kinase/PDK2 (25-27). It is possible that rapamycin, by some
unknown mechanism, induces rictor-mTOR activity, resulting in
increased S473 Akt levels. These possibilities are currently under
investigation.
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