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ctivation of the mTORC1 pathway
has been implicated in many types
of cancer, and several mTORC1 inhibitors are currently under clinical trials for
treating various cancer patients. Notably,
Temsirolimus has recently been approved
for treatment of advanced renal cell carcinoma. However, the role of mTORC1
pathway in colorectal tumorigenesis
remains largely unknown. We have
recently found that the mTORC1 pathway is activated in intestinal adenomas
of Apc mutant mice, accompanied by an
elevated level of mTOR protein, and that
treatment with RAD001, an mTORC1
inhibitor, suppresses the growth of these
polyps. Our results suggest an important
role of mTORC1 pathway in colorectal
cancer, as well as a therapeutic possibility
for mTORC1 inhibitors in its treatment.
mTORC1 and Cancer
Activation of mTORC1 in cancer and
anti-tumor effects of mTORC1 inhibitors. The mammalian target of rapamycin
complex 1 (mTORC1) signaling plays key
roles in cell growth and metabolism in
response to environmental changes. The
mTORC1 activity is regulated by upstream
signals from growth factors, amino acids,
stresses and energy state, and its activation
induces phosphorylation of S6 kinase and
4EBP1, leading to enhanced translation
of a subset of mRNAs that are important
for cell growth and metabolism.1 Recent
studies have revealed that the PI3K-Akt
pathway, MEK-Erk pathway2 and AMPK
signaling3 represent major upstream
regulators of the mTORC1 pathway.
Activation of Akt or Erk, or inhibition
of AMPK leads to decreased activity of
TSC1/2 complex as a GTPase-activating

protein (GAP) toward the small GTPase
Rheb.4 GTP-bound Rheb then activates
mTORC1 by antagonizing FKBP38, an
endogenous mTOR inhibitor (Fig. 1).5
Activation of the mTORC1 pathway
has been observed in various types of cancer.6 Since activating mutations of mTOR
itself have not been reported so far, dysregulation of the upstream signaling is likely
to be responsible for the mTORC1 activation in cancer. Consistently, aberrations
of the upstream signaling molecules are
frequently observed in cancer cell lines,
as well as in clinical samples from cancer
patients.6,7 Such aberrations include deletion or inactivating mutations of PTEN,
and activating mutations of PIK3CA or
K-Ras, which lead to constitutive activation of the PI3K-Akt pathway. Mutations
of TSC2 also increase the risk of renal cell
carcinoma.8 Essential roles of the mTORC1
activation in tumorigenesis induced by
these upstream mutations are supported
by studies using mouse models. Namely,
mTORC1 activation has been observed in
tumors that developed in transgenic mice
carrying constitutively active allele of Akt
or K-ras,9-12 in Pten knockout mice,13,14
and in mice with prostate-specific Rheboverexpression.15 Importantly, tumors in
these mice were all sensitive to treatment
with rapamycin or its derivatives (except
Rheb transgenic mice that were not tested).
Accordingly, clinical trials are ongoing
with mTORC1 inhibitors for glioblastoma, lung cancer, renal cell carcinoma,
and other cancers.6 Notably, Temsirolimus
(CCI-779) has been approved by FDA
for treatment of advanced renal cell carcinoma, and a recent report has shown
that Everolimus (RAD001) is effective for
treatment of patients with metastatic renal
cell carcinoma in a phase III trial.16
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Figure 1. mTOR signaling in intestinal polyps of Apc ∆716 mice. (Left) In the normal epithelium of intestine, β-catenin is degraded by destruction
complex containing APC, Axin and GSK3β. β-Catenin is finally destructed through the ubiquitin-proteasome pathway. Activity of mTORC1 signaling
is regulated by energy state, nutrients etc. (Right) In the adenoma epithelium of intestinal polyps, loss of heterozygosity (LOH) of Apc gene results in
β-catenin stabilization and activation of the Wnt signaling, and triggers off polyp initiation. mTORC1 signaling is constitutively activated in polyps. This
activation is not affected by nutrient deprivation or PI3K-Akt pathway inhibition. mTOR protein is increased in adenoma epithelium with activated Wnt
signaling activation. Treatment with RAD001 inhibits adenoma cell growth.

mTORC1 and cell proliferation.
Deregulated proliferation is one of the
hallmarks of cancer cells. The mTORC1
signaling appears to be involved in cancer
cell proliferation because mTORC1 inhibitors strongly suppressed tumor cell proliferation in mouse models described above,
and delayed cell cycle progression in some
cancer cell lines in culture. mTORC1
positively controls the level of cell cycle
regulators, such as cyclin D, E and A,17,18
although the precise mechanism remains
unclear. It is also reported that eIF4GI,
which is regulated by mTORC1 indirectly, controls translation of Skp2, a ubiquitin ligase involved in the degradation of
CDK inhibitor p27/Kip1.19 Activation of
mTORC1 has also been shown to stimulate degradation of p27 through activation
of serum/glucocorticoid regulated kinase
(SGK).20 Consistent with these findings,
activation of mTORC1 was shown to
accelerate cell cycle progression in colon
cancer cell lines and in mouse enterocytes,
causing their chromosomal instability.21
mTORC1 and angiogenesis. In addition to cell-autonomously regulated proliferation, angiogenesis also plays essential
roles in tumor growth by supplying oxygen
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and nutrients. Accordingly, angiogenesis
can be a therapeutic target, and treatment
with anti-vascular endothelial growth factor (VEGF) antibody combined with chemotherapy has been shown to increase the
survival of patients with metastatic colorectal cancer.22 Interestingly, rapamycin
inhibited tumor angiogenesis and caused
a marked regression of tumor transplants
derived from cancer cell lines that were
rapamycin-insensitive in vitro.23 Many preclinical studies have shown that mTORC1
inhibitors can inhibit angiogenesis by suppressing VEGF production or by directly
suppressing the proliferation of angiogenic
vessel cells.24,25 mTORC1 inhibitors are
thus expected to target both tumor cell
growth and tumor angiogenesis.
mTORC1 and Wnt Signaling in
Intestinal Tumors
mTORC1 signaling in intestinal
tumors. Genes encoding signaling molecules upstream of mTORC1 such as
PIK3CA or KRAS are frequently mutated
in colorectal cancer. It was reported that
the mTORC1 pathway was activated in
about 40% of colorectal cancer patients.26
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However, the efficacy of mTORC1 inhibitors has not been tested in colon cancer
patients. In vitro studies have shown that
the effect of mTORC1 inhibitors on proliferation of colon cancer cell lines varies among cell lines. Some colon cancer
cell lines are sensitive to growth inhibition by rapamycin, while others are not.
Thus, molecules or pathways responsible
for their different sensitivity remain to
be identified.26,27 Although Pten knockout mice and oncogenic K-ras (K-rasG12D )
transgenic mice develop colorectal cancer,
their responsiveness to mTORC1 inhibitors has not been determined.28,29
Wnt signaling in intestinal tumors. In
normal physiology, canonical Wnt signaling is activated by binding of Wnt ligands
to their receptor Frizzled and co-receptor
LRP on the cell surface. Mediated by transducers including Dishevelled, the signaling
inhibits the GSK3β-mediated phosphorylation of β-catenin complexed with APC
and Axin, and thereby reduces degradation of β-catenin through the ubiquitinproteasome system.30 Stabilized β-catenin
now moves into the nucleus, and forms
a complex with TCF/LEF transcription
factors, which results in transcriptional
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activation of their target genes such as
c-myc and cyclin D1 (CCND1).
In most human colorectal cancers,
somatic mutations are found that induce
excessive activation of the Wnt signaling.
Namely, APC gene is mutated in more
than 60% of human colorectal cancer
lesions,31 and many of those that do not
carry APC mutations suffer from mutations in β-catenin at the GSK3β phosphorylation sites. It appears that APC
mutation-induced intestinal tumorigenesis also depends on the transcriptional
corepressor C-terminal binding protein-1
(CtBP1) as suggested in zebrafish and
human samples.32
mTORC1 signaling in Wnt-induced
intestinal tumors. Consistent with the
role of APC in intestinal tumorigenesis,
mice heterozygous for Apc mutations
spontaneously develop a number of intestinal polyps.33,34 We determined the roles
of mTORC1 signaling in the intestinal
tumors of Apc∆716 mouse, a model for
familial adenomatous polyposis (FAP),
developing ~300 polyps in the intestines caused by the loss of heterozygosity
(LOH) at the Apc locus. We found that the
mTORC1 signaling was strongly activated
in the intestinal polyps of the Apc mutant
mice as compared with their normal epithelia.35 Most interestingly, treatment
with RAD001 suppressed their polyp
formation significantly. In particular, the
number of polyps in the large size class (>2
mm in diameter) was reduced dramatically. Furthermore, most RAD001-treated
Apc∆716 mice lived longer than 1 year despite
that the placebo-treated Apc∆716 mice
failed to survive beyond 30 weeks of age.
We also found that expression of cyclin
proteins, especially cyclin E, was reduced
in the polyps of RAD001-treated Apc∆716
mice compared with the placebo-treated
controls. Consistently, BrdU uptake was
also reduced significantly in the intestinal
polyps of RAD001-treated Apc∆716 mice.
These results indicate that activation of
mTORC1 signaling contributes to intestinal tumor cell proliferation.
Tumor angiogenesis is one of the targets
of the mTORC1 inhibitors as mentioned
above, and intestinal polyps of Apc∆716
mice show angiogenic blood vessels,36 suggesting that the mTORC1 inhibitor may
also have affected tumor angiogenesis in
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Apc∆716 mice. As anticipated, treatment
with the mTORC1 inhibitor significantly
reduced the number of angiogenic vessels
in the polyps. It caused disappearance of
the endothelial cells, suggesting that the
mTORC1 inhibitor directly suppresses
the proliferation of angiogenic vessels in
Apc∆716 mouse polyps, although RAD001
treatment did not affect the level of VEGF
in the angiogenic vessels. mTORC1 inhibitors can thus interfere with both proliferation of adenoma epithelial cells and
tumor angiogenesis, by which intestinal
polyp formation is likely to be inhibited
in a synergistic manner. mTORC1 inhibition may be a safer strategy compared
with VEGF pathway inhibition, because
recent reports have shown that anti-angiogenic therapy using such inhibitors
can accelerate malignant progression of
the tumors.37,38 Namely, these inhibitors
cause hypoxia in tumors, which induces
accumulation of hypoxia inducible factor
1 (HIF-1) and subsequent expression of its
target genes involved in cancer metastasis.
mTORC1 inhibitors, in contrast, can suppress expression of HIF-1α and its target
genes.39-41
Although the precise mechanism of
mTORC1 activation in the intestinal polyps remains to be investigated, our data
exclude the involvement of the PI3K-Akt
and Erk pathways, AMPK and the nutrient
status. Instead, we found that expression
of mTOR at the mRNA and protein levels
was increased significantly in the polyps
of Apc∆716 mice. In addition, knockdown
of β-catenin in some human colorectal
cancer cell lines carrying APC mutations
reduced the mTOR protein levels. These
results suggest that mTORC1 activation in
intestinal tumors is mediated, at least partially, through the increased mTOR level
induced by β-catenin accumulation (Fig.
1). Consistently, elevated levels of mTOR
protein have been reported in clinical
samples of colorectal cancer patients.42
Two reports indicated crosstalks
between Wnt signaling and mTORC1
pathway. Namely, GSK3 binds and phosphorylates TSC1/2 in the presence of Wnt,
whereas Dishevelled can interact with
TSC2 in the absence of Wnt, suggesting
that Wnt signaling regulates the mTORC1
signaling.43 On the other hand, mTORC1
signaling is activated by stimulation with

Wnt ligands through suppression of GSK3
activity in several types of cells including
RIE, a rat intestinal epithelial cell line.44
These results indicate that GSK3 complexed with Axin and Apc normally phosphorylates TSC2 and thereby activates
TSC1/2 complex, and that inhibition of
GSK3 activity by Wnt ligands liberates
the mTORC1 from restriction by TSC1/2
complex. However, we have found no
reduction in the kinase activity of GSK3β
in the Apc∆716 polyps, compared with the
normal intestinal epithelium, excluding
the involvement of such a mechanism in
the polyp adenoma. Taken together, we
propose that accumulation of β-catenin
caused by Apc LOH increases the level of
mTOR protein in the intestinal polyps,
which should enhance mTORC1 activation induced by still unidentified cues.
Perspectives
We have found important roles of
mTORC1 signaling activation in the intestinal tumors of Apc∆716 mice. However,
questions remain as to what upstream signals stimulate mTORC1 and how the loss
of Apc or mutation of β-catenin leads to
enhanced mTOR expression.
Recently, several studies have identified new signaling molecules that are
involved in controlling the mTORC1
activity. PRAS40, which has been known
as an Akt substrate, can directly inhibit
mTORC1, although the precise mechanism (i.e., binding to mTOR or competing with mTOR for substrate) appears
controversial.45-47 The Rag GTPase can
bind to mTORC1, and the binding is necessary for amino-acid induced mTORC1
activation.48 On the other hand, it has
been reported that FBXW7 (F-box and
WD repeat domain-containing 7), an
F-box protein component of SCF ubiquitin ligase, binds to mTOR protein and
promotes its ubiquitylation and degradation thorough the proteasome pathway.49
Interestingly, FBXW7 is inactivated in
some colon cancer cell lines and patient
lesions,50 which may be responsible for stabilization of mTOR protein in colorectal
cancer.
Our studies have indicated that
mTORC1 inhibition suppresses intestinal
tumorigenesis and reduces the mortality
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of Apc∆716 mice. We propose that targeting
mTORC1 as a therapeutic strategy may be
an effective armamentarium against colon
cancer.
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