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The mammalian target of rapamycin (mTOR) pathway is activated in the majority of human malignancies and thus seems
a likely therapeutic target. However, this pathway is genetically complex, complicating studies using pharmacologic
mTOR inhibitors. In this issue of the JCI, Hoshii et al. examined mice deficient in one of the mTOR effector complex
proteins, Raptor, to elucidate the role of mMTORCH1 in leukemia. They convincingly demonstrate that Raptor deficiency,
with consequent mTORC1 inhibition, blocks differentiation of leukemia cells and prolongs survival, but also allows a
population of leukemia-initiating cells to persist in what appears to be a state of dormancy. Translating this new
understanding into effective therapeutic strategies will require further study of the molecular mechanisms that underlie
these processes.
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The mammalian target of rapamycin (mTOR) pathway is activated in the
majority of human malignancies and thus seems a likely therapeutic target.
However, this pathway is genetically complex, complicating studies using
pharmacologic mTOR inhibitors. In this issue of the JCI, Hoshii et al. exam-
ined mice deficient in one of the mTOR effector complex proteins, Raptor,
to elucidate the role of mTORCI1 in leukemia. They convincingly demon-
strate that Raptor deficiency, with consequent mTORCI1 inhibition, blocks
differentiation of leukemia cells and prolongs survival, but also allows a
population of leukemia-initiating cells to persist in what appears to be a
state of dormancy. Translating this new understanding into effective thera-
peutic strategies will require further study of the molecular mechanisms that

underlie these processes.

Introduction

The majority of human cancers are char-
acterized by activation of the serine/
threonine kinase mTOR through one
or both of its complexes. Given this fre-
quency, the pathway seems a promising
therapeutic target, and as of April 2012,
ClinicalTrials.gov listed more than 100
cancer clinical trials of mTOR inhibitors,
most of which use an mTOR inhibitor in
combination with a conventional chemo-
therapeutic agent and/or another targeted
agent. However, it has been challenging to
deduce how best to target mTOR thera-
peutically in human malignancy. Even in
benign tumors in tuberous sclerosis com-
plex (TSC) patients (1), in which mTOR
activation is generally believed to be the
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primary driver of tumorigenesis, treat-
ment with mTOR inhibitors yields only
partial tumor regression, with regrowth
when the agents are stopped (2-4).
Targeting mTOR in human cancer is
complex for many reasons. The two dis-
tinct complexes in which mTOR partici-
pates have different functions, different
sensitivity to mTOR inhibition, and can
indirectly regulate each other (5, 6). These
two complexes, termed mTOR complex 1
(mTORC1) and mTORC2 are distinguished
in part by the mTOR-binding partners,
Raptor and Rictor, respectively (Figure 1).
The regulation of these complexes, their
cellular functions, and their kinase targets
are non-overlapping. mTORCI1 controls
protein translation, cell size, and autophagy
through multiple substrates, which include
p70 ribosomal protein S6 kinase, eukary-
ote translation initiation factor 4E bind-
ing protein, and ULK1 (7-10). mTORCI1 is
regulated in part by the Ras homolog Rheb,
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which is inhibited by the TSC1 and TSC2
proteins. mTORC2 appears to have com-
pletely different upstream regulators and
downstream kinase targets, which include
Akt (5, 11). For example, the TSC proteins,
which act via Rheb to inhibit mTORC1, do
not directly inhibit mTORC2. Finally, tar-
geting mTOR in cancer can lead to unde-
sired effects on proliferation and survival.
For example, feedback loops induced by
mTORCI1 inhibition can activate kinases
such as Akt that drive proliferation, and
mTORC1 downregulation induces autoph-
agy, thereby promoting cell survival in
some tumors (12-14).

The power of genetics

Although mTOR kinase is named for its
inhibitory compound (rapamycin), rapa-
mycin and similar agents (often called
rapalogs) inhibit only mTORC1, and their
inhibition of mMTORC1 is incomplete. This
is not surprising, since rapamycin actu-
ally inhibits mTOR indirectly by binding to
FKBP12. Thus mTOR’s other name, FK506
binding protein 12-rapamycin associated
protein (FRAP), is perhaps a more accurate
designation. Further complexity is intro-
duced by the fact that rapalogs can affect
the activity of mTORC2 in some cell types,
particularly at higher doses, and because the
effects of rapalogs on specific substrates are
dynamically regulated. For example, inhibi-
tion of S6K phosphorylation is often sus-
tained for longer periods than inhibition of
4EBP1 phosphorylation.
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Given these complexities, genetic models
have tremendous power to reveal the specif-
ic roles of mMTORC1 and mTORC?2 in dis-
ease, as elegantly demonstrated by Hoshii
et al. in this issue of the JCI (15). Complete
genetic disruption of Raptor results in early
embryonic lethality. Previous studies of
mice with conditional disruption of Rap-
tor in the adipocyte and muscle lineages
had revealed mitochondrial and metabolic
defects (9, 10).

Targeting mTORC1

Hoshii et al. focused on mice with Rap-
tor deficiency to elucidate the role of
mTORCI1 in leukemia. They first stud-
ied the impact of Raptor deficiency in
hematopoiesis using inducible deletion
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of Raptor in all tissues. Mice with Raptor
deficiency induced by injection of tamoxi-
fen at 8 weeks of age died within 17 days;
death was believed to be due to loss of
intestinal villi. Importantly, these mice
also had fewer white blood cells in periph-
eral blood and fewer mononuclear cells
(MNCs) in bone marrow, and their thy-
mus, spleen, and liver were reduced in size,
but hematopoietic progenitor cells (HPC)
in the bone marrow were not reduced (Fig-
ure 2A). Analysis of blood from these mice
revealed decreases in differentiated granu-
locytes and B cells, which was associated
with increased apoptosis in the differen-
tiated cell populations. These data are
compelling and support a model in which
mTORCI activity is required for the dif-
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Figure 1

mTOR signaling. mTOR signaling occurs
through two complexes. (A) mTORC1 and
(B) mTORC2 utilize the adaptor proteins
Raptor and Rictor, respectively. Despite their
common components, these two complexes
are differentially regulated and have differen-
tial effects on cell biology.

ferentiation and development of B cells
and granulocytes, but not for the survival
or proliferation of hematopoietic progeni-
tor cells (HPC) in the bone marrow.

Next, Hoshii et al. used an elegant genetic
approach to investigate the role in Raptor in
the MLL-AF9-driven model of established
acute myelogenous leukemia (AML). They
first isolated hematopoietic stem cells from
mice carrying the floxed Raptor allele and
then retrovirally introduced the MLL-AF9
fusion oncogene to them. When these cells
were transplanted into irradiated recipients
in the absence of tamoxifen, all of the mice
developed leukemia and died within 17
days. However, in the presence of tamoxi-
fen, Raptor deficiency in the leukemia cells
reduced the number of leukemia cells in
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Effect of systemic Raptor deficiency on hematopoiesis. (A) Ablation of Raptor in adult mice resulted in reduced liver, thymus, and spleen size,
decreased levels of circulating white blood cells, and fewer MNCs in BM, but normal levels of BM HPCs. (B) Raptor deficiency in leukemia cells
prolonged mouse survival in a model of MLL-AF9-driven leukemia. Tm, tamoxifen.
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the blood and bone marrow, and the sur-
vival of the mice was markedly prolonged
(Figure 2B). These data clearly support a
critical role of Raptor in leukemia progres-
sion. Consistent with the earlier results, in
the leukemia model the authors found that
Raptor deficiency primarily impacted dif-
ferentiated cells, allowing undifferentiated
AML cells to persist in the bone marrow.
Several approaches were used to validate
this, including in vivo limiting-dilution
transplantation assays and a particularly
compelling experiment in which retroviral
reintroduction of Raptor restored the abil-
ity of the cells to differentiate and induce
overt leukemia.

Taken together, the findings of Hoshii
et al. convincingly demonstrate in this leu-
kemia model that Raptor deficiency, and
consequent mTORC1 inhibition, blocks
differentiation of leukemia cells and more
than doubles overall survival, but also
allows a population of leukemia-initiating
cells to persist in what appears to be a dor-
mant state (15). The utilization of a genetic
model (Raptor deficiency), rather than a
pharmacologic approach, allows a straight-
forward interpretation of their data.

Therapeutic insight

What are the next steps to translate these
findings into improved therapeutic strate-
gies for patients with leukemia (16-18) and
other tumors associated with mTORC1
activation (19)? One key knowledge gap
involves the molecular mechanisms
through which Raptor deficiency induces
apoptosis in the differentiated cells but
spares the progenitor cells. How do the leu-
kemia “stem cells” proliferate and survive in
the absence of mMTORC1 activity? Once the
mechanisms underlying the persistence of
the progenitor population are understood,
the next hurdle will be to determine how
these mechanisms might be therapeutically
targeted. The development of next-genera-
tion mTOR inhibitors, including inhibitors
of the catalytic activity of mTOR (20), may
play a key role in future therapeutic strate-
gies, allowing the activity of mTOR to be
more completely blocked.

The mechanisms through which leuke-
mia progenitor populations in this MLL-
AF9 model resist mTORCI inhibition may
include feedback activation of the PI3K/
Akt pathway and induction of autophagy
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(14, 21). Deciphering these pathways and
determining whether they are relevant
in human leukemia will almost certainly
involve years of work. Furthermore, even if
the observed differential sensitivity between
differentiated and undifferentiated cells
holds true in other leukemia models, the
resistance mechanisms within progenitor
cells in any one leukemia model may not be
broadly translatable to others, or to other
neoplastic drivers. For example, does the
regrowth of tumors in TSC patients follow-
ing discontinuation of mTORCI inhibitors
reflect a similar reduction in the differenti-
ated cells with persistence of a progenitor
cell population? If the answer is yes, will the
underlying mechanisms be similar to those
in leukemia models? Do these models and
mechanisms apply to solid tumors as well?

Toward an integrated understanding
Mouse models and clinical trials will con-
tinue to provide critical insights into our
understanding of mTOR functions, the
list of agents with which mTOR inhibitors
can be combined is growing, and clinical
successes are emerging. How can we opti-
mize the utilization mTORC1-targeted
therapies in a timeframe that will benefit
patients living with cancer today? In my
opinion, a new data set must be added to
the equation: those patients whose tumors
exhibit unusually significant, “outlier”
responses to mTORCI inhibition, either
as a single agent or in combination. These
response outliers represent the “finish
line,” and are pivotal to deducing the
clusters of germline and somatic genetic
features that predict response. When we
combine these data with the starting line
of animal models and clinical trials, we will
accelerate the discovery of determinants
of response that would otherwise take
years to deduce. Working from both the
start and the finish of the race to identify
effective combinatorial targeted therapeu-
tics will facilitate the rapid integration of
mTORCI1-targeted therapies into strat-
egies that induce durable responses in
human malignancy.
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