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Abstract

The stringent regulation of hematopoietic stem cell (HSC) quiescence versus cell cycle progression
is essential for the preservation of a pool of long-term self-renewing cells and vital for sustaining an
adequate supply of all blood lineages throughout life. Cell growth, the process that is mass increase,
serves as a trigger for cell cycle progression and is regulated predominantly by mammalian target of
rapamycin complex 1 (mTORCL1) signaling. Emerging data from various mice models show deletion
of several mMTORCL negative regulators, including PTEN, TSC1, PML and Fbxw?7 result in similar
HSC phenotypes characterized as HSC hyper-proliferation and subsequent exhaustion, and defective
repopulating potential. Further pharmacological approaches show that PTEN, TSC1 and PML
regulate HSC maintenance through mTORC1. mTORC1-mediated cell growth regulatory circuits
thus plays a critical role in the regulation of HSC quiescence.
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Stem cells are characterized by their differential capabilities and extensive self-renewal
potential and play key roles in tissue maintenance and regeneration.! Adult tissue stem cells
exist in a variety of organs, including bone marrow, skin, gastrointestinal epithelium, and the
central nervous system, among which hematopoietic stem cell (HSC), the stem cells
functioning to sustain all blood effector lineages throughout life, has served as the paradigm
for understanding of stem cell biology.2

HSCs exist in a relatively quiescent state in the bone marrow microenvironment, and
experience an estimated single cell division every 2-4 weeks in the mouse. HSCs can be
activated to rapidly enter cell cycle to regulate hematopoiesis as physiological demands dictate.
2 The maintenance of HSC reserves therefore demands strict control over HSC quiescence and
proliferation in the context of various intrinsic and extrinsic cues.3 Imbalances in these
processes can lead to various hematological disorders: insufficient HSC proliferation would
impair hematopoiesis and cause bone marrow failure, while hyper-proliferation of HSC might
lead to exhaustion of HSC reserves and overproduction of various blood lineages, which could
result in the development of hematological malignancy. Consistent with the essential role of
quiescence in the regulation of HSC homeostasis, many key regulators of cell cycle progression
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including p27KiP1, p21CiPl Bmi1, p18INK4c p16!NK4a c_Myc have been shown to be integral
in the regulation of self-renewal and multi-lineage differentiation of adult HSCs.* >

While cell proliferation leads to an increase in cell number, cell growth refers to increased cell
mass brought about primarily by the synthesis of macromolecules such as protein and lipid.
Cell growth is a prerequisite for cell cycle progression in that cells must grow to certain mass
before they can commit to the cell division cycle and divide. Thus, sustained cell proliferation
must be coupled to appropriate cell growth.® While considerable information exists on the key
roles of cell cycle components in the regulation of HSC biology, much less is known about the
essentiality and functions of cell growth control regulators in HSC homeostasis.

MTORCL1, the central mediator of cell growth

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved serine/threonine
kinase of the phosphatidylinositol kinase-related kinase (PIKK) subfamily. mTOR forms two
distinct multi-protein complexes, rapamycin-sensitive mTOR complex 1 (mTORC1) and
rapamycin-insensitive mTOR complex 2 (MTORC2).” mTORC1 consists of mTOR, Raptor,
PRAS40, and mLST8, and functions as the key regulator of protein synthesis and cell growth.
mTORC1 controls mRNA translation, ribosome synthesis, metabolism-related gene
expression, and autophagy via phosphorylation of a variety of downstream targets, among
which are two key phosphorylation substrates S6 Kinase and 4E-BP1. mTORC2 is comprised
of mTOR, Rictor, Sinl, and mLST8, and mainly functions to regulate cell survival/proliferation
and actin cytoskeleton organization through phosphorylation of Akt. 7

One key upstream regulator of mMTORC1 is TSC1-TSC2 complex (Figure 1). TSC1 and
TSC2 are tumor suppressors mutated in Tuberous Sclerosis Complex Syndrome (TSC), a rare
condition affecting ~1 in 6,000 individuals and manifesting as hamartoma formation in a wide
range of tissues.8 TSC1 and TSC2 form a stable complex and function as the GTPase activating
protein (GAP) of the small GTPase, Rheb. Rheb cycles between GTP-bound active form and
GDP-bound inactive form, and can potently activate mTORC1 when existing in active form.
TSC1-TSC2 complex inhibits mMTORC1 activity and restrains cell growth by stimulating Rheb
GTP hydrolysis.8

mTORC1 integrates various upstream signaling, including growth factor, energy stress and
hypoxia, to regulate cell growth mainly through TSC1-TSC2 complex.%: 10 Growth factor
stimulation results in PI3K-Akt activation, and activated Akt promotes mTORCL1 signaling
through Akt-mediated phosphorylation of both TSC2 and PRAS40, in which Akt-mediated
phoshorylation of TSC2 relieves the inhibitory effect of TSC1-TSC2 complex on mTORC1
activation and cell growth. The PTEN tumor suppressor functions to antagonize PI3K, thus
extinguishing AKT activation (Figure 1).11 Energy stress, on the other hand, leads to the
activation of AMP-activated protein kinase (AMPK), which suppresses mTORC1 signaling
via AMPK-mediated phosphorylation of both TSC2 and Raptor. Here AMPK-mediated
phosphorylation of TSC2 promotes the inhibitory function of TSC1-TSC2 complex on
mMTORC1 activation and AMPK-mediated Raptor phosphorylation suppresses mTORC1
activation by Raptor.12-14 Furthermore, hypoxia inhibits mTORC1 activity through induction
of REDD1 and REDD1-mediated dissociation of growth factor-stimulated TSC2/14-3-3
complex formation.1® Recently, it has been shown that PML also contributes to hypoxia
suppression of mMTORCL activation through sequestration of mMTOR into PML nuclear bodies
upon hypoxia (Figure 1).18 Finally, amino acid signals activate mTORC1 through a TSC1-
TSC2-independent, but Rag GTPases-dependent mechanism.17: 18
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Recent genetic studies in murine models have established that several components of the
mTORC1 signaling pathway play important roles in the regulation of HSC maintenance.
Studies by Yilmaz et al 19 and Zhang et al 20 demonstrated that Mx-Cre-directed somatic
deletion of tumor suppressor Pten in the hematopoietic system drives HSCs from a quiescence
state into rapid cycling, resulting in HSC depletion. Pten deficient HSCs fail to sustain long-
term hematopoietic reconstitution in the lethally irradiated recipient mice. Pten mutant mice
also developed myeloproliferative disorder (MPD), which further progresses to frank
leukemia. These studies thus established that PTEN plays differential roles in the maintenance
of normal HSCs and leukaemic stem cells, thus providing a potential conceptual framework
for the development of effective yet tolerable cancer drugs. Notably, treatment of mMTORC1
inhibitor rapamycin reverses HSC depletion and leukemia phenotype in Pten deficient mice,
implicating the critical role of mMTORC1 signaling in the HSC depletion and leukemia
phenotype observed in Pten deficient mice.19

Recent studies from our group 2 and Chen et al 22 showed that somatic deletion of TSC1 in
HSC compartment leads to marked increased HSC proliferation, but subsequent progressive
HSC depletion and defective long-term repopulating potential. Both studies further
documented that rapamycin treatment can rescue HSC hyperproliferation and defective
repopulating capability phenotypes observed in TSC1 deficient mice, strongly suggesting that
TSC1, like PTEN, regulates HSC quiescence via mTORCL. Indeed, the phenotypes from
TSC1 deficient mice described above share many similarities with those of Pten KO mice,1%:
20 including increased proliferation leading to short-term expansion, but long-term depletion
of HSCs, HSC mobilization to extramedullary sites, lineage development defects with blockade
of lymphocyte development and expansion of myeloid development. It is noteworthy that,
although our TSC1 KO mice develop MPD,2! the other study showed that TSC1 deletion leads
to reduced myeloid development.22 These discrepancies are very likely due to different deletor
strains used in these two studies (Rosa26CreERT2 used in our study vs Mx-Cre in the other
study), which might result in different deletion patterns in hematopoietic microenvironment.
Whether hematopoietic microenvironment plays any role in the regulation of myeloid
proliferation resulting from TSC1 deficiency remains further investigation. Regardless of this,
our TSC1 KO mice do not develop leukemia as shown in Pten KO mice, pointing to the
existence of TSC-mTORC1 independent mechanisms to mediate PI3K-PTEN-AKkt signaling
function in HSCs. Along these lines, our recent studies?3 and those of others?4 show that the
FoxO transcriptional factors, the other key downstream substrate of Akt, can also serve as
important regulators of HSC homeostasis. Specifically, conditional deletion of FoxOs in adult
murine hematopoietic system results in similar phenotype as observed in Pten deficient mice.
Thus, these findings from TSC1, Pten and FoxO KO studies 19-24 collectively support the view
that both TSC and FoxO pathways function as two key downstream effector arms of PI3K-
PTEN-AKkt signaling in the regulation of HSC maintenance (Figure 1). However, the inter-
relationship of TSC and FoxO pathways in HSC biology is not understood.

Two other mTORC1 regulators also play similar roles in the regulation of HSC homeostasis.
Pandolfi’s group demonstrated that PML deficient mice exhibit increase cell cycling, resulting
in short-term increased, but long-term reduced HSC repopulating ability.2> Importantly, hyper-
activation of mMTORCL is evident in PML KO HSCs, and rapamycin treatment rescues
repopulation defect observed in PML KO mice.2> Mechanistically, they showed that PML can
associate with mTOR and functions to inhibit mMTORC1 signaling under hypoxia condition
through sequestration of mTOR into PML nuclear bodies.18 In the other study from Matsuoka
et al-26 deletion of tumor suppressor Fbxw?7 in murine hematopoietic system led to similar

Cell Cycle. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gan and DePinho

Page 4

phenotypes characterized as HSC depletion and impaired repopulating capacity due to active
cell cycling. Fbxw?7 is a subunit of SCF ubiquitin ligase complex and functions to target
ubiquitination and degradation of a number of proteins.2’ Interestingly, one such FBxw?7 target
is mTOR which is targeted by Fbxw?7 for degradation, and mTORC1 was shown to be hyper-
activated in the hematopoietic organs from Fbxw7 heterozygous mice.2® Since Fbxw?7 also
targets other component involved in the regulation of HSC homeostasis, such as c-Myc and
Notch,27 it remains to be determined whether Fbxw7-mediated mTOR degradation plays any
causal role in the regulation of HSC maintenance.

Conclusion and future perspectives

In summary, the confluence of data from recent genetic studies have demonstrated that deletion
of one of several negative regulators of mTORC1, including PTEN,1% 20 TSC1,21: 22 pML,
25 and Fbxw7,26 leads to strikingly similar phenotypes in the HSC compartment, namely active
cell cycling driving HSCs from quiescence, leading to HSC exhaustion and defective long-
term HSC repopulating potential. Importantly, pharmacological approaches convincingly
pinpoint MTORC1 in mediating the effects from PTEN, TSC1 and PML.19: 21 25 Together,
these studies highlight the critical role of mMTORC1-mediated cell growth signaling in the
maintenance of HSC quiescence, and establish a causal role for mTORC1 hyper-activation in
HSC active cell cycling and subsequent exhaustion (Figure 1).

Despite the emerging information supporting the important role of mTORC1 in HSC biology,
many outstanding questions remain to be answered. Future studies will aim to dissect how
mMTORCI integrate various upstream stress signals to regulate HSC maintenance, to identify
the key downstream effectors of mMTORC1 in mediating its functions in HSC biology, and to
further explore the potential role of mMTORCL in other stem cell compartments. In addition, all
the data so far regarding mTORCL1 function in HSC biology have been derived from mTORC1
gain-of-function models resulting from deletion of mMTORCL negative regulators. mTORC1
loss-of-function mice models (such as Raptor conditional deletion mouse model) would be an
important complementary approach for more in-depth understanding of mTORCL functions
in the regulation of HSC homeostasis. Finally, hyper-activation of mMTORCL1 results in the
premature depletion of normal HSCs, but leads to the development of MPD and leukemia as
shown in TSC1 and Pten KO mice models. Further exploring the differential role of MTORC1
in the regulation of leukaemic stem cells and HSCs would provide critical insight into HSC
self-renewal mechanisms and may help illuminate specific therapeutic opportunities for
leukaemia that spare normal stem cells.
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Figrure 1. mTORC1-mediated cell growth machinery in the regulation of hematopoietic stem cell

mTORC1 functions to integrates various upstream signaling pathways to regulate protein
synthesis and cell growth. mTORCL1 hyper-activation resulting from inactivation of PTEN,
TSC1, PML and potentially Fbxw7 (all highlighted in box), drives HSC from quiescent state
and leads to subsequent HSC exhaustion. Akt promotes mTORC1 activation and inhibits FoxO
transcriptional factors. FoxOs (highlighted in box) function to maintain HSC quiescence
through suppression of reactive oxygen species (ROS). For simplicity and for the focus of this
review, several components of mMTORC1 pathway, such as AMPK, REDD1, are not shown in

this figure.
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