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Summary. The phosphatidylinositol 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR)
signaling pathway plays a central role in cell growth,
proliferation, differentiation, and survival under
physiological conditions. Aberrant regulation of the
PI3K/Akt/mTOR signal transduction network has been
observed in a wide range of neoplasias, including
malignant hematological disorders. This observation
suggests that this signaling cascade could also play a
critical role during normal hematopoiesis, a highly
regulated process which results in the formation of all
blood lineages. The development of blood cells
comprises a complex series of events which are mainly
regulated through the actions of cytokines, a large family
of extracellular ligands than can stimulate many
biological responses in a wide array of cell types.
Several of these cytokines are known to activate the
PI3K/Akt/mTOR signal transduction network and thus
regulate proliferation, survival, and differentiation events
during hematopoiesis. Moreover, hematopoiesis is
strictly dependent on the correct functions of the bone
marrow microenvironment. Here, we review the
evidence which links the signals emanating from the
PI3K/Akt/mTOR cascade with the functions of
hematopoietic stem cells and the process of lineage
commitment, which then gives rise to myeloid lineage-
restricted cells. We then further highlight the key role
played by the PI3K/Akt/mTOR network during
erythropoiesis, megakaryocytopoiesis, and granulo-

cytopoiesis/monocytopoiesis.
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Introduction

The phosphatidylinositol 3-kinase (PI3K, a family of
lipid kinases)/Akt/mammalian target of rapamycin
(mTOR) signaling cascade is crucial to widely divergent
physiological processes, which include cell cycle
progression, differentiation, transcription, translation,
apoptosis, endocytosis, motility, and metabolism (Yuan
and Cantley, 2008). Moreover, this pathway has been
implicated in cancer since its discovery 20 years ago,
and in recent years it has become apparent that it is one
of the most frequently targeted pathways in sporadic
human tumors (Yuan and Cantley, 2008). Pathway
activation confers leukemogenic potential to mouse
hematopoietic cells (Guo et al., 2008; Horn et al., 2008).
Since therapeutic targeting of PI3K/Akt/mTOR axis is
being considered as an option for molecularly targeted
treatment of several types of cancers, including
hematopoietic malignancies, it becomes of critical
importance to establish the role, if any, of this network in
normal myelopoiesis, as myelosuppression is quite often
a dose-limiting effect of cytotoxic drugs. The aim of this
review is to give the reader an updated overview of the
relevance of PI3K/Akt/mTOR signaling during normal
myelopoiesis in the adult. However, we shall begin with
a general overview outlining the mechanisms which
govern the PI3K/Akt/mTOR signal transduction
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network.
The PIBK/Ak/mTOR pathway
PI3K

The family of PI3K enzymes is characterized by the
ability to phosphorylate the 3’-OH group of inositol
lipids and comprises three different classes, I, II, and III.
Class I PI3K phosphorylates both phosphatidylinositol
(PtdIns) 4 phosphate and PtdIns 4,5 bisphosphate [PtdIns
(4,5)P,] which are phosphorylated to yield PtdIns
(3,4)P2 and PtdIns 34,5 trisphosphate [PtdIns (3 ,4,5)P3].
The in vivo preferred substrate of class I PI3K is PtdIns
(4,5)P, (Brazil et al., 2004). PtdIns (3,4)P, and PtdIns
(3,4,5§P3 recruit to the plasma membrane pleckstrin
homology (PH) domain-containing proteins, including
Akt and phosphoinositide-dependent protein kinase 1
(PDK1). It is worth mentioning here that some PH
domains require PtdIns (3.4,5)P; while others also bind
PtdIns (3.4)P, (DiNitto and Lambright, 2006). Class I
PI3K is dividzed further into A [activated by receptor
tyrosine kinases (RTKs), Ras, and G-protein coupled
receptors (GPCRs)] and B (activated by GPCRs)
subtype (Fig. 1). Class IA PI3Ks are heterodimeric
enzymes composed of a regulatory (p85a., p858, pS5a,
p55y, p50a) and of catalytic (p110a, p1108B, p1100)
subunit. Class IB PI3K comprises a p101 regulatory and
a pl10y catalytic subunit (Franke, 2008). p110a and
pl10B PI3Ks are ubiquitously expressed and play a
fundamental role in development and cell growth, so that
their homozygous knockout is embryonic-lethal (Jia et
al., 2009). On the other hand, p110a. and 1108 PI3Ks are
highly enriched in leukocytes and mostly related to the
immune system functions, so that their knock-down
leads to defective immune responses (Fruman and
Bismuth, 2009).

Class II PI3Ks, which comprise the PI3K-C2a.,
-C2B, and -C2y isoforms, preferentially phosphorylate
PtdIns to produce PtdIns (3)P. Although class II PI3Ks
are widely expressed in mammalian tissues and organs,
their importance in cell signaling and biology, relative to
that of class I PI3Ks, is not clear at the moment (Kok et
al., 2009).

Vacuolar protein sorting 34 (vps34), is the unique
class III PI3K and exists as a heterodimer bound to the
vpsl5 regulatory subunit (formerly called p150 in
mammals). Vps34 has been implicated in endocytosis,
autophagy, and nutrient signaling (Backer, 2008).

Akt

Akt is a 57-kDa serine/threonine protein kinase
which is the cellular homolog of the v-akt oncogene. The
Akt family includes three highly conserved isoforms:
Aktl/a, Akt2/B, and Akt3/y, which share a high degree
of sequence homology (Brazil et al., 2004). Functional
differences exist between Akt isoforms, as Akt2 is
critically involved in insulin-mediated glucose uptake

(Bae et al., 2003) and in cell motility/invasion/metastatic
potential of cancer cells (Arboleda et al., 2003).

Akt contains an NH,-terminal PH domain, which
interacts with PtdIns (3,4,5)P;. Akt recruitment at the
plasma membrane results in a conformational change,
which enables its activation loop to be phosphorylated
on Thr308 by PDK1 and on Ser473 in the COOH-
terminus by a kinase which has been identified as the
mTOR complex 2 (mTORC?2), although other kinases
could also be involved (Bozulic and Hemmings, 2009)
(Fig. 1). Full Akt activation requires both the
phosphorylation steps. Active Akt migrates to both the
cytosol and the nucleus. Nuclear Akt may fullfil
important anti-apoptotic roles (Martelli et al., 2006).
Nevertheless, the relative contribution of Akt signaling
at the plasma membrane, the cytosol, and the nucleus
remains to be determined.

At present, over 100 Akt substrates have been
identified (Manning and Cantley, 2007). Around 40
substrates which mediate the pleiotropic Akt functions
have been characterized, including caspase-9, Bad,
murine double minute 2, proline-rich Akt substrate 40
(PRAS40), FOXO family of Forkhead transcription
factors, Raf, p27KiPl, p21CiP/WAFL "olycogen synthase
kinase 3B (GSK38), endothelial nitric oxide synthase.
Each of these substrates has a key role in the regulation
of cell proliferation, survival, and differentiation, either
directly or through an intermediary (Downward, 2004;
Franke, 2008).

mTOR

mTOR is a 289-kDa enzyme which belongs to the
PI3K-related kinase family and bears a COOH-terminal
catalytic domain with significant sequence homology to
PI3K. In spite of this homology, mTOR functions
exclusively as a protein kinase (Memmott and Dennis,
2009). mTOR exists as two complexes, referred to as
mTOR complex 1 (mMTORC1) and mTORC2. mTORC1
is composed of mTOR/Raptor/mLST8/PRAS40/
FKBP38/Deptor and is sensitive to rapamycin and its
derivatives. mMTORC2 comprises mTOR/Rictor/mLST8/
SIN1/Protor/Deptor and is generally considered as being
insensitive to rapamycin, even if long-term treatment of
several cell lines with rapamycin indirectly inhibits
mTORC?2, by inducing its dissociation (Dunlop and Tee,
2009). mTORCI1 regulates translation in response to
nutrients/growth factors by phosphorylating components
of the protein synthesis machinery, including p70S6
kinase (p70S6K) and 4E-BP1 (eukaryotic initiation
factor 4E-binding protein 1). p70S6K phosphorylates the
408 ribosomal protein, S6, leading to active translation
of mRNAs, while 4E-BP1 phosphorylation by mTORC1
results in the release of the eukaryotic initiation factor
4E (elF4E), allowing elF4E to participate in the
assembly of a translational initiation complex which
recruits ribosomes to mRNA (Ma and Blenis, 2009).
Therefore, mTORC1 regulates a variety of steps
involved in protein synthesis, but in particular it controls
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the expression of molecules such as c-Myc, cyclin D1,
cyclin-dependent kinase 2, retinoblastoma protein,
hypoxia-inducible factor-1o., ornithine decarboxylase,
p27%iPl and vascular endothelial growth factor, which
are key determinants of cell proliferation, survival, and
angiogenesis (Dunlop and Tee, 2009; Mamane et al.,
2006). mTORCI also inhibits autophagy, a non-
apoptotic form of cell death (Crazzolara et al., 2009).
Akt-mediated regulation of mTORCI activity is a
multi-step phenomenon. Akt inhibits TSC2 (Tuberous
Sclerosis 2 or hamartin) function through direct
phosphorylation. TSC2 is a GTPase-activating protein
(GAP) that functions in association with TSCI1
(Tuberous Sclerosis 1 or tuberin) to inactivate the small
G protein Rheb (Ras homolog enriched in brain). TSC2
phosphorylation by Akt represses the GAP activity of
the TSC1/TSC2 complex, allowing Rheb to accumulate
in a GTP-bound state (Fig. 1). The mechanism by which
Rheb-GTP activates mTORC1 has not been fully
elucidated yet, although Rheb requires to be farnesylated
for activating mTORC1 (Mavrakis et al., 2008). Akt also
phosphorylates PRAS40, an inhibitor of mTORCI, and
by doing so, it prevents PRAS40 ability to suppress
mTORCI signaling (Wang et al., 2008). Thus, this could

GPCRs RTKs

(OThr308 —

be yet another way by which Akt activates mTORCI.
Moreover, PRAS40 is a substrate of mTORC1 itself, and
it has been demonstrated that mTORC1-mediated
phosphorylation of PRAS40 facilitates the removal of its
inhibition on downstream signaling of mTORC1
(Fonseca et al., 2007).

Also, Ras/Raf/mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinase
(ERK) 1/2 signaling positively impinge on mTORCI.
Indeed, both p90RSK and ERK 1/2 phosphorylate TSC2,
thus suppressing its inhibitory function (Ma et al., 2005)
(Fig. 1). mTORCT signal transduction is inhibited by the
master metabolic regulator, energy-sensing AMP-
dependent protein kinase (AMPK), because AMPK
phosphorylates and activates TSC2, thus inhibiting Rheb
function (Hong et al., 2003).

mTORC?2 activation is only partially understood
however, it requires PI3K and the TSC1/TSC2 complex,
but is independent of Rheb (Huang and Manning, 2009)
and is largely insensitive to either nutrients or energy
conditions. mMTORC2 phosphorylates Akt on Ser473
which enhances subsequent Akt phosphorylation on
Thr308 by PDK1 (Sarbassov et al., 2005). mTORC2
plays a role in cytoskeleton organization by controlling

Fig. 1. The PI3K/Akt/mTOR
pathway. GPCRs, receptor
tyrosine kinases RTKs, and
Ras stimulate class | PI3K
activity. PI3K generates PtdIns
(3,4,5)F’3 from PtdIns (4,5,)P,.
Ptdins (3,4,5)P; attracts to the
plasma membrane PDK1
which phosphorylates Akt on
Thr308. Full Akt activation

GSK38, requires Ser473 phospho-
FOXOs, rylation, which is effected by
Bad mTORC2. Once activated,
Akt phosphorylates and
inactivates several substrates,
including GSK3B, FOXO
transcription factors, and Bad.
Active Akt inhibits TSC2
activity through direct
phosphorylation. TSC2 is a
GAP that functions in
association with TSC1 to
inactivate the small G protein
Rheb. Akt-driven TSC1/TSC2
complex inactivation allows
Rheb to accumulate in a GTP-
bound state. Rheb-GTP then
up-regulates, through a
mechanism not yet fully
elucidated, the protein kinase
activity of mTORC1. mTORC1
targets p70S6K and 4E-BP1
which are critical for
translation. Ribosomal S6 protein is a target of p70S6K. TSC1/2 complex (but not Rheb) is required to activate mTORC2. mTORC2 regulates actin
polymerization and phosphorylates PKCo. and e. However, other signaling cascades impinge on mTORC1, including the Ras/Raf/MEK/ERK1/2/ p90RSK
pathway and the AMPK network. Arrows indicate activating events, whereas perpendicular lines highlight inhibitory events.
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actin polymerization (Jacinto et al., 2004) and
phosphorylates protein kinase C (PKC) a and ¢ (Huang
and Manning, 2009).

Akt and mTORC1/2 are linked to each other via
positive and negative regulatory circuits, which restrain
their simultaneous hyperactivation through a mechanism
involving p70S6K and PI3K. Assuming that an
equilibrium exists between mMTORC1 and mTORC2,
when mTORCI is formed, it could antagonize the
formation of mTORC?2 and reduce Akt activity. Indeed,
once Akt activates mTORCI, the latter elicits a negative
feedback loop to inhibit Akt activity (Dunlop and Tee,
2009). This negative regulation of Akt activity by
mTORCT is attributed to the effect of p70S6K on insulin
receptor substrate (IRS) 1, downstream of insulin
receptor and/or insulin-like growth factor-1 receptor
(Shah et al., 2004; Bhaskar and Hay, 2007). Indeed,
p70S6K phosphorylates and inactivates IRS1. Moreover,
mTORCI1 is capable of downregulating IRS2 expression
by enhancing its proteosomal degradation (Sriburi et al.,
2004). Consistently, mTORC]1 inhibition by the
rapamycin analogue, RADOO1, increased IRS2
expression and Akt phosphorylation levels (Tamburini et
al., 2008).

Deptor is a recently identified component of both
mTORC1 and mTORC2, which acts as negative
regulator of their protein kinase activity (Peterson et al.,
2009). In agreement with its inhibitory role on
mTORCI, Deptor overexpression characterizes a subset
of multiple myeloma which displays high levels of
phosphorylated Akt (Peterson et al., 2009).

Negative regulation of PISK/Akt/mTOR signaling

Phosphorylated inositol lipids are not hydrolyzed by
any known phospholipase. Instead, they are regulated by
phosphatases to control PI3K/Akt/mTOR-dependent
signaling. PTEN is a dual specificity lipid and protein
phosphatase that preferentially removes the 3’-phosphate
mainly from PtdIns (3.4,5)P;, but is also active on PtdIns
(3.4,)P,, thereby antagonizing network signaling (Keniry
and Parsons, 2008; Stiles, 2009). PTEN inactivating
mutations or silencing occur in a wide variety of human
cancers and this results in Akt/mTOR up-regulation.
Therefore, PTEN is a tumor suppressor acting up-stream
of Akt. Two other phosphatases, SHIP-1 and SHIP-2 (for
Src homology domain-containing inositol phosphatase),
are capable of removing the 5-phosphate from PtdIns
(3,4,5)P, to yield PtdIns (3,4,)P2 (Kalesnikoff et al.,
2003). \i’hile SHIP-1 is predominantly expressed in
hematopoietic cells, SHIP-2 is more ubiquitous. An
important role for SHIP-1 in normal hematopoiesis has
been recently described (Ong et al., 2007; Hazen et al.,
2009). Protein phosphatase 2A (PP2A), which is rapidly
emerging as a new oncosuppressor, down-regulates Akt
activity, through dephosphorylation of Thr308 (Eichhorn
et al., 2009). Finally, Thr308 and Ser473 residues of Akt
are targeted by the two isoforms (1 and 2) of PH domain
leucine-rich repeat protein phosphatase (PHLPP),

another candidate tumor suppressor (Brognard and
Newton, 2008).

Normal hematopoiesis

Since most blood cells display a very short half-life,
every day billions of mature blood cells are replenished
in humans, during steady-state hematopoiesis. Moreover,
the hematopoietic system also quickly responds to
physiological stresses, such as bleeding and infection
(Robb, 2007). The integrity of hematopoiesis is strictly
dependent on the existence and persistence in the adult
bone marrow of the rare uncommitted hematopoietic
stem cells (HSCs) which display extensive self-renewal
capacity, as well as the ability to commit and develop
towards all blood cell lineages (Luc et al., 2008). HSCs
are defined operationally by their capacity to reconstitute
the entire blood system of a recipient (Orkin and Zon,
2008; Weissman and Shizuru, 2008). At least two types
of HSC have been identified, long-term HSCs (LT-
HSCs) and short-term HSCs (ST-HSCs). LT-HSCs can
provide long-term (>4 months) hematopoietic
reconstitution in the recipient and possess a high self-
replicating activity (Fig. 2).

The prevailing model for adult hematopoietic
lineage commitment is considered as a pyramidal/
hierarchical model, implying that the first lineage
commitment step of HSCs results in a strict separation of
lymphopoiesis and myelopoiesis, giving rise to common
lymphoid (CLP) and myeloid (CMP) progenitors which
are capable of exponential proliferation, as well as
continuing the differentiation process (Reya et al., 2001;
Orkin and Zon, 2008). While CLP will ultimately
develop into natural killer (NK), T, and B lymphocytes,
CMP will evolve into megakaryocyte/erythroid (MEP)
and granulocyte/monocyte (GMP) committed
progenitors (Akashi et al., 2000; Kondo et al., 1997),
which then give rise to myeloid lineage committed cells
(Kaushansky, 2006) (Fig. 2). Thus, myeloid cells include
erythrocytes, megakaryocytes, and granulocytes/
monocytes. An alternative commitment route entails the
existence of progenitors which are restricted to
lymphocytes and granulocytes/monocytes, but
displaying little or no megakaryocyte/erythroid potential
(Montecino-Rodriguez et al., 2001).

It is widely assumed that the dividing HSCs in bone
marrow undergo asymmetric cell division, in which an
individual HSC gives rise to non-identical daughter
cells, one keeping the HSC identity to maintain their
number constant and the other becoming a more
differentiated progenitor cell. HSC activity needs to be
tightly regulated so as to meet physiological demands,
but also to protect HSCs from physical, chemical, and
oncogenetic damage (Shiozawa et al., 2008). The site or
physical microenvironment that regulates self-renewal,
proliferation, and differentiation of HSCs is referred to
as the “HSC niche” (Schofield, 1978; Raaijmakers and
Scadden, 2008). Currently, two types of HSC niches
have been identified in bone marrow; the endosteal niche
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located on the surface of trabecular bone, and the
vascular niche at the bone marrow sinusoids, which are
low-pressure blood vessels with a fenestrated
endothelium located in the center of bone marrow
(Huang et al., 2007).

The niches are composed of different cells, which
include osteoblasts, osteoclasts, endothelial cells,
fibroblasts, and adipocytes (Kiel and Morrison, 2008).
These cells, which are part of the bone marrow
microenvironment, produce the factors that are
necessary for supporting HSC functions. Basal and
emergency hematopoiesis are mostly regulated by
cytokines, a large family of extracellular ligands than
can stimulate a wide array of biological responses in
many cell types (Baker et al., 2007). Several studies
have strongly suggested that osteoblasts residing on the
bone surface are key components of the endosteal HSC
niche, as osteoblast cell lines secrete many cytokines
that promote the proliferation of hematopoietic cells in
culture, and support the in vitro maintenance of HSCs
(Huang et al., 2007). Cytokines can be arranged in a
hierarchical system with broadly acting cytokines such
as stem cell factor (SCF, the ligand for c-Kit tyrosine
kinase receptor) and interleukin (IL) -2, -3, or -7 acting
on multipotential cells, and lineage-specific cytokines,
such as erythropoietin (EPO), acting on specific lineages
(Robb, 2007).

Self-renewal e’ [

SDF-10 |
PO L

SCF T~
TPO l

IL-3 ,
SCF

TPO

SDF-1a
TPO

Platelets Erythrocytes Monocytes

Neutrophils, Eosinophils, Basophils

PI3BK/Akt/mTOR signaling and normal myelopoiesis
HSC maintenance

Most (70%) adult HSCs are in a quiescent state, i.e.
they are in the GO phase of the cell cycle, while only a
small (5%) subset is dividing (Wilson et al., 2008). It has
been hypothesized that quiescence is one of the major
mechanisms to keep HSC function (Orford and Scadden,
2008). The soluble factors which could be involved in
HSC quiescence are unknown. Recent findings suggest
that HSCs are maintained in a quiescent state through
interactions with thrombopoietin (TPO)-producing
osteoblasts (Yoshihara et al., 2007). Nevertheless, other
groups have provided evidence that TPO works in
synergy with IL-3 and SCF to promote proliferation in
vitro of both murine and human HSCs (Kobayashi et al.,
1996; Sitnicka et al., 1996). It is therefore plausible that
a delicate balance in positive and negative signals
downstream from the TPO receptor plays a role in the
regulation of the probability of self-renewal in HSCs
(Seita et al., 2007).

Studies from independent laboratories have
documented that if HSCs undergo active proliferation,
they lose their long-term functions. This could also be
due to environmental changes (Siminovitch et al., 1964;
Harrison et al., 1978). It is now emerging that

Fig. 2. Schematic of current
model for adult hematopoiesis
indicating intermediates in the
hierarchy of hematopoietic
differentiation. Hematopoiesis
progresses from LT-HSCs (which
are capable of self-renewal) to
ST-HSCs that differentiate into
multilineage committed CMP and
CLP. These cells then give rise
to more differentiated dual
progenitors, including those
committed to myelopoiesis, i.e.
megakaryocyte and erythroid
progenitor cells (MEP), as well as
granulocyte and macrophage
progenitor  cells (GMP).
Ultimately, these dual progenitors
originate unilineage committed
progenitors for megakayocytes
(MkP), erythrocytes (EP),
monocytes (MP), and
granulocytes (GP). Some of the
best known cytokines regulating
the proliferation/differentiation
processes are indicated in the
figure. Arrows indicate activating
events, whereas perpendicular
lines highlight inhibitory events.

B, T, NK
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PI3K/Akt/mTORCI signaling play important roles in
HSC maintenance. Conditional deletion of PTEN in
adult murine HSCs resulted in an initial expansion of
HSCs followed by a depletion of LT-HSCs. This
transient increase in HSC number was due to increased
cell cycle progression, which, however, ultimately
resulted in exhaustion of the HSC population (Zhang et
al., 2006). Rapamycin reverted the phenotype of PTEN-
deficient HSCs, suggesting that mTORCI signaling was
responsible for this phenotype (Yilmaz et al., 20006).
Accordingly, TSC1 deficient mice also displayed initial
increased proliferation, leading to short-term expansion
but long-term depletion of HSCs (Chen et al., 2008; Gan
et al., 2008). TSC1 deletion resulted in higher mTORC1
activity which promoted HSC proliferation. These
proliferating HSCs displayed dramatically elevated
reactive oxygen species (ROS) levels which led to their
depletion (Chen et al., 2008). Indeed, ROS dramatically
limit the lifespan of HSCs (Ito et al., 2006) and the bone
marrow HSC niche is thought to be a low-oxygenic
environment which impairs ROS production (Jang and
Sharkis, 2007).

Members of the FOXO family of transcription
factors, FOXO1, FOXO03, and FOX0O4 are substrates of
Akt, which inactivates their transcriptional activity by
increasing FOXO 14-3-3 protein dependent export into
the cytoplasm (Greer and Brunet, 2005). Recently, it has
been reported that FOXO factors are critical for the
long-term maintenance of HSCs. Mice in which
FOXO1, FOX03, and FOX04 were conditionally and
concomitantly deleted in the adult hematopoietic system
displayed a marked reduction of HSC number and
function in response to physiologic oxidative stress
(Tothova et al., 2007). Notably, there was a marked
context-dependent increase in ROS levels in FOXO-
deficient HSC compared with wild-type HSC, which
correlated with changes in expression of genes which
regulate ROS production, including GADDA45, catalase,
and superoxide dismutase Sodl and Sod3. Furthermore,
aged FOXO3a knockout animals also showed a
reduction of the HSC pool and a deficient repopulating
capacity in serial transplantation assays, accompanied by
elevated p38 mitogen activated protein kinase activity
and ROS levels (Miyamoto et al., 2007). Increased exit
from quiescence and enhanced apoptosis, two of the
features observed in FOXO-deficient mutants, could act
in concert to decrease the pool size of HSCs available
for self-renewal (Tothova and Gilliland, 2007).
Interestingly, these findings are in agreement with an
earlier observation which highlighted the importance of
PI3K/Akt/FOXO3 signaling for the survival of Lin-
mouse hematopoietic progenitor cells in response to SCF
(Engstrom et al., 2003). These observations beg the
question of which factors could be involved in the
regulation of HSC quiescence and proliferation. A recent
manuscript by Chabanon et al. (2008) suggests that
stromal cell-derived factor-1a (SDF-1a., also referred to
as CXCL12) and transforming growth factor- (TGF-8)
play an important role in the regulation of HSC cell

cycle status. SDF-1a acts as a survival and proliferating
factor for human CD34" cells by upregulating proteins
which accelerate progression through the cell cycle,
while TGF-8 blocks progression through the G1 phase of
the cell cycle. Intriguingly, SDF-1a treatment of human
CD34* cells from the peripheral blood resulted in
activation of PI3K/Akt/mTOR signaling, while TGF-
opposed pathway activation. In this human model,
FOXO3a was identified as an important mediator of the
opposing effects of the two cytokines on HSCs, as SDF-
la increased FOXO3a phosphorylation, whereas TGF-8
decreased it. Indeed, in CD34%* cells with forced
expression of a non-phosphorylatable form of FOXO3a,
SDF-1a did not promote progression through the cell
cycle (Chabanon et al., 2008). Another clue to the
involvement of PI3K/Akt/mTOR signaling in HSC
maintenance comes from the observation that SHIP1
deletion, which leads to PI3K/Akt/mTOR up-regulation,
initially resulted in higher proliferation of LT-HSCs but
reduced their long term repopulation ability, thus
indicating again that higher levels of proliferation
exhausted the LT-HSC population (Helgason et al.,
2003).

Lineage commitment

Lineage commitment is the process by which a
multipotent stem or progenitor cell becomes increasingly
restricted in its lineage fate options, to eventually (or
directly) develop into a fully committed progenitor of a
single cell lineage (Luc et al., 2008). Transplantation of
sublethally irradiated B2 microglobuiln *~ NOD/SCID
mice with CD34% cells ectopically expressing
constitutively active Akt through retroviral transduction
resulted in enhanced neutrophil and monocyte
development, whereas dominant negative Akt induced
eosinophil development in vivo (Buitenhuis et al., 2008).
Intriguingly, it was found that both pharmacological
inhibition of PI3K/Akt signaling and ectopic expression
of a dominant negative Akt resulted in increased
phosphorylation of CCAATT/enhancer binding protein o
(C/EPBo)) in neutrophil progenitors, whereas GSK30
inhibition lowered C/EPBa phosphorylation levels.
Moreover, expression of constitutively active Akt
resulted in a dramatic decrease in the expression levels
of Jun B, a transcriptional target of C/EPBo. (Buitenhuis
et al., 2008). It was then concluded that Akt can control
C/EPBa phosphorylation through GSK38, thus
influencing lineage choice decisions during
myelopoiesis. It should be reminded here that C/EPBa. is
one of the key transcription factors that regulate lineage
choices during myelopoiesis (Friedman, 2007) and its
phosphorylation on Ser21 can inhibit granulocytic
differentiation (Ross et al., 2004).

Erythropoiesis

Erythrocyte production is tightly regulated by the
cytokines SCF and EPO, which support the survival,
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proliferation, and differentiation of erythroid progenitors
(Haseyama et al., 1999; Arcasoy and Jiang, 2005; Elliott
et al., 2008; Hong et al., 2008). EPO and SCF activate
common signaling pathways which include
Ras/Raf/MEK/ERK, JAK/STAT-5, and PI3K/Akt/mTOR
(Bakker et al., 2007). Compared with EPO, SCF is a
much more potent activator of Akt (von Lindern et al.,
2001). Nevertheless, SCF is unable to induce cell
survival in the absence of EPO (Dolznig et al., 2001).
Instead, SCF signaling delays differentiation, which is
enhanced by the PI3K inhibitor LY294002 (von Lindern
et al., 2001). Upon EPO binding to its receptor (EPOR),
the EPOR is tyrosine phosphorylated and recruits Src
homology-2 (SH2) domain-containing proteins, thereby
activating different signaling cascades (Myklebust et al.,
2002; Ghaffari et al., 2006). However, EPO could also
lead to PI3K/Akt/mTOR activation through
phosphorylation of the growth factor-bound protein
(Grb)-associated binder (Gab), or through
phosphorylation of the IRS2 adaptor protein (Bouscary
et al., 2003). Gab could then impinge upon Ras
signaling, which is known to be very important for EPO
effects on erythropoiesis (Zhang and Lodish, 2005).
FOXO03a seems to play a critical role in these EPO- and
SCF-evoked phenomena (Kashii et al., 2000), as its
inactivation by Akt could result in downregulation of
proapoptotic genes (Uddin et al., 2000) and of the
cyclin-dependent kinase inhibitor, p27XiP! (Bouscary et
al., 2003). Furthermore, Akt directly phosphorylated and
activated the transcription factor GATA-1, which plays a
fundamental role in erythroid differentiation (Kadri et
al., 2005; Lowry and Mackay, 2006; Zhao et al., 2006).
The involvement of mTORCI1 in EPO signaling was
supported by increased levels of phosphorylated p70S6K
after EPO challenging (Bouscary et al., 2003). However,
the consequences of mMTORCT activity on erythropoiesis
are unclear, but could be related to enhanced cell cycle
progression. Gene expression profiling studies have
highlighted several genes which are under the control of
the PI3K/Akt pathway in human early erythroid
progenitors (CD34+*CD71*CD45RA GPA"), incubated
with EPO, and which play an important role during their
proliferation/differentiation. These included: cyclin D3,
E and A, as well as c-Kit and CDH1 (E-cadherin)
(Sivertsen et al., 2006). In another more recent study,
gene expression profiling downstream of mTORCI1 was
investigated at the polysomal level, using immortalized
erythroblasts challenged with EPO/SCF. Nine genes
were identified that required EPO/SCF stimulation for
polysome recruitment and were down-regulated during
erythroid differentiation. One of the target genes,
Immunoglobulin binding protein 1 (Igbpl), is a
regulatory subunit of PP2A (the a4 subunit of PP2A)
which sustains PI3K/Akt/mTOR signaling. Constitutive
expression of Igbpl impaired erythroid differentiation,
maintained 4E-BP1 and p70S6K phosphorylation, and
enhanced polysome recruitment of multiple eIF4E-
sensitive mRNAs. Thus, PI3K-dependent polysome
recruitment of Igbpl acts as a positive feedback

mechanism on translation initiation underscoring the
important regulatory role of selective mRNA recruitment
to polysomes in the balance between proliferation and
maturation of erythroblasts (Grech et al., 2008).

Megakaryocytopoiesis

Megakaryocytes differentiation is characterized by
endomitosis without nuclear and cellular division,
thereby increasing their DNA and cytoplasmic content.
This leads to the generation of large polyploid cells with
a dramatically increased cytoplasmic volume, the
function of which is to produce and shed platelets
(Fuhler et al., 2009). In this process, a complex network
of hematopoietic growth factors are involved, among
which TPO is the most thoroughly investigated regulator
of megakaryocytes growth and differentiation. However,
in addition to TPO, other cytokines have non-negligible
effects on megakaryocytopoiesis, including SDF-1a
(Majka et al., 2000) and BMP4, a member of the TGF-f3
family (Jeanpierre et al., 2008).

TPO binds its cognate receptor, the cellular
protooncogene c-Mpl, i.e. the homolog of the murine
myeloproliferative leukemia virus oncogene, v-Mpl
(Kaushansky, 2005). Once c-Mpl is activated by TPO
engagement, it stimulates a series of signaling cascades
which include PI3K/AKT/mTOR (Bouscary et al., 2001;
Miyakawa et al., 2001; Rojnuckarin et al., 2001).
Blocking this pathway resulted in inhibition of TPO-
dependent megakaryocytes survival. Nevertheless this
signaling cascade is necessary but not sufficient for
TPO-induced cell cycle progression in primary
megakaryocyte progenitors (Geddis et al., 2001), hinting
that other pathways play an important role in cell cycle
regulation.

Identified Akt substrates in megakaryocytes include
FOXO03a (Tanaka et al., 2001), p27XiPT (Nakao et al.,
2008), and GSK38 (Soda et al., 2008). One of the
fundamental biological activities of TPO is to prevent
the apoptosis of megakaryocytes. TPO-mediated Akt
activation was important to blunt caspase-3-mediated
cleavage of anti-apoptotic Bcl-X; protein. This could
constitute a mechanism by Whicllf PI3K/Akt signaling
counteracts apoptosis during megakaryocytopoiesis
(Kozuma et al., 2007).mTOR and its downstream
substrates, p70S6K and 4E-BP1, have been
demonstrated to be critically involved in TPO-induced
proliferation of megakaryocyte progenitors (Drayer et
al., 2006), as well as in the late stages of megakaryocyte
differentiation (Raslova et al., 2006). A recent paper has
unraveled the functions of mMTORC1 and mTORC?2 in
MO7e megakaryoblastic cells. Using lentiviral
constructs encoding short hairpin RNA sequences to
either Rictor or Raptor, it was possible to document that
mTORCI regulated cell growth and size by inhibiting
autophagy, while mTORC2 was involved in cell cycle
progression and nuclear ploidity (Fuhler et al., 2009).
However, it remains to be established whether these
findings would apply also to primary megakaryocyte
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progenitors. Indeed, a previous report had highlighted
that in CD34* cells, purified from human peripheral
blood and treated with TPO to differentiate into
megakaryocytic progeny, rapamycin (which should
mainly target mTORCI1) strongly inhibited cell
polyploidization (Guerriero et al., 2006).

Granulocytopoiesis/monocytopoiesis

Granulocyte/macrophage-colony stimulating factor
(GM-CSF) (Zhu et al., 2006), granulocyte-colony
stimulating factor (G-CSF), and macrophage-colony
stimulating factor (M-CSF) play important roles during
granulocytopoiesis/monocytopoiesis, and there is
evidence for the involvement of PI3K/Akt signaling in
these phenomena (Liu et al., 2006; Zhu et al., 2006).
Interestingly, however, a very recent article has
highlighted that mTOR signaling appears not to be
essential for differentiation of myeloid progenitors
(Geest et al., 2009).

Conclusions and future perspectives

It is clear that a correct regulation of PI3K/
Akt/mTOR signaling is required for the fine tuning of
multiple processes involved in blood cell production.
This finding has a deep clinical relevance, as inhibitors
of this pathway are being tested in clinical trails for the
treatment of cancer patients or have already been
approved for clinical use in some types of neoplasias,
including adavanced renal cell carcinoma (Yap et al.,
2008). Therefore, chronic inhibition of PI3K/Akt
signaling may lead to issues of hematological
insufficiency in the long term, as suggested, for example,
by the thrombocytopenia which is detected in patients
treated with mTOR inhibitors (Campone et al., 2009).
Another potential disadvantage of mTOR inhibitors is
that in some studies they have caused an increase in
active Akt, via feedback loops involving p70S6K and
IRS1 (see above). Nevertheless, the extent to which
disruption of a negative feedback mechanism actually
limits the therapeutic effects of mTOR inhibitors in
cancer patients remains to be determined. Remarkably, it
is now beginning to emerge that aberrantly activated
PI3K/Akt/mTOR signaling is also detectable in cancer
stem cells from different kinds of neoplasm (Eyler et al.,
2008; Dubrovska et al., 2009; Guertin et al., 2009) and
that cancer stem cells displayed preferential sensitivity
to pathway inhibition when compared to healthy cells
(Bleau et al., 2009; Gallia et al., 2009). This seems to be
true also of HSCs and leukemia stem cells, at least in
mice (Yilmaz et al., 2006). This observation provides the
proof-of-principle that functional differences in signaling
pathways between cancer stem cells and healthy stem
cells can be identified and therapeutically exploited so
that it may be possible to devise new pharmacological
strategies that will prove more effective against cancer
and less toxic to normal stem cells.
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