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Acute myeloid leukemia (AML) is a highly heterogeneous hematopoietic malignancy, characterized by excessive
proliferation and accumulation of immature myeloid blasts in the bone marrow. While reductions of bulk malignant cells
can be achieved in the majority of patients by standard chemotherapy consisting of cell cycle active drugs, such as
cytarabine and anthracyclines, approximately two-thirds of patients relapse after the induction therapy, highlighting an
unmet need for a more targeted therapeutic approach. A rare population of therapy-resistant cells are believed to be the
origin of relapse, termed leukemia stem cells (LSCs), also referred to as leukemia-initiating cells (LICs). These cells
acquire enhanced self-renewal capacity and exhibit a block in differentiation.
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| 1. Definition

Acute myeloid leukemia (AML) is a highly heterogeneous hematopoietic malignancy, characterized by excessive
proliferation and accumulation of immature myeloid blasts in the bone marrow & While reductions of bulk malignant cells
can be achieved in the majority of patients by standard chemotherapy consisting of cell cycle active drugs, such as
cytarabine and anthracyclines, approximately two-thirds of patients relapse after the induction therapy, highlighting an
unmet need for a more targeted therapeutic approach 2. A rare population of therapy-resistant cells are believed to be the
origin of relapse, termed leukemia stem cells (LSCs), also referred to as leukemia-initiating cells (LICs) BI4IE], These cells
acquire enhanced self-renewal capacity and exhibit a block in differentiation.

| 2. Introduction

The phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamycin (mTOR) signaling pathway emerges
as a promising therapeutic candidate to sensitize LSCs to chemotherapy. It plays an important role in both normal and
malignant hematopoiesis; components of this pathway govern the expression of genes and proteins essential for cell
proliferation, differentiation, and survival. Constitutive activation of PI3K/Akt/mTOR pathway is detected in 50-80% of AML
patients, associated with decreased overall survival (OS) B8 Mutations in receptor tyrosine kinases (RTKs) or
GTPases are the major causes leading to upregulation of the PI3K/AkUmTOR pathway in AML [&. One important
mechanism leading to deregulation of PI3K/Akt/mTOR signaling is mutation of fms-like tyrosine kinase 3 (FLT3). Among
them, internal tandem duplication (ITD) of FLT3 gene (FLT3-ITD) is one of the most frequent mutations in normal
karyotype AML (approximately 25%). In recent clinical studies, few patients display prolonged remissions with RTK
inhibitors, such as FLT3 inhibitors, highlighting the need for novel and/or partner targeted therapies 1L Targeting the
PI3K/Akt/mTOR pathway may be an option for FLT3-ITD AML patients.

Hyperactivation of PI3K/Akt/mTOR has also been associated with attenuated sensitivity to chemotherapy. Several studies
have demonstrated that PI3K/Akt/mTOR inhibition may preferentially target LSCs. For example, the PI3K/Akt/mTOR
pathway may regulate LSC survival through nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). The
pro-inflammatory transcription factor NF-kB, has been found to be aberrantly activated in LSCs but is not expressed in
normal human CD34+ progenitor cells 1213114l NF-kB is known to mediate chemoresistance by upregulation of anti-
apoptotic genes, which enable cells to increase proliferation and evade apoptosis L2167 Targeting NF-kB may be
selective for LSCs and/or sensitize LSCs to chemotherapy. Notably, NF-kB is a downstream target of PI3K/Akt/mTOR,
and this signaling cascade can trigger NF-kB activation, which suggests a common survival pathway for LSCs. Treatment
of AML patient samples with PI3K inhibitor LY294002 displayed inhibited Akt phosphorylation and NF-kB DNA-binding
activity 8. Furthermore, PI3K/AktmTOR inhibition induced apoptosis in primary AML cells and potentiated response to
cytotoxic chemotherapy, while sparing normal HSC function, 192021[22] The | SC population was targeted by PI3K-
directed therapies demonstrated by reduced engraftment ability of these cells in nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice 19231, p|3K/Akt/mTOR inhibitors may additionally potentiate LSC kill by synergizing



with LSC-directed therapies. An essential feature of quiescent AML-LSCs is that they have relative lower production of
reactive oxygen species (ROS) compared with bulk cells 24, These ROS-low LSCs were shown to aberrantly overexpress
Bcl-2, making them more susceptible to eradication by small-molecule Bcl-2 inhibitors like venetoclax. The therapeutic
potential of venetoclax could be enhanced by PI3K/Akt/mTOR inhibition through Mcl-1-dependent mechanisms, which is a
well-known determinant of resistance to venetoclax 25,

Growing evidence signposts PI3K as a druggable target for AML; indeed, there has been very productive development of
small-molecule inhibitors targeting the PISK/Akt/mTOR pathway. While PI3K/Akt/mTOR inhibitors have been effective
treating other hematological malignancies, such as chronic lymphoblastic leukemia (CLL) and follicular lymphoma (FL), in
AML, the clinical potential of PI3K/Akt/mTOR inhibitors has not yet been fully elucidated 2827281 Clinical studies using
PI3K/Akt/mTOR inhibitors as monotherapy have shown limited therapeutic efficacy, likely due to compensatory activation
of other survival pathways 22,

| 3. The PI3K/Akt/mTOR Signaling Pathway
3.1. Regulation of the PIBK/IAkt/mTOR Pathway in Normal Hematopoiesis

The PI3K family consists of three distinct classes of PI3Ks (I-lll), of which class | is implicated in regulation of
hematopoiesis. Class | PI3K can be further divided into class IA and class IB enzymes, both of which are activated by cell
surface receptors. Class IA PI3K can be activated by RTKs, G protein-coupled receptors (GPCRSs), and oncoproteins such
as the small G protein Ras, whereas class IB PI3K can be activated by GPCRs only BYEl Class IA PI3Ks form
heterodimers between one of three catalytic subunits (p110a, p110p, or p11038) and a regulatory adaptor molecule (p85a
(or its splice variants p55a and p50a), p85B or p55y) 2233l Each pair shares some overlap whilst maintaining distinct
function. In contrast to the heterogeneity of class IA, a single class IB isoform has been described that associates catalytic
subunit p110y with regulatory adaptor molecule p101 or p84 [B485] \While catalytic subunits p110a and p110B are
consistently expressed in a broad range of tissues, p110y and p110d are specifically enriched within the hematopoietic
system—preferentially in leukocytes B8,

In response to extracellular stimuli (e.g., hormones, growth factors, and cytokines) and the subsequent activation of RTKs,
class 1A PI3K is recruited to the plasma membrane via interaction of p85 with adaptor proteins, such as insulin receptor
substrate (IRS) 1/2 or growth factor receptor-bound protein 2-associated binding protein 2 (GAB2) that bind to the
regulatory p85 subunit of PI3K B4E8] The class IB p110y is activated by GPCRs through direct interaction of its regulatory
adaptor molecule with Gy subunit of trimeric G proteins 5. The activated p110 catalytic subunit facilitates the
phosphorylation of phosphatidylinositol-4,5-phosphate (PIP,) to generate phosphatidylinositol-3,4,5-phosphate (PIP3).
PIP3 recruits phosphoinositide-dependent kinase 1 (PDK1) and Akt/protein kinase B (PKB) to the plasma membrane
where PDK1 phosphorylates Akt at Threonine(T)308 residue within the activation loop of the kinase domain to initiate the
activation of Akt B[40 (Figure 1).
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Figure 1. Schematic overview of the activation and regulation of the PI3K/Akt/mTOR signaling pathway. Activation of PI3K
is stimulated by binding of an extracellular ligand (e.g., hormones, growth factors, and cytokines) to a cell surface receptor
such as the receptor tyrosine kinase (RTK) in the plasma membrane. Activated RTK recruits adaptor proteins, which bind
to the regulatory p85 subunit of PI3K and subsequently activate the catalytic subunits for full PI3K activation. PI3K is also
activated by G protein-coupled receptors (GPCR) or small GTPase Ras, which bind PI3K directly. Activated PI3K
catalyzes the phosphorylation of phosphatidylinositol-4,5-phosphate (PIP,) to generate phosphatidylinositol-3,4,5-
phosphate (PIP3). PIP3 recruits phosphoinositide-dependent kinase 1 (PDK1) and Akt to the plasma membrane inducing
Akt phosphorylation by PDK1 at T308. Akt activation is completed by phosphorylation at S473 by mTOR complex 2
(mTORC?2). The mTOR complex includes two distinct protein complexes, mMTORC1 and mTORC2. mTORC1 comprises of
MTOR, proline-rich Akt substrate 40 kDa (PRAS40), regulatory-associated protein of mMTOR (Raptor), mammalian lethal
with Sec13 protein 8 (MLST8, also known as GPL), and DEP-domain-containing mTOR-interacting protein (Deptor) 411,
MTORC2 comprises of MTOR, mLST8, Deptor, protein observed with Rictor-1 (Protor), rapamycin-insensitive companion
of mTOR (Rictor), and mammalian stress-activated protein kinase interacting protein (mSin1) 2. Akt indirectly activates
MTORC1 by phosphorylation and inhibition of tuberous sclerosis complex 2 (TSC2) at S939 and T1462, releasing the
inhibitory effects of this complex on Ras-related GTPase Rheb, an activator of mMTORC1. Akt also directly controls
activation of mTORC1 in a TSC2-independent manner via phosphorylation of PRAS40 at T246. The extracellular signal-
regulated kinase (ERK)/90 kDa ribosomal S6 kinase (RSK) and liver kinase B1/AMP-activated protein kinase
(LKB1/AMPK) signaling pathways impinge on several nodes of the PI3K/Akt/mTOR pathway and can modulate mTORCL1
activity. Both ERK and RSK modulate mTORC1 activity by phosphorylation of TSC2 at S664 and S540 (ERK) and S1798
(RSK). ERK1/2 can also control mTORCL1 activation by phosphorylation of Raptor at S8, S696, and S863. Master
metabolic regulator AMPK inhibits mTORCL1 activity in two different pathways, the first by phosphorylation of TSC2 at
T1271 and S1387 and the second by phosphorylation of Raptor at S722 and S792. Activated mTORC1 promotes cap-
dependent mRNA translation via phosphorylation of eukaryotic translation initiation factor 4E (elF4E)-binding protein 1
(4E-BP1) at T37 and T46, which is a priming event required for subsequent phosphorylation of several carboxy-terminal
serum-sensitive sites to release 4E-BP1 from elF4E. Ribosomal protein S6 kinase beta-1 (S6K1) is a downstream target
of mMTORC1, activated by phosphorylation at T389 by mTORCL1 as well as T229 phosphorylation mediated by PDK1.
S6K1 in turn activates ribosomal protein S6 (rpS6), which is dispensable for cell growth and protein synthesis. RSK can
also directly activate rpS6 via phosphorylation at S235 and S236. The black arrows represent positive regulation
(activation), whereas the red blunt-ended lines indicate negative regulation (inhibition). IRS-1 = insulin receptor substrate
1, PTEN = phosphatase and tensin homolog, GDP = guanosine diphosphate, GTP = guanosine triphosphate, JAK =
Janus kinase, STAT = signal transducer and activator of transcription. Created with BioRender.com.

Akt is a highly conserved serine/threonine kinase that has multiple diverse functions. Full Akt activation, in addition to
PDK1-mediated phosphorylation, requires phosphorylation at Serine(S)473 residue in the regulatory domain, by mTOR
complex 2 (MTORC?2), integrin-linked kinase (ILK), PDK1 or members of the PI3K-related kinase (PIKK) family, such as



DNA-dependent protein kinase (DNA-PK) 43144 Notably, Akt can activate mTORC2 through a positive feedback loop by
direct phosphorylation of mMTORC2 component mammalian stress-activated protein kinase interacting protein (mSinl) at
T86 (451146 Activated Akt can phosphorylate a wide spectrum of protein substrates, including forkhead box class O (FoxO),
glycogen synthase kinase-3 (GSK3) a/B, and Bcl-2 associated agonist of cell death (BAD), maintaining cell cycling,
survival, metabolism, cell growth and other essential cellular functions (Eigure 2) 271,
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Figure 2. A summary diagram of Akt downstream target molecules. (From left to right) Fully activated Akt controls
numerous effectors implicated in cell growth, proliferation, differentiation, metabolism, and survival, of which some are
highlighted. Akt regulates G1/S cell cycle progression by phosphorylation and inactivation of GSK3/cyclin D1, p21, and
p27. Akt was found to regulate cell metabolism by mediating lipogenesis and glucose uptake through phosphorylation and
inhibition of GSK3, which inhibits glycogen synthesis. Akt controls apoptosis by phosphorylation and inhibition of FoxO
and pro-apoptotic Bcl-2 family member BAD. Akt promotes cell growth by activation of mTORC1 though phosphorylation
of PRAS40, which prevents its inhibition of mMTORC1. Akt can also induce mTORC1 activation through phosphorylation
and inhibition of TSC2, relieving the inhibitory effects of the TSC1/TSC2 complex on mTORCL1. Akt enhances MDM2-
mediated ubiquitination and proteasomal-dependent degradation of p53. Akt can inhibit apoptosis and promote cell
survival by activating NF-kB. The arrows represent positive regulation (induction/activation), whereas the blunt-ended
lines indicate negative regulation (inhibition/inactivation). The red cross represents inhibition caused by Akt-mediated
negative regulation. RTK = receptor tyrosine kinase, IRS-1 = insulin receptor substrate 1, PIP, = phosphatidylinositol-4,5-
phosphate, PIP3; = phosphatidylinositol-3,4,5-phosphate, PDK1 = phosphoinositide-dependent kinase-1, MDM2 = mouse
double minute 2 homolog, GSK3 = glycogen synthase kinase 3, TSC2 = tuberous sclerosis complex 2, mMTORC1 = mTOR
complex 1, FoxO = forkhead box O, Bim = Bcl-2-like protein 11, BAD = BCL-2 associated agonist of cell death, Bcl-2 = B-
cell lymphoma 2, IKK = IKB kinase, NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells. Created with
BioRender.com.

Regulation of PI3K activity is negatively controlled by the tumor suppressor phosphatase and tensin homolog (PTEN) and
Src homology domain-containing inositol phosphatase (SHIP) to maintain normal hematopoiesis. PTEN is a lipid
phosphatase that hampers PI3K signaling through dephosphorylation of the lipid signaling intermediate PIP3 8], | oss of
function of PTEN through mutations, genetic silencing, or epigenetic mechanism is implicated in the pathology of multiple
human malignancies and can lead to aberrant PI3K/Akt/mTOR signaling 9. SHIP is predominantly expressed in
hematopoietic cells and hydrolyzes PIP3 to generate PI(3,4)P, B9 Mutation of the SHIP gene was detected in a low
percentage of AML and acute lymphoblastic leukemia (ALL) patients 4.

One of the key downstream targets of the Akt is mTOR, which positively regulates cell growth and proliferation by
promoting protein synthesis and inhibition of autophagy 5253l The identification of this serine/threonine kinase stems
from the discovery of the natural product rapamycin, originally extracted from the soil bacterium Streptomyces
hygroscopicus B4, mTOR participates in two functionally distinct multiprotein complexes, mTORC1 and mTORC2, of
which only mTORC1 is sensitive to inhibition by rapamycin B2, Akt indirectly activates mTORC1 by phosphorylation of
tuberous sclerosis complex 2 (TSC2) at S939 and T1462 B85 TSC2 functions with TSC1 forming a heterodimeric
complex which blocks the activation of Ras homolog enriched in brain (Rheb). Akt phosphorylation of TSC2 inhibits the



GTPase-activating protein (GAP) activity of this complex and in turn permits Rheb to activate mTORC1. Akt can also
activate mMTORC1 by a TSC2-independent mechanism which involves phosphorylation of proline-rich Akt substrate 40kDa
(PRAS40), a component of mTORC1. Phosphorylation of PRAS40 at T246 results in dissociation of PRAS40 from
mMTORC1 and attenuates the inhibitory effect of PRAS40 on mTORC1 activity 28l Upon activation, mTORCL1 is
phosphorylated on several residues (72446, S2448, and S2481), but no function has been ascribed to any
phosphorylation site 2661 51261 was identified as a site-specific phosphorylation site of mMTORC1 that in response to
insulin signals via the PI3K/TSC2/Rheb axis regulating mTORCL1 function in an amino acid-dependent and rapamycin-
insensitive mechanism.

The highly conserved protein kinase mTOR is a central hub of nutrient signaling and cell growth and integrates multiple
intracellular signals 82, With respect to the mTOR signaling pathway, the TSC1/TSC2 complex has emerged as a sensor
and integrator of multiple signaling pathways to modulate mTORC1 activity ©3! (Figure 1). One important signaling
pathway that negatively regulates mTORCL1 activity is the liver kinase B1 (LKB1)/ AMP-activated protein kinase (AMPK)
pathway 4. AMPK is a cellular energy sensor activated in various conditions that deplete cellular energy, such as nutrient
deprivation or hypoxia 621681 phosphorylation of AMPK at T172 in the activation loop is required for its kinase activity and
is mediated by LKB1, the upstream serine/threonine kinase of AMPK €7, AMPK inhibits mTORC1 in two different ways,
i.e., phosphorylation of TSC2 at T1227 and S1345; and phosphorylation of Raptor at S722/792, which is a component of
mTORCL1 68169 |n addition to AMPK, the extracellular signal-regulated kinase (ERK)/ p90 ribosomal S6 kinase (RSK)
pathway also modulates mTORC1 activity. ERK/RSK is one of the other main signaling networks activated in parallel with
PI3K by RTKs to control survival, differentiation, proliferation, and metabolism [0, Both ERK and RSK promote mTORC1
activity by phosphorylation of TSC2 at ERK S664 and S540, and RSK $1798 172 |n addition, ERK1/2 contributes to
Ras-dependent activation of MTORCL1 through phosphorylation of Raptor at S8, S696, and S863 [Z3],

Upon activation, mTORC1 phosphorylates its main downstream targets eukaryotic initiation factor-4E (elF4E) -binding
protein 1 (4E-BP1) and rapamycin-sensitive ribosomal protein S6 kinase beta-1/p70 ribosomal S6 kinase (S6K1), involved
in the translation of MRNAs. 4E-BP1 inhibits the initiation of cap-dependent translation by binding and inactivating elF4E.
This binding is reversible, and mMTORC1 phosphorylation of 4E-BP1 at T37/46 relieves 4E-BP1 from elF4E 74 Released
elF4E assembles at the 5’ end of mMRNA, which facilitates the recruitment of the ribosome and subsequent initiation of
translation (5],

S6K1 is the other main target of mTORC1 implicated in the regulation of cell growth. Activation of S6K1 requires
phosphorylation at T229 and T389, of which T229 is phosphorylated by PDK1 and T389 by mTORC1 [Z8IZALZE] - Activated
S6K1 activates 40S ribosomal protein (rp) S6 that represents the most extensively studied substrate of S6K1. rpS6
becomes phosphorylated on several serine residues 22, While S6K1 phosphorylates rpS6 on all phosphorylation sites
(S235/236 and S240/244), RSK phosphorylates rpS6 exclusively on S235/236 in an mTOR-independent mechanism,
suggesting that ERK/RSK pathway contributes to rpS6 phosphorylation upon mitogen stimulation B4, mTORC1-
stimulated S6K1 mediates an important negative feedback regulation of PI3K through phosphorylation of IRS-1. As such,
S6K1 phosphorylates IRS-1 proteins at several serine residues (S270, S307, S636, and S1101) of which S270 was found
to be required for S6K1/IRS-1 interaction and subsequent phosphorylation of the other S6K1-specific residues 81l
Phosphorylation of IRS-1 induces its protein degradation and insulin resistance, thereby inhibiting the insulin-like growth
factor 1 (IGF-1) -mediated PI3K activation.

3.2. Constitutive PI3BK/Akt/ImTOR Activation in AML

Regulated PI3K/Akt/mTOR signaling is critical for normal hematopoiesis, with deregulation of PI3K/Akt/mTOR activity
linked to depletion of HSC pool B4, For example, Pten deletion in adult mice HSCs activated the PI3K/Akt/mTOR pathway
and promoted HSC proliferation and depletion through induced expression of p16'™42 and p53, and leukemogenesis 82!
[B4185]  These effects were mostly mediated by mTOR as rapamycin was able to suppress leukemogenesis and restore
normal HSC function B3], Myristoylated Aktl (myr-Akt) was introduced into HSCs via retroviral transduction of bone
marrow cells and subsequent transplantation, to mimic constitutively active Akt, which is frequently observed in AML 82,
Results revealed that myr-Akt contributes to myeloproliferative disorders (MPD), and T-cell lymphoma with high frequency,
and AML with a lower penetrance. HSCs in the myr-Aktl mice displayed transient expansion of immature myeloid cells in
the bone marrow and spleen, and increased cycling, associated with impaired engraftment. The importance of mTOR
signaling as a mediator of Akt was demonstrated with rapamycin. Rapamycin rescued cobblestone formation in myr-Akt—
transduced bone marrow cells in vitro and increased survival of myr-Akt mice. TSC1 is also potentially involved in
leukemogenesis. Deletion of TSC1 in HSCs leads to activation of mTOR signaling, causes rapid HSC cycling and
elevated levels of ROS, and impaired HSC self-renewal 8. Importantly, treatment with a ROS antagonist in vivo
demonstrated that the TSC1/mTOR axis is important to maintain HSC quiescence and function by suppressing ROS.
These findings indicate that mTOR is an important mediator of PI3K regulation in HSCs. Furthermore, FoxO transcription



factors are functionally redundant in HSC homeostasis through regulation of HSC response to physiologic oxidative
stress, quiescence, and survival [B7I[88[E9  Mice engineered with conditional knockout alleles of Foxol, Foxo3, and/or
Foxo4 displayed increased cell cycling and apoptosis of HSC, and a marked increase in ROS levels.

The PI3K/AKt/mTOR signaling pathway is frequently hyperactivated in AML cells and potentially contributes to
uncontrolled growth, proliferation, differentiation, metabolism, and survival B[R, The PI3K/AKYmTOR pathway is also
important for the regulation of the AML-LSC population, demonstrated in mouse models with genetic alterations of key
PI3K/Akt/mTOR signaling genes. Rhebl is overexpressed in AML patients, which was associated with reduced survival in
comparison to patients with lower Rheb1 expression 22831941 peletion of Rhebl induced apoptosis and enhanced cell
cycle arrest in LSCs, and prolonged survival of MLL-AF9-induced leukemic mice, suggesting that the mTORCL1 pathway
may be required for LSC maintenance 3. PDK1 is overexpressed in over 40% of AML patients and is required for Akt
activation 28, Deletion of Pdk1 in MLL-AF9-induced mice resulted in a reduction of LSCs and upregulated the expression
of apoptosis inducers, such as BAX and Tp53 B4[E8] Mice transplanted with MLL-AF9-positive LSCs were also shown
dependent on S6K1 for LSC maintenance 2. Loss of S6K1 improved survival of MLL-AF9-induced leukemic mice, which
was associated with reduced Akt and 4E-BP1 phosphorylation. Furthermore, the PI3K/Akt/mTOR pathway is also
implemented in the crosstalk between LSCs and the stromal cells associated with its niche that promotes the drug-
resistant phenotype of LSCs. Several reports have demonstrated that pharmacological inhibition of PI3K/Akt/mTOR
signaling may effectively target leukemic cells within the bone marrow niche [L0Q[101]{102]

Dysregulation of the PI3K/Akt/mTOR pathway is often the result of loss or inactivation of tumor suppressors, mutation or
amplification of PI3K, as well as activation of RTKs or oncoproteins upstream of PI3K (Figure 3) [103I[104] Apoyt 50-80%
of patients with AML display constitutive PI3K/Akt/mTOR activation, and this was associated with significant poorer OS
[105] pgor prognosis in AML patients with constitutive PI3K/Akt/mTOR signaling could be related to the fact that this
pathway is associated with chemoresistance, which contributes to the short-term survival in AML [106]207[108] 'However, no
correlation was shown to exist between PI3K/Akt/mTOR activity and a particular AML subtype, cytogenetic abnormality, or
etiology of the disease [1091[110]

Normal hematopoiesis Acute myeloid leukemia

Figure 3. Targeting the PI3K/Akt/mTOR pathway in AML. The PI3K/Akt/mTOR pathway is commonly dysregulated in AML
caused by mutations in membrane-bound proteins such as receptor tyrosine kinases (RTKs) and small GTPase Ras.
Activating mutations in fms-like tyrosine kinase 3 (FLT3), such as the FLT3-internal tandem duplication (FLT3-ITD), are an
important mechanism leading to dysregulation of PI3K/Akt/mTOR signaling. The ITD mutation causes ligand-independent
activation of the FLT3 receptor, leading to constitutive activation of the PI3K/Akt/mTOR pathway. Numerous small-
molecule inhibitors of this pathway include FLT3 inhibitors (FLT3i), dual PI3K/mTORI, allosteric mTORI, pan-class | and
isoform-specific PI3Ki, ATP-competitive and allosteric Akti, and ATP-competitive mTOR complex 1 (mMTORC1) and mTOR
complex 2 (MTORC2) inhibitors (MTORC1i and mTORC2i). The red arrow indicates elevated Akt phosphorylation,
whereas the red blunt-ended lines represent negative regulation (inhibition). IRS-1 = insulin receptor substrate 1, PIP, =
phosphatidylinositol-4,5-phosphate, PIP; = phosphatidylinositol-3,4,5-phosphate, PTEN = phosphatase and tensin
homolog, PDK1 = phosphoinositide-dependent kinase-1, TSC 1/2 = tuberous sclerosis complex 1/2, ATP = adenosine
triphosphate, GDP = guanosine diphosphate, GTP = guanosine triphosphate, Rheb = Ras homolog enriched in brain, 4E-
BP1 = eukaryotic translation initiation factor 4E (elF4E)-binding protein 1, S6K1 = ribosomal protein S6 kinase beta-1,
rpS6 = ribosomal protein S6. The black blunt-ended lines indicate the main targets for therapeutic intervention. Created
with BioRender.com.



Exploring mechanisms of constitutive PISK/Akt/mTOR activation in AML identified mutations of RTKs (e.g., FLT3-ITD, c-
KIT) or GTPases (KRAS, NRAS) as well as autocrine IGF-1/IGF-1R signaling responsible for dysregulation [111[112]
Aberrant PI3K/Akt/mTOR signaling activation is often associated with enhanced Akt phosphorylation, mediated by
phosphorylation at S473 by PDK1 and T308 by mTORC2. The OS of AML patients presenting with Akt phosphorylation at
these sites was found to be significantly shorter in several studies 105111081 Fyrthermore, mTORC1 is activated in most
AML patients, indicated by enhanced phosphorylation of its main downstream substrates 4E-BP1, S6K1, and rpS6 [23I113]
However, activation of mTORC1 and its downstream target may also occur independently of PI3K/Akt though parallel
signaling pathways [L14I[L15][116] |t js therefore important to dissect how PI3K/Akt/mTOR signaling converges with other
signaling pathways, which may have clinical implications for selection of drugs targeting different signaling molecules.

About 30% of AML patients with normal karyotype present with an activating FLT3 receptor mutation, most often as FLT3-
ITD, and is the major intercessory of PISK/Akt/mTOR pathway dysregulation. FLT3 is a member of the class Ill RTK family
and is important for the maintenance of hematopoietic homeostasis ILALEILLE F) T3-ITD exhibits ligand-independent
constitutive tyrosine kinase activity and activates signaling pathways including PI3K/Akt/mTOR 129, However, regulatory
p85 subunit of PI3K does not bind to the FLT3 receptor, nor is it tyrosine phosphorylated after FLT3 ligand stimulation.
Instead, p85 associated with SH2 domain-containing protein tyrosine phosphatase-2 (SHP-2) and SHIP, in murine Ba/F3
cells stably transfected with human FLT3-ITD 21, FLT3-ITD expression in Ba/F3 cells was associated with constitutive
activation of Akt and concomitant phosphorylation of FoxO3a (112122 Fox03a has an important role in apoptosis and cell
cycle regulation 128 FLT3-ITD was shown to constitutively activate Akt, and concomitantly phosphorylate FoxO3a,
suppressing the expression of FoxO3a target genes encoding for p27 and pro-apoptotic Bcl-2 family member, Bim 112
[124] F| T3-ITD negatively regulates FoxO3a, thereby suppressing FoxO3a-mediated apoptosis and bypassing the G1 cell
cycle blockade.

3.3. Targeting the PIBK/IAkt/mTOR Signaling Pathway in AML

Preclinical evidence underlines the significant role of PI3K/Akt/mTOR signaling in leukemia initiation and maintenance.
There is considerable interest targeting PI3K/Akt/mTOR signaling for AML treatment, which has resulted into the rapid
development of small molecule compounds that target either a single or multiple kinase (Eigure 3). PI3K-Targeting
molecules can be divided into isoform-specific PI3K inhibitors and ATP-competitive pan-PI3K inhibitors. The PI3K p1108
catalytic subunit is consistently expressed at a high level in AML blasts, making it an attractive therapeutic target for AML
(125 |delalisib (also referred to as CAL-101), for example, is a p1103 inhibitor that is currently under Phase 3 clinical
investigation for the treatment of B-cell malignancies 228, Treatment of AML cells with idelalisib inhibited ribosomal RNA
(rRNA) synthesis and cell proliferation by suppressing Akt phosphorylation with a greater effect observed in cells
expressing higher levels of p110d 12, pan-PI3K inhibitors target all isoforms of PI3K and may exert broader anti-
leukemic effects but at the expense of higher toxicity. mTOR inhibitors include both ATP-pocket and allosteric mMTOR
binding drugs, e.g., rapalogs, such as everolimus and temsirolimus. Both drugs derive from the natural macrolide
rapamycin and act by associating with immunophillin FK506 binding protein 12 (FKBP12), which in turn binds and inhibits
mTORC1, although after lengthy exposure they inhibit also mTORC2 228l mTOR inhibitors represent the first class of
PI3K/Akt/mTOR-directed therapies and yielded promising anti-proliferative effects without inhibition of normal CD34+ cells
in preclinical settings 129 The anti-leukemic effects were associated with reduced phosphorylation of S6K1 and 4E-BP1
and could be enhanced in combination with conventional cytotoxic drugs [28l. An important drawback of inhibiting
MTORCL1 is the increased phosphorylation of Akt. Dual PI3K and mTOR inhibitors block both the upstream and
downstream targets of Akt, thereby circumventing the increased PI3K and Akt signaling subsequent to mTORCL1 inhibition
(239 pyal PI3K/mTOR inhibitor dactolisib efficiently blocked PI3K and mTORCL signaling and mTORC2 activity 311,
Furthermore, dactolisib inhibited protein translation in AML cells, reducing cell growth and inducing apoptosis without
affecting survival of normal CD34+ cells. A small number of Akt inhibitors have been developed, but they are rarely
evaluated in preclinical or clinical settings as the development of Akt inhibitors has long been hampered by high structural
similarity of the Akt catalytic domain to that of other kinases of the AGC kinase family (named after the representative
protein kinase A, G, and C families) 94132,
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