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Abstract

AKT, or protein kinase B, is a central node of the PI3K signaling pathway that is pivotal for a range of normal cellular
physiologies that also underlie several pathological conditions, including inflammatory and autoimmune diseases,
overgrowth syndromes, and neoplastic transformation. These pathologies, notably cancer, arise if either the activity
of AKT or its positive or negative upstream or downstream regulators or effectors goes unchecked, superimposed

on by its intersection with a slew of other pathways. Targeting the PI3K/AKT pathway is, therefore, a prudent coun-
termeasure. AKT inhibitors have been tested in many clinical trials, primarily in combination with other drugs. While
some have recently garnered attention for their favorable profile, concern over resistance and off-target effects have
continued to hinder their widespread adoption in the clinic, mandating a discussion on alternative modes of target-
ing. In this review, we discuss isoform-centric targeting that may be more effective and less toxic than traditional pan-
AKT inhibitors and its significance for disease prevention and treatment, including immunotherapy. We also touch

on the emerging mutant- or allele-selective covalent allosteric AKT inhibitors (CAAIs), as well as indirect, novel AKT-tar-
geting approaches, and end with a briefing on the ongoing quest for more reliable biomarkers predicting sensitivity
and response to AKT inhibitors, and their current state of affairs.
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Introduction

The discovery of Akt as an oncogene dates to about four
decades ago, when a novel transforming retrovirus, iso-
lated from an AKR mouse T cell lymphoma [1], was
found to carry transduced sequences of cellular origin
[1]. Our collaborative work with Philip Tsichlis and Ste-
phen Staal led to cloning the viral oncogene v-akt as the
oncogene transduced by the AKT8 retrovirus (originally
from an AKR mouse T cell lymphoma) [2]. The oncopro-
tein encoded by this retrovirus was named v-Akt. It con-
sisted of viral gag sequences fused to a kinase related to
protein kinase C, containing a Src homology 2 (SH2)-like
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domain (c-Akt, of cellular origin). Using different strate-
gies to discover novel protein kinases, two other research
groups independently cloned the identical cellular
sequence at about the same time [3, 4]. The oncogenic
potential of v-Akt arose from the myristylation of the gag
protein at the N-terminus, resulting in constitutive acti-
vation of v-Akt [5]. AKT is now known to consist of three
highly conserved cellular homologs defined in humans as
AKT1, AKT2, and AKT3 (reviewed in [6]).

Since then, many attempts have been made to target
AKT to treat cancer, as it plays a pivotal role in many
defining features of malignant cells [7—10]. Despite the
significant amount of progress made with the develop-
ment of AKT inhibitors, the therapeutic benefit gleaned
from these drugs, mainly in the form of dual therapies,
is variable. Toxicity resulting from their non-selectivity
due to AKT, ubiquitous expression [11] and structural
homology with other functionally important proteins
[2-4, 12], and the development of resistance because
of crosstalk between AKT and a plethora of other path-
ways, are ongoing issues. There is a dire need to identify
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biomarkers of sensitivity, response, and resistance that
should be individualized for each tumor and patient to
optimize the therapeutic window of these drugs, which
requires a deeper understanding of AKT’s perplexing
biology. Clarifying the roles that different AKT isoforms
play in cancer-specific tumor initiation and progres-
sion remains an unmet need. As such, indirectly target-
ing AKT by re-directing our attention to the metabolic,
oxidative, and proteotoxic consequences of AKT hyper-
activation, even autophagy, maybe a better, albeit less
practical approach, since non-tumoral cells rely heav-
ily on these built-in mechanisms for their normal
functioning.

Here, we begin with an overview of AKT and isoform
structure, regulation, and function and briefly discuss the
mechanisms by which AKT’s function can be perturbed.
We then describe the roles of the three AKT isoforms
in overgrowth syndromes and cancer and their effects
on the immune system, particularly on T cells and mac-
rophages, and discuss the implications of targeting spe-
cific isoforms for cancer and inflammatory/autoimmune
disease treatment and prevention. We then touch upon
biomarkers of sensitivity and response to AKT inhibitors,
AKT inhibitors currently being tested in clinical trials,
with a focus on capivasertib, problems with their usage,
how to maximize efficacy while avoiding their many tox-
icities and end with a discussion on novel therapeutic
angles from which AKT can be targeted.

AKT structure, function & regulation

Akt, also known as protein kinase B (PKB), is a 57-kDa
integral kinase and signaling node that belongs to the
protein kinase A, kinase G, and kinase C (AGC) super-
family of serine/threonine kinases, which includes the
ribosomal S6 protein kinase and serum-glucocorticoid
regulated kinases (SGK) [13] Under conditions of home-
ostasis, Akt responds to extracellular cues by positively
regulating cell survival, growth, metabolism, and cyto-
plasmic reorganization and migration, via the phos-
phorylation of serine and threonine residues of many
downstream substrates [14, 15]. The three human AKT
genes, AKT1, AKT2, and AKT3, found on chromosomes
14q32 [16], 19q13 [17], and 1q44 [18] in the mamma-
lian genome, share a canonical structure consisting of an
N-terminal pleckstrin homology (PH) domain that auto-
inhibits AKT in the basal state by interacting intramolec-
ularly with the kinase domain, an a-helical linker domain,
a central catalytic (kinase) domain, which contains a
regulatory threonine residue in its activation loop, and a
C-terminal hydrophobic, proline-rich motif containing a
regulatory serine residue. Considerable sequence homol-
ogy exists among the domains of the three AKT isoforms,
but the linker domain is highly divergent [19-24].
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Despite possessing a similar structure, each isoform
shows varying levels of expression at the mRNA and
protein levels in different cells and distinct subcellular
localizations [25], implying that they may have different
substrate specificities and hence non-overlapping func-
tions, in addition to redundant roles [26]. Their different
substrate specificities may also be due, in part, to them
having non-redundant, non-canonical motifs, or rec-
ognizing substrates with a specific conformation [27].
Alternatively, they may have overlapping motifs, but
their different substrate specificities could be the result of
post-translational modifications (e.g., phosphorylation)
by other kinases, regulation by miRNAs, or extracellular
activation (reviewed in [28]). Palladin, for example, has
recently been identified as a substrate of AKT1, although
its expression is regulated by AKT2 [29]; the phospho-
rylation of AKT1 on Ser131 in the linker region by casein
kinase 2 helps direct AKT1’s specificity for palladin [30].

During embryonic development, all tissues express
Aktl, the principal isoform, to a similar degree, whereas
Akt2 is predominantly expressed in insulin-sensitive tis-
sues, such as skeletal muscle, liver, and adipose tissue
[31], and Akt3 is mainly present in neuronal tissue and
testis, and to a lesser extent, in lungs, mammary glands,
and adipose tissue [32]. Assigning phenotypic roles to
the three isoforms was aided by mouse knockout stud-
ies, where it was observed that some AktI~~ mice were
non-viable, while others showed severe growth retarda-
tion and developmental deficits, Akt2™/~ mice developed
insulin-sensitive diabetes mellitus, and Akt3~/~ mice had
reduced brain sizes and impaired brain development [33,
34]. Other examples showing that the non-overlapping
function of the different isoforms is at least partly attrib-
uted to their subcellular compartmentalization include
findings that isoform-specific knockdown of AKT in
MDA-MB-231 cells, a human breast cancer cell line,
did not force the other isoforms to a different subcellu-
lar location [25]. That is not to say that one AKT isoform
cannot reside in more than one subcellular compartment,
as AKT1 and AKT2 have been detected in the nucleus of
breast cancer cells [29], as well as the cytoplasm or mito-
chondria [26], which makes ascribing a single function to
a particular isoform in such cellular contexts quite diffi-
cult. In mouse adipocytes, insulin-induced activation of
the Glut4 glucose transporter is mainly due to the pres-
ence of Akt2 at the plasma membrane. The expression
of the E17K variant of Aktl resulted in the constitutive
plasma membrane translocation of Aktl and the activa-
tion of Glut4, abolishing the need for Akt2 [35]. How-
ever, the question of why substituting AKT2’s PH domain
for AKT1 did not facilitate AKT1’s movement to the
plasma membrane [25] or induce cell proliferation and
G1/S (cell cycle) progression [36] remains unresolved.
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It is possible that there are signaling proteins that only
recognize isoform-specific PH domains and that these
proteins are nestled within specific subcellular compart-
ments [27]. Lending credence to this premise is the fact
that T-cell leukemia-1b (TCL1b) is dependent on AKT3’s
PH domain for binding to AKTS3; transferring AKT1’s
PH domain to AKT3 prevented TCL1b from binding to
AKT3 [37]. In untransformed fibroblasts, AKT1 pro-
motes migration, and AKT2 has anti-migratory effects,
whereas in breast cancer cell lines, the opposite holds
true [38]. Therefore, both cell-type and cancer-specific
contexts must be accounted for when assigning different
roles to Akt isoforms.

Studies supporting overlapping roles for the different
Akt isoforms (reviewed in [39]) include those conducted
by Chen et al., who showed that haploinsufficiency of
Akt1 in Akt2~/~ mice causes hyperinsulinemia and hyper-
glycemia and that this is partly due to lipodystrophy
and leptin deficiency; hyperinsulinemia and hypergly-
cemia were reversed in Akt2~/~ and Akt2~/";AktI* mice
when Aktl was hyperactivated [40]. These results can be
extended to humans, where families with inherited, dom-
inant-negative mutations in AKT2 often develop type II
diabetes in combination with lipodystrophy [41, 42].

Aktl, Akt2, and Akt3 appear to be controlled similarly.
However, the regulatory serine/threonine residues that
undergo inducible phosphorylation differ between the
three isoforms (T308/T309/T305 and S473/S474/S472
on Aktl, Akt2, and Akt3, respectively) [43]. All isoforms
are basally phosphorylated at Ser124 and Thr450 [19, 44]
with inducible phosphorylation taking place when tyros-
ine kinase, cytokine, B and T-cell, integrin, G-protein-
coupled, or toll-like receptors are stimulated in various
cell types, for example, consequential to extracellular
matrix attachment or stimulation by mitogens [45, 46].

Receptor signaling triggers the activation of the
phospholipid phosphatidylinositol-3-phosphate kinase
(PI3K), which converts phosphatidylinositol-4,5-bis-
phosphate (PIP2) to the lipid second messenger, phos-
phatidylinositol-3,4,5-triphosphate (PIP3) [47]. The
binding of PIP3 to the PH domain of Akt is an essen-
tial step in Akt activation in that it not only recruits
and anchors Akt to the plasma membrane [19, 48], but
also promotes the formation of Akt homomultimers
[48, 49]. Before PIP3 can bind to Akt, however, Akt is
ubiquitinated by tumor necrosis factor receptor asso-
ciated factor 6 (TRAF6), an E3 ligase, on K8 and K14,
within the PH domain, for it to interact with critical
adapters, such as JNK-interacting protein 1 (JIP1) and
T cell leukemia-1 (TCL1), which facilitate Akt’s recruit-
ment to the plasma membrane [50-52]. Other studies
maintain that this ubiquitination occurs on K63 with
the help of tumor necrosis factor receptor-associated
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factor 4 (TRAF4), S-phase kinase associated protein
2 (SKP2), or TRAF6 [50, 51, 53] and that this is pro-
moted by SET domain bifurcated histone lysine meth-
yltransferase 1 (SETDB-1), which methylates Aktl at
lysine 64, paving the way for lysine demethylase 4A
to recruit TRAF6 or SKP2 to Akt [54]. An increase in
the deubiquitinating enzyme CYLD lysine 63 deubiq-
uitinase (CYLD) and ubiquitin-specific peptidase 1
activity results in Akt deubiquitination and hinders its
plasma membrane recruitment [55, 56]. The concurrent
binding of PIP3 to the PH domains of Akt and 3-phos-
phoinositide-dependent protein kinase 1 (PDK-1; gene
name: PDPKI) at the plasma membrane induces a con-
formational change in Akt that exposes the activation
loop and allows Akt Thr308/T309/T305 to be phospho-
rylated by PDK-1, partially activating Aktl’s catalytic
domain. Mutations occurring in the PH domain may
render Akt more likely to bind to PIP3, with subsequent
phosphorylation and activation by PDK-1, or less likely
to bind to PIP3 [11].

To become fully activated, Akt must also be phospho-
rylated on Ser473/S474/S472, usually by the mammalian
target of rapamycin complex 2 (mMTORC2), whose mem-
bers include the PDK-2 [57]; mTORC2 can also indi-
rectly activate Akt through a feed-forward mechanism
by phosphorylating and activating the insulin receptor
(InsR)/insulin-like growth factor receptor (IGF1R) [58,
59] In some cases, however, Akt is auto-phosphorylated
on Ser473 [60], or is phosphorylated by PI3K-related
kinases, such as protein kinase C-beta II [61], PDK-1,
upon PDK-1’s interaction with protein kinase c-related
kinase 2 (PRK-2) [62], DNA-dependent protein kinase
(DNA-PK) [63, 64] and ataxia telangiectasia mutated
(ATM), in response to DNA damage and DNA replica-
tion stress in the nucleus [65], or integrin-linked kinase
[66]. Because of DNA-damaging agents, the direct acti-
vation of Akt by DNA-PK is responsible for chemoradia-
tion treatment resistance. It has recently been shown that
DNA-PK can also phosphorylate the mTORC2 subunit,
Sinl, allowing Sinl to interact with the guanine nucleo-
tide exchange factor (GEF), ECT2 [67]. The basic arginine
patch in the linker domain can promote Aktl activation
by interacting with phosphorylated S473 at the C-termi-
nus [68]. Although commonly phosphorylated by PDK1
and mTORC2, the regulatory serine/threonine residues
in the three Akt isoforms can be directly phosphorylated
by IkB kinase epsilon (IKKE) and TANK-binding kinase
1 (TBK1) in a PI3K-dependent, PDK-1-, and mTORC2-
independent manner [69-71] The carboxyl-terminal
modulatory protein (CTMP), which was once thought to
decrease T308 and S473 phosphorylation and Akt activa-
tion by binding to Akt’s C-terminal domain [72], has now
been shown to be responsible for Akt phosphorylation
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and activation and is overexpressed in head and neck and
breast cancer [73, 74]. A schematic of AKT activation

(2024) 43:313

and inactivation is shown in Fig. 1A.
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Noteworthy is the fact that the expression of AKT iso-
forms fused to an N-terminal Src myristylation signal

(MGAG residues), which allows Akt to associate with
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Fig. 1 A Schematic of AKT activation and inactivation; activating and inactivating steps are indicated by arrows and blunt-ended lines, respectively
(modified from [130]). B AKT substrates; functional and biological consequences of their phosphorylation. Schematic showing the cellular functions
of known AKT substrates. Direct phosphorylation by AKT is indicated by continuous lines, leading to activation (arrow end) or inhibition (blunt end).
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the plasma membrane via a mechanism that precludes
the PH domain, is enough to transform embryonic fibro-
blasts and increase the development of mammary car-
cinoma when expressed in a transgenic mouse model
via the mammary-specific mouse mammary tumor
virus (MMTYV) promoter [75-77]. The viral oncogene
v-akt also contained an N-terminally myristoylated
GAG fusion [5, 26], further reinforcing this concept.
This underscores the importance of both phosphoryla-
tion and membrane association as requirements for Akt
activation.

Ser477, Thrd79, Ser124, and Thr450 are novel phos-
phorylation sites that can also activate Aktl; the phos-
phorylation of the former two residues is mediated by
mTORC2, or cyclin-dependent kinase 2 (cdk2)/cyclin
complex [11, 78]. In addition to activation by phospho-
rylation, the binding proteins actin, extracellular signal-
regulated protein kinase (Erk) 1/2, heat shock proteins
(Hsp) 90 and 27, and Posh can activate Akt indirectly by
controlling its stability [79].

Once activated, Akt dissociates from the cell mem-
brane and is transported to the cytosol, nucleus, or
mitochondria, where it phosphorylates and activates
or inhibits numerous downstream effectors, many of
which contain the consensus phosphorylation sequence
RxRxxS/T, culminating in cell growth, metabolism,
migration, survival, cell cycle progression, and angiogen-
esis, processes that constitute cancer hallmarks and are
frequently deregulated in cancer cells [9, 80]. The phos-
phorylation and inactivation of tuberous sclerosis 1 and
2 (TSC1/2) by Akt leads to the disinhibition of the Ras
homolog enriched in the brain (Rheb) and the accumula-
tion of its GTP-bound form, which favors the conversion
of mMTORC2 to mTORC1. mTORCI1 then phosphorylates
ribosomal protein p70S6 kinase and eukaryotic transla-
tion initiation factor 4E (eIF4E) binding protein-1 (4E-
BP1), enabling protein synthesis [34, 81].

Other notable downstream substrates whose activation
states are modified by AKT include IxB kinase (IKK) [82],
mouse double minute 2 homolog (Mdm?2) [83, 84], which
promotes the ubiquitination and degradation of p53, the
pro-apoptotic proteins BCL-2 associated agonist of cell
death (Bad) and caspase-9, the cell cycle inhibitors p27
and p21, glycogen synthase kinase-3 (GSK3) [85] and the
forkhead family of transcription factors (FOXO) 1-4 [86],
that are retained in the cytoplasm by 14-3-3 proteins
when phosphorylated [87]. More recently, the substrate
repertoire of AKT has been expanded to include telom-
eric repeat binding factor 1 (TRF1), a member of the tel-
omere-bound shelterin complex, which is hyperactivated
in cancer cells, and endows them with limitless replica-
tive potential [88]. Known AKT substrates and the func-
tional and biological effects of their phosphorylation are
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listed in Table 1 and illustrated in Fig. 1B. Aside from the
plasma membrane, AKT can undergo activation in other
subcellular compartments, including the endosome, lyso-
some, endoplasmic reticulum, and nucleus [89].

The cessation of Akt activity is essential in suppressing
tumorigenesis and is carried out by protein phosphatase
2A (PP2A), the PH domain leucine-rich repeat-contain-
ing protein phosphatase 1/2 (PHLPP1/2), which dephos-
phorylates Akt at the A-loop and HM sites, and the two
phosphatases, phosphatase and tensin homolog (PTEN)
and Src homology 2 domain-containing inositol-5-phos-
phatase (SHIP), which convert PIP3 to PI[3],[4] P2 and
PI[2, 3] P2, respectively [131-134] (Fig. 1A).

Positive regulation of these negative AKT regulators
tilts the balance towards AKT inactivation and vice versa.
For example, ERBB receptor feedback inhibitor 1 pre-
vents PHLPP from interacting with AKT [135]. Sirtuin
7 promotes AKT dephosphorylation by PHLPP by dea-
cetylating FK506 binding protein 51 (FKBP51) at lysine
residues 28 and 155, which allows PHLPP to form a ter-
nary complex with AKT and FKBP51 [136]. The activity
of PP2A is enhanced by the receptor for protein kinase 1
(RACK1), with which it forms a complex [137], as well as
aldolase B, which recruits PP2A to phosphorylated AKT
[138]. WNK lysine-deficient protein kinase 1 stabilizes
PP2A subunits by interacting with protein phosphatase 2
scaffold subunit alpha [139]. AKT can antagonize PP2A
via microtubule-associated serine/threonine kinase-like
(MASTL) [140]. While inhibitor 1 of PP2A (I1PP2A/
ANP32A), inhibitor 2 of PP2A (I2PP2A/SET), and cellu-
lar inhibitor of PP2A (CIP2A) can directly associate with
and inhibit PP2A [141, 142], the small peptide encoded
by the long non-coding RNA LIN00665 can inhibit the
activity of CIP2A [143].

Besides dephosphorylation, AKT can be inactivated
via SUMO deconjugation (de-SUMOylation), acetyla-
tion, and K63-linked ubiquitination, the latter targeting
AKT for lysosomal or proteasomal degradation (although
it may also activate AKT, as alluded to above). Each of
these post-translational modifications is subject to regu-
lation by different proteins. De-SUMOylation can occur
in the presence of small ubiquitin-like modifier (SUMO)-
specific proteases, SENP 1, 2, and 3 [144]. Proteosome-
mediated AKT1 degradation is accomplished by zinc and
ring finger 1, tetratricopeptide repeat domain 3, tripar-
tite motif containing 13, and mitochondrial E3 ubiquitin
protein ligase 1, which polyubiquitinate AKT1 at K48
[145-148]. K48-ubiquitinated AKT may undergo further
ubiquitination at lysines 284 and 214 before being tar-
geted for lysosomal degradation by the arginylated form
of HSPA5 (GRP78/BIP) [149]; USP7 opposes the effect
of HSPA5 by deubiquitinating AKT at K284 and K214
[148]. The binding of Aktl to peptidyl-prolyl isomerase
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Table 1 AKT substrates
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Substrate Function Phosphorylation Effect Biological Effect of Phosphorylation Ref.
FOX0O4 Transcription factor that induces Cytoplasmic retention and/or degrada- [90,91]
expression of CDK inhibitor p27, tion
and pro-apoptosis genes
GSK3aq, Degrades 3-catenin, cyclin D1 and Myc  Inhibition [92-94]
GSK-38 Inhibits glycogen synthesis
Regulates apoptosis by destabilizing
MCL-1
21¢P1 Members of CIP-KIP family of cyclin- Cytoplasmic retention Cell cycle progression, and cell [95, 96]
p27KP1 dependent kinase (CDK) inhibitors proliferation (including Mdm?2,
except for c-Raf)
USP43 Represses EGFR in combination Cytoplasmic retention [97]
with NuRD complex
USF-1 Induces the transcription of the onco-  Activation [98]
gene WBP2
c-Raf MAP kinase, part of the ERK1/2 pathway Inhibition [99]
Bad Pro-apoptotic Inhibition [100]
Bim Pro-apoptotic Inhibition [101]
(inactivation or 14-3-3 binding)
Procaspase-9 Pro-apoptotic Inhibition [102]
MST2 Pro-apoptotic kinase Inhibition [103]
CREB Regulates the transcription of anti- Activation Survival (including HK-2 & FOX04) [104]
apoptosis genes, including bcl-2
and mcl-1
IKKa Phosphorylation and ubiquitination Activation [105, 106]
of kB, an inhibitor of NF-kB
FOXO1, Transcription factors involved Cytoplasmic retention and/or degrada- [90, 91]
FOXO03 in the expression of pro-apoptotic tion
genes, and cell differentiation
and metabolism (n/iTreg differentia-
tion)
YAP1 Pro-apoptotic Cytoplasmic retention [107]
Mdm?2 Promotes ubiquitination and degrada-  Nuclear translocation [84]
tion of p53 when activated
ASK-1 Induces apoptosis via JNK pathway Inhibition [108]
AR Nuclear receptor; mediates growth & Activation [109]
survival
Palladin Actin-bundling protein and scaffold. Activation (Akt1) [29]
Inhibits breast cancer cell migration
(Akt1)
Twist1 Upregulates expression of transforming  Activation [110]
growth factor-32
Vimentin Increases cell migration and invasion Activation Migration, invasion & metastasis [111]
Girdin Promotes lamellipodia formation Activation [112]
and cell motility;
Increases VEGF-induced angiogenesis
TSC2 TSC1/TSC2 complex inhibit MTORC1 Inhibition [113]
activity
4E-BP1 Negative regulator of translation Inhibition Protein synthesis and cell growth [114]
PRAS40 Negative regulator of mTORC1 Inhibition [115]
BRCA1 DNA repair Inhibition Genomic instability [116]
TRF-1 Chromosome-end protection Activation Telomere maintenance [88]
and genomic stability
TBC1D4 Rab GTPase-activating protein; Inhibition [117]
regulates membrane translocation (inhibits its GTPase-activating activity)
of GLUT-4
PIKFYVE Facilitates membrane translocation Activation [118,119]

of GLUT-4 vesicles
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Table 1 (continued)
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Substrate Function Phosphorylation Effect Biological Effect of Phosphorylation Ref.
TXNIP Negative regulator of GLUTT and GLUT4  Inhibition Increased glucose uptake and gly- [120]
by promoting their endocytosis colysis (including FOXO1, FOXO3
and GSK-3)
TBC1D1 Negative regulator of GLUT1 protein Inhibition [121]
expression
PFKFB2 Glycolytic enzyme Activation [122]
HK2 Glycolytic enzyme, mitochondrial Activation [123,124]
binder and protector, promotes
autophagy by inhibiting mTORC1
ACOT4 Releases free fatty acids from acetyl- Activation [125]
CoA
ACLY Production of acetyl-CoA from citrate  Activation Lipid synthesis [126]
PDE3B Inhibition of lipolysis Activation [127]
eNOS Stimulates vasodilation Activation Angiogenesis (including Girdin) [128,129]

Legend: FOXO1/FOX03/FOX04 forkhead box O 1/3/4, GSK3a/GSK-3 glycogen synthase kinase 3a/f, USP43 ubiquitin-specific peptidase 43, USF-1 upstream stimulatory
factor-1, MST-2 mammalian Ste20-like protein kinase-2, CREBT CAMP responsive element binding protein, IKKa IkappaB kinase a, YAP1 yes-associated protein 1,

Mdm2 mouse double minute 2 homolog, ASK7 apoptosis signal-regulating kinase 1, AR androgen receptor, TSC2 tuberous sclerosis complex 2, 4E-BP1 eukaryotic
translation initiation factor 4E-binding protein 1, PRAS40 proline-rich Akt substrate of 40 kDa, BRCAT BReast CAncer gene 1, TRF-1 telomeric repeat factor-1, GLUT-4
glucose transporter type-4, GLUT-1 glucose transporter type-1, TBC1D4 TBC1 Domain Family Member 4, PIKFYVE 1-phosphatidylinositol 3-phosphate 5-kinase, TXNIP
thioredoxin-interacting protein, TBC1D1 TBC1 Domain Family Member 1, PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2, HK-2 hexokinase-2, ACOT4
acetyl-coA thioesterase-4, ACLY ATP citrate lyase, PDE3B phosphodiesterase-3B, eNOS endothelial nitric oxide synthase

Pinl protects it from proteasomal degradation, which
requires phosphorylation of Aktl at T92/450 [149].
BRCA1-associated protein 1 (BAP1) is a deubiquitinase
that, according to some studies, can either stabilize the
phosphorylated form of AKT by preventing its ubiquit-
ination in concert with a C-terminally truncated form
of mutant additional sex combs-like protein 1 (ASXL1)
[150] or inactivate AKT by deubiquitinating and stabi-
lizing PTEN [151]. Acetylation at K14/20 by the histone
acetyltransferase P300 and lysine acetyltransferase 2B has
been shown to block AKT activation [152]. Finally, AKT
can be inactivated by caspase-mediated cleavage during
apoptosis [153].

PI3K-AKT pathway: crosstalk with other pathways
Crosstalk with the MAPK pathway

The loss of negative feedback and inhibition of the
IGFIR, which is normally exerted by phosphorylated
ribosomal p70S6 kinase, following treatment with mTOR
inhibitors in cancer, and the upregulation of insulin
receptor substrate (IRS) 1/2, upon treatment with Akt
inhibitors, leading to the activation of the PI3K-Akt and
MAPK pathways, hints at the possibility of cross-talk
between the two pathways and likely accounts for the
reduced efficacy of these drugs [34, 154—159]. Similar
upstream receptor tyrosine kinases activate both path-
ways and often act synergistically to sustain tumorigenic-
ity. Tumors with acquired resistance to tyrosine kinase
inhibitors (TKIs) can create a bypass track by increasing
the expression of an alternative receptor tyrosine kinase

(RTK) that re-activates those very same pathways [160].
Moreover, Ras can activate PI3Ka (and therefore AKT)
by gathering PI3K’s substrate, PIP2, and increasing PI3K’s
membrane attachment [161].

In other instances, one pathway can compensate for
inhibiting another pathway by attempting to return it
to its baseline functioning level. For example, long-term
treatment with PI3K inhibitors in KRAS-mutant can-
cer cells can lead to the re-activation of AKT, a process
dependent on KRAS’s downstream effector, ERK2 [162].
Decreased clonogenicity of KRAS-mutant cells can be
accomplished by combining PI3K inhibitors with MEK
inhibitors [162], which likely offsets the proliferative
effects of both AKT and ERK. In fact, dual inhibition
of AKT and MEK/ERK as a strategy to combat tumors
harboring mutant RAS has shown promising results in
pre-clinical studies [163, 164]. This is especially relevant
since some studies have shown that the MAPK pathway
can tone down the production of reactive oxygen species
(ROS) generated by the PI3K-AKT pathway, which relies
heavily on mitochondrial respiration to meet the ana-
bolic requirements of cancer cells [164]. Conversely, AKT
can, in specific settings, downregulate the ERK pathway
by phosphorylating c-Raf on T259, effectively deactivat-
ing it [99, 165].

Crosstalk with NF-kB pathway

The NF-kB pathway appears to have a bi-directional
relationship with the PI3K-AKT-mTORC1 pathway,
especially the EGFR-PI3BK-AKT-mTORC1 pathway,
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intersecting at the level of IKK. NF-«B is usually retained
in the cytoplasm by its binding partner, the inhibitor of
kappa B (IkB) [166]. It is only when IkB is phosphorylated
by IKK and degraded that NF-«B can translocate to the
nucleus to activate the transcription of genes involved in
cellular proliferation, survival, and angiogenesis, as docu-
mented in cases of esophageal cancer [167]. As one of the
AKT substrates, IKK can activate the NF-kB pathway and
upregulate EGFR expression in a positive feedback loop
to enhance the PI3BK-AKT-mTORCI1 pathway. This makes
IKK a desirable target when used as either a sole treat-
ment or in combination with other targeted therapies
[168].

Crosstalk with the Wnt/B-catenin pathway

The Wnt pathway is essential for intestinal homeostasis,
where it regulates intestinal stem cell renewal and epi-
thelial cell proliferation, and its overactivation causes
cancer [169, 170]. The activation of the Wnt pathway
can deactivate Akt signaling, and vice versa, and this has
been demonstrated in different cancers [171]. In breast
cancer, Nectin-4 indirectly activates the Wnt pathway
via the PI3K/Akt pathway, and this, in turn, contributes
to tumor maintenance by replenishing the pool of cancer
stem cells [172], which is often implicated in treatment
failure and tumor relapse. The Wnt pathway can also be

(RAS) — (PI3K
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‘switched on’ through the phospholipase PLD1, downreg-
ulating ICAT by activating the Akt pathway [171, 173].

Crosstalk with the JNK and p38 pathways

As the name suggests, upstream kinase apoptosis signal-
regulated kinase 1 (ASK1) is an upstream kinase of the
JNK and p38 pathways activated by various stress stimuli
and induces apoptosis. ASK-1 can be inhibited by AKT,
which directly phosphorylates ASK1 on its amino acid
residue S83. This, presumably, allows AKT to establish a
delicate balance between its pro-tumoral signals and the
pro-apoptotic signals of the JNK and p38 pathways [108].

Crosstalk with Other pathways

Rad9, as part of the Rad9-Hus1-Radl complex, detects
DNA damage and initiates DNA repair by enabling
ataxia telangiectasia and Rad3-related (ATR) kinase
to phosphorylate its downstream effector, Chkl [174].
Rad9 is overexpressed in prostate cancer cell lines and
clinical samples, where it increases AKT activation and
promotes tumor cell migration and anoikis resistance
[175]. A non-canonical form of Thr308 phosphoryla-
tion and Akt activation involves calcium-calmodulin-
dependent kinase, activated by the calcium-calmodulin
complex when cytoplasmic calcium levels rise [176].
In melanoma, the increased expression of RUNX2
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Fig. 2 Modular network of crosstalk among AKT and other signaling pathways. Lines with arrow end and blunt end denote functional activation

or inhibition, respectively
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endows tumor cells with metastatic capability, possi-
bly by re-activating the MAPK and PI3K/AKT path-
ways [177] Spl is a transcription factor whose nuclear
translocation is contingent upon its phosphorylation.
In cancer cells, Spl increases the transcription of
genes involved in proliferation, invasion, metastasis,
stemness, and chemoresistance [178]. In breast cancer,
Spl is activated by GDNF via AKT, causing Sp1 to acti-
vate, in turn, the ST3GAL1 promoter [179]. Figure 2
illustrates known signaling pathways with which AKT
intersects, forming a modular network.

Mechanisms of AKT deregulation in cancer &
overgrowth syndromes

AKT activation in cancer most commonly occurs as
a result of amplifications, gain-of-function and loss-
of-function mutations, or deletions of AKT pathway
genes, including those encoding AKT’s upstream/down-
stream modulators, such as growth factor receptors (e.g.,
EGFR), PIK3CA, the p110a catalytic subunit of PI3K,
Ras, PTEN, neurofibromin (NF1), serine/threonine
kinases (LKB1), and cyclin-dependent kinase inhibitors
(p21WAF1 and p27KIP1), and these have been detected
in numerous epithelial and hematologic malignancies [7,
180]. Among other genetic alterations involving AKT
pathway genes, in acral melanoma, the oncogenic p85p
regulatory subunit 2 of PI3K (PIK3R2) is amplified along
with PDPKI (PDK-1), while the tumor suppressor genes
PIK3RI (encoding p85a) and PTEN are lost or mutated
[181, 182]. Other mechanisms of AKT activation are dis-
cussed below.

AKT activation by viral (retroviral) infection

As discussed above, the v-Akt oncogene was isolated
from the AKTS8 retrovirus that had originated in an
AKR mouse T cell lymphoma [183], but there exists
another example of a retrovirus that is a causative
agent of mammalian cancer, in part via activation of
the AKT pathway. Ovine pulmonary adenocarcinoma
(OPA) (in sheep), whose etiological agent is jaagsiekte
sheep retrovirus (JSRV), is unique among retrovi-
ruses in that it has a tropism for differentiated epithe-
lial cells in the lungs [184]. OPA has been used as an
animal model to investigate the molecular underpin-
nings of pulmonary adenocarcinoma in humans, as it
bears striking similarities with its human counterpart,
among which is its histological resemblance [185, 186].
Their similarities are also reflected in the type of sign-
aling pathway that is activated, as they both seem to
activate the PI3K-AKT pathway. In the case of JSRV,
the expression of the envelope protein is enough
to transform lung epithelial cells in vitro, which is
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mediated by the cytoplasmic tail of its transmembrane
protein [187]. Surfactant protein A (SPA) regulates
surfactant protein B (SPB) secretion via PI3K-AKT-
mediated activation of the lung-specific transcription
factor, HNF-33 [188, 189]. The long terminal repeat
sequences (LTR) in the JSRV genome contain enhancer
and promoter elements that, upon entry and integra-
tion, are recognized by HNF3B and other members
of the host’s transcriptional machinery, which drives
the expression of the envelope protein [190, 191]. It is
hypothesized that HNF3p is further upregulated via
the JSRV-PI3K-AKT axis, creating an autocrine loop
that favors JSRV expression in transformed type II
pneumocytes [187].

AKT gene amplification (and overexpression)

AKT2 was the first AKT gene shown to be recurrently
altered in human malignancies, with amplification and
overexpression observed in 12-20% of ovarian and
pancreatic cancers and cell lines [17, 192-196]. Fur-
thermore, in ovarian cancer, AKT2 amplification/over-
expression is correlated with poor prognosis [193] and
high-grade disease [197]. AKT2 is also overexpressed in
approximately 55% of colorectal cancers and nearly 40%
of hepatocellular carcinomas [198, 199]. Experimental
work showed that overexpression of AKT2 in ovarian
carcinoma cells correlated with increased invasion and
metastasis [200]. In vitro kinase assays revealed that
more than 30% of pancreatic carcinomas had greater
than threefold increased AKT2 kinase activity com-
pared with normal pancreatic samples and benign pan-
creatic tumors [201]. Unlike AKT2, amplification of
AKT1 is a rare occurrence in human cancer [1, 7, 181,
202]. To our knowledge, amplification of AKT3 has not
been reported in any human cancers. However, over-
expression of AKT3 has been reported in about 60% of
hepatitis C virus-associated hepatocellular carcinomas
[203], 10% of acral melanomas [181], and ~20% of ovar-
ian cancers [204].

Epigenetic modes of AKT activation

Activation by RNA methylation

Gene expression is regulated at the post-transcriptional
(RNA) level by epi-transcriptomic modifications, of
which N®-methyladenosine (m6A) is the most abundant
type [205]. RNA methylation has a range of effects on
RNA splicing [206, 207], nuclear export [208], stability
[209, 210], translation [210-212], DNA damage repair
[213], initiation of miRNA biogenesis [214], and immu-
nogenicity [215], and can thus affect tumor predisposi-
tion and outcomes. Decreased m6A has been reported
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to impair the translation of PHLPP2 and increase the
translation of mTORC2, resulting in AKT hyperactivity
[216]; increased methylation and decreased translation of
PTEN mRNA bring about the same effect in many other
cancers [217].

AKT activation by microRNAs

Gene expression can also be modulated at the post-
transcriptional level by microRNAs (miRNAs). The miR-
NAs can activate Akt by binding to the 3’ untranslated
regions (UTRs) of AKT’s negative regulators, prevent-
ing their translation. MAGI-2 is a scaffold protein that
recruits PTEN to the plasma membrane and positively
regulates its activity, and in some cancers, it is targeted
by miR-101 [218]. In hepatocellular carcinoma, miR-21
inhibits the synthesis of PTEN mRNA [219], while the
overexpression of miR-222, which suppresses the regula-
tory subunit of protein phosphatase 2A, correlates with
advanced-stage hepatocellular carcinoma and shorter
disease-free survival [220]. In colorectal carcinoma,
PHLPP?2 synthesis is blocked by miR-186-5p and miR-
150-5p, eliminating its tumor suppressive effects [221].
Chemoresistance in esophageal cancer is caused by AKT
overactivation secondary to miR-200c, downregulating
PPP2R1B, another regulatory subunit of protein phos-
phatase 2A [222]. In oral squamous cell carcinoma, ele-
vated levels of miR-182-5p activate AKT by targeting the
calcium/calmodulin-dependent protein kinase II inhibi-
tor, CAMK2N1, a potent inhibitor of calcium/calmod-
ulin-dependent kinases II and IV (Ca2+/CaMK II and
Ca2+/CaMK 1V) [223].

Long non-coding RNA (IncRNA)-mediated activation

Long non-coding RNAs (IncRNAs) are more than 200
nucleotides long and are not translated into functional
proteins. LncRNAs modulate gene expression at the
post-transcriptional and transcriptional levels through
chromatin modifications and general transcriptional
machinery recruitment [224]. The IncRNA H19 and its
mature product, miR-675, increase AKT/mTOR signal-
ing in gastric cancer through the IncRNA-H19/miR-675/
RUNXI1 axis [225, 226], whereas in gallbladder cancer,
the same IncRNA can act as an endogenous competing
RNA (ecRNA) by decoying miR-294-5p to increase AKT
expression [227]. An interesting IncRNA is LINC00470,
which forms a ternary complex with the DNA/RNA bind-
ing protein, FUS, and AKT in the cytoplasm to increase
AKT’s activity, as reported in cases of glioblastoma
multiforme; phospho-AKT prevents the ubiquitination
of hexokinase-1 (HK-1), thereby increasing glycolysis,
inhibiting autophagy, and increasing glioblastoma multi-
forme’s tumorigenicity [228].
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AKT activation by post-translational modifications

In addition to serine and threonine phosphorylation, Akt
is subject to an array of other post-translational modi-
fications, including hydroxylation on proline residues
[229-231], methylation [232], phosphorylation on tyros-
ine residues, O-GlcNAcylation on serine or threonine
residues, and SUMOylation, acetylation, and ubiquitina-
tion on lysine residues, which can significantly alter AKT
activity, even when the function of AKT’s upstream regu-
lators, such as PI3K or PTEN, are unperturbed [233]. The
phosphorylation of tyrosine 26 in AKT1 by Mer tyrosine
kinase (MERTK) can promote AKT1 activation by the
PI3K signaling pathway [234]. Unlike ubiquitination and
methylation, it is unclear whether SUMOylation, which
is carried out by the SUMO-conjugating enzyme, Ubc9,
SUMO-activating enzyme, SAE1, and SUMO E3 ligase,
PIAS1 [51, 235, 236], is necessary for AKT phosphoryla-
tion [237, 238]; however, as mentioned above, SUMOyla-
tion does play a role in enhancing the activity of AKT
[50], regardless of PI3K activity and AKT membrane
localization [235]. Activated AKT, in turn, can phos-
phorylate SUMOI1 and Ubc9 at T76 and T35, respec-
tively, increasing overall SUMOylation [238]. In papillary
thyroid cancer, SIRT7, an NAD +-dependent histone/
non-histone deacetylase, may be targetable, as it often
shows increased expression; SIRT7 suppresses the tran-
scription of DBC1, an endogenous inhibitor of SIRT1, by
deacetylating H3K18Ac. This leads to the deacetylation
of AKT and ribosomal p70S6K1 by SIRT1, permitting
their phosphorylation and activation [239]. Egl-9 family
hypoxia inducible factor-1 (EgIN1) is an oxygen sensor
that degrades hypoxia inducible factor (HIF) under nor-
moxic conditions. Among the list of EgIN1’s substrates
is AKT, which hydroxylates at proline residues 125 and
313. AKT is then inactivated by VHL in an E3 ubiquitin
ligase-independent manner through dephosphorylation
of pThr308 by PPA. Under hypoxic conditions, EgIN1
cannot hydroxylate Akt, sending Akt into ‘overdrive’
mode. This may explain how hypoxia fosters treatment
resistance in tumor cells [229, 230].

AKT activation by mutations

The vast majority of AKTI gene missense mutations
encompass the PH domain, the most common one being
E17K, which has been reported in bladder, breast, ovar-
ian, endometrial, urothelial, colorectal, lung and pancre-
atic cancers [240-245]. This mutation is also linked to
Proteus Syndrome, a rare disease characterized by over-
growth of skin, bone, and soft tissue, causing significant
disfigurement and functional impairment in affected
individuals [246]. Activating E17K missense mutations in
the AKT3 gene have been described in acral melanoma,



Hassan et al. J Exp Clin Cancer Res (2024) 43:313

breast, ovarian, and colorectal cancer [181, 247]. E17K
enhances AKT’s ubiquitination as well as its affinity for
PIP3, substantially increasing its ability to localize to the
plasma membrane and be phosphorylated by PDK1 [53,
241]. Other missense mutations, including L52R, C77F,
Q79K, and E49K, have also been identified in the PH
domain and have similar effects [156, 240]. G171R, pre-
sent in bladder cancer, affects AKT3’s kinase domain and
leads to AKT phosphorylation and hyperactivation as
well [248].

Other factors leading to AKT activation

The non-receptor tyrosine kinase SRC can activate AKT
in the presence of oxidative stress [249]. Moreover, pro-
tein kinase A (PKA) and exchange proteins directly acti-
vated by cAMP (EPAC) can also activate AKT by way of
cAMP [104, 250-252]. The effect of heat shock on AKT
activation is controversial, with some studies contending
that heat shock can activate AKT without the need for
PI3K, AKT plasma membrane translocation, and phos-
phorylation [253] in the case of oligomeric AKT but not
monomeric AKT [249]. In contrast, other studies suggest
that heat shock aids in AKT phosphorylation and activa-
tion [254]. Awareness of these non-canonical modes of
AKT activation is essential, as they explain why drugs
targeting PI3K/mTOR may not always be effective.

Role of AKT isoforms in cancer-specific tumor
initiation & progression

AKT isoforms may have opposing roles and even pro-
tective roles at different stages of tumor progression in
different cancers, which is why incorporating therapies
that are directed against AKT isoforms is so crucial. This
may be due to the differential level of isoform expression
in tumors, and this can vary based on the type of tissue
from which the cancer arose. Alternatively, different AKT
isoform activity may depend on other factors within the
PISK/AKT pathway, such as which upstream PI3K iso-
forms are activated or the presence of specific gain-of-
function PI3K mutations. Other factors include different
isoforms having distinct subcellular localizations, differ-
ent substrate specificities, or varying effects on similar
substrates [255]. For instance, AKT?2 is selectively acti-
vated in the presence of the PIK3CA hotspot mutation
H1047R [256]. Cancers with PTEN loss show increased
activity of the PI3K-p110p (PIK3CB) isoform, which pref-
erentially activates AKT2 [257, 258], while cancers with
increased activation of SRC-family kinases (SFKs) sec-
ondary to RTK stimulation show increased activation of
another PI3K isoform, PI3K-p110a (PIK3CA), that acti-
vates AKT1 [259].
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In transgenic mouse models of mammary carcinoma,
driven by Erbb2 and polyomavirus middle T-ag (PyMT),
germline Aktl gene ablation inhibited primary tumor
development and, although increased tumor invasive-
ness, it did not increase the risk of metastasis. In con-
trast, the opposite was true when germline Akz2 was
ablated [260]. These findings are significant to note since
they emulate drug therapy. In the same Erbb2-driven
mammary carcinoma model, expression of activated
Aktl or Akt2, in which the Thr308 and Ser473 residues
were replaced with phosphomimetic Asp residues (Aktl
T308D S473D and Akt2 T308D S473D), resulted in
increased pulmonary metastases and tumor invasiveness,
particularly in the case of activated Akt2 [260-262].

As a proof of concept, Chen et al. compared the effects
of cell-autonomous and systemic Akzl and Akz2 deletion
on mammary tumorigenesis and found that systemic
Akt2 ablation did not protect against metastasis, while
increased primary tumor development was due to a com-
pensatory rise of systemic insulin levels, which hyperacti-
vates Akt and enables ErbB2 activation. They also found
that the effect of systemic Akz2 ablation on primary
tumor development can be counteracted by inhibiting
insulin. Systemic Akt1 ablation, on the other hand, blocks
metastasis by inhibiting the mobilization and survival of
tumor-associated neutrophils, which have pro-metastatic
properties; ablating AkzI in neutrophils alone is sufficient
to impede metastasis [263]. The disconnect between
assumed AKT signaling dependency and drug potency
is further exemplified by the finding that treatment with
the pan-AKT inhibitor, MK2206, in a xenograft model of
MCEF-7 and MDA-MB-231 human breast cancer cells,
increased in vivo lung metastasis, whereas AKTI knock-
down inhibited the invasiveness of the two xenografts
[264].

Using genetically engineered mouse models and tetra-
cycline-regulated AKT isoform shRNA, it was found that
in prostate cancer, AKT1 promotes tumor growth, and
AKT?2 promotes metastasis [257, 265]. In a mouse model,
knockdown of Aktl significantly inhibited ovarian cancer
cell proliferation and in vivo tumor progression, whereas
disruption of Akt2 increased tumor growth [266].

The role of AKT3 in oncogenesis is less clear-cut.
Numerous studies have elucidated the role of AKT3 as
a driver of endocrine therapy and AKT inhibitor resist-
ance in ErbB2-driven breast cancer and breast cancer
in general [267, 268]. In fact, AKT3 is upregulated in
ER +breast cancers and androgen-independent prostate
cancers, suggesting a role for AKT3 in tumor progression
[269]. However, other studies reported decreased migra-
tion and metastasis in triple-negative breast cancer cell
lines in which AKT3 is overexpressed [270].
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Effect of AKT isoforms on the immune system:
implications for inflammatory diseases, cancer
prevention and treatment

AKT is essential for regulating T cell development, dif-
ferentiation, metabolism, and effector function. By phos-
phorylating FOXO1/3, AKT blocks naturally occurring
Treg (nTreg) differentiation of double-positive (DP) thy-
mocytes in the thymus and induces Treg (iTreg) differ-
entiation of antigen-stimulated naive CD4+T cells in
the periphery and promotes effector CD8+ T cell (versus
memory CD8+T cell) differentiation (reviewed in [271]).
However, recent evidence suggests that this is grossly
oversimplified, as the fate of CD4+ T cells is governed by
the type of substrates that AKT phosphorylates, which
is in turn dictated by whether AKT is phosphorylated
on Thr308 alone or Thr308 and Ser473, in response to
weak or strong TCR stimulation, respectively. Evidence
suggests that weak TCR stimulation of CD4+T cells
promotes commitment to the iTreg lineage over other
CD4+subsets [272, 273]. This is substantiated by the
fact that ex vivo stimulated human T cells show Thr308
phosphorylation, and expression of a constitutively active
AKT in human Treg cells diminishes their suppressive
capacity [274]. In response to weak TCR stimulation,
AKT favors Treg differentiation by phosphorylating het-
erogeneous nuclear ribonucleoproteins hnRNP L and
hnRNP Al, as confirmed by mass spectrometry-based
proteomic analysis; knocking down hnRNP L and hnRNP
Al resulted in a decline in Treg cell number [272]. Weak
TCR stimulation via AKT additionally inactivates the cit-
ric acid cycle enzyme Citrate Synthase, allowing acetyl
CoA to be instead used for the decompaction of chro-
matin at the FOXOP3 promoter to promote FOXOP3
expression and iTreg differentiation[275].

Given that PD-1 blockade can expand the number
of intratumoral memory T cells [276], and given AKT’s
implication in PD-L1 upregulation in some tumors [277],
combining AKT inhibitors with anti-PD-1/PD-L1 ther-
apy can produce robust anti-tumoral responses to maxi-
mize therapeutic efficacy [278-280]. Pharmacological
manipulation with AKT inhibitors of tumor-infiltrating
lymphocytes (TILs) isolated from cancer patients repro-
grammed them into acquiring a stem-like memory cell
phenotype, which increased their life span when trans-
ferred into NOD scid gamma (NSG) mice [281]. Ex vivo
treatment with AKT inhibitors of cytotoxic T lympho-
cytes (CTLs) isolated from a mouse model of melanoma,
and CAR-T cells in a murine leukemia xenograft model,
and their re-administration to the mice produced similar
results, with better tumor control and improved overall
survival in both cases [281, 282]. One study, however,
contradicted these findings and maintained that the
overexpression of AKT in tumor-specific T cells results
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in superior outcomes [283]. It was also found that inhibi-
tion of Aktl and Akt2, but not Akt3, decreases terminal
CD8+T cell differentiation, suggesting that Akt isoforms
differentially regulate CD8+T cell differentiation in the
same way they regulate Treg differentiation [284] (see
below).

As in tumor cells, AKT isoforms may act in opposi-
tion to regulate Treg cell differentiation. The genetic
ablation of AktI relieved T cell-mediated CNS dysfunc-
tion in a murine model of experimental autoimmune
encephalomyelitis [285]. In contrast, in another study,
the genetic ablation of Akt2 and Akt3 had the opposite
effect, suggesting that Aktl blocks FOXO1-mediated
FOXOP3 induction and inducible Treg (iTreg) differ-
entiation in this setting [286]. However, another study
contradicted these findings and concluded that the Akt2
isoform, not the Aktl isoform, limits iTreg differentia-
tion [287]. Human Treg cells are similar to mouse Tregs
in that AKT3, but not AKT2, appears to direct CD4+T
cells toward iTreg differentiation, and they lose suppres-
sive functions and adopt a Th1 profile in the presence of
AKT1 [288].

The observation that Akt isoforms have opposing
effects on tumorigenesis and Treg differentiation can be
extended to macrophages. Macrophages present in the
tumor microenvironment (TME) that acquire an M2
phenotype can promote tumor progression and metas-
tasis by secreting immunosuppressive cytokines, such
as transforming growth factor beta (TGEp) and interleu-
kin-10 (IL-10) [289, 290], increasing angiogenesis [291],
and remodeling the stroma by producing matrix metal-
loproteinases (MMPs) [292]. As a result, recent efforts
have been directed towards targeting M2 macrophages
or attempting to revert them to an M1 phenotype, which,
in contrast to M2 macrophages, is known to be tumori-
cidal and pro-inflammatory [293].

In the absence of ICAM-1, a transmembrane glyco-
protein belonging to the immunoglobulin superfamily,
macrophages acquire an M2 phenotype in the pres-
ence of apoptotic tumor cells through efferocytosis,
as shown by co-culture experiments, and this is medi-
ated by AKT, which upregulates M2 genes; the systemic
knockout of the ICAMI gene increased the develop-
ment of liver metastasis in a mouse model of colon can-
cer compared to ICAM1 wild-type littermates [294].

Akt2 increased the chemotaxis of mouse perito-
neal macrophages and THP-1 cells in response to
the tumoral chemotactic factor, CSF-1, by increasing
LIMK/Cofilin phosphorylation and actin polymeriza-
tion, which was abolished by knocking down Ak¢2 using
small RNA interference (siRNA) [295]. While Aktl
increased M1 macrophage polarization by positively
regulating miR-155 [296], myeloid-specific ablation of
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miR-155 in a murine model of spontaneous mammary
carcinogenesis accelerated tumor growth by increasing
M2 macrophage polarization [297]. In the liver, hepa-
tocellular carcinoma developing in Akz2 knockout mice
after hepatic Aktl ablation showed increased infiltra-
tion of macrophages expressing Aktl [298], which may
indicate that Aktl polarizes macrophages towards the
M2 phenotype.

In a model of dextran sodium sulfate (DSS)-induced
colitis, exacerbation of intestinal inflammation occurs
when Aktl is ablated due to macrophages acquiring
an M1 phenotype, whereas when Akt2 is ablated, mac-
rophages acquire an M2 phenotype and the inflamma-
tion remits, suggesting that Akt2 could potentially be
targeted to both treat colitis and prevent colitis-associ-
ated neoplasia. It should be noted, however, that in this
study, macrophage depletion and reconstitution experi-
ments confirmed that the lack of Akt activity in other
cells could also contribute to the exacerbation of DSS-
induced colitis and that, in addition to macrophages,
these cells may play a role in the pathogenesis of
inflammatory bowel disease (IBD) in humans [299].

The unique interplay between Aktl, Akt2, and Akt3
in hepatic stellate cells (HSCs), Kupffer cells, and hepat-
ocytes in mediating inflammation, cell proliferation,
migration, and fibrogenesis has also been implicated
in alcoholic liver disease (ALD) progression, which
was revealed in lipopolysaccharide (LPS)- and etha-
nol-induced two-hit model of ALD, both in vitro and
in vivo. Cell culture experiments showed that siRNA-
directed silencing of Akt2 downregulated inflammatory
markers in HSC and Kupffer cells and that both Aktl
and Akt2 inhibited cell proliferation and fibrogenesis
in hepatocytes and HSCs, but only Akt2 inhibited cell
migration. Treating mice with a pharmacological agent
that blocks Akt2 suppressed binge ethanol and LPS
(EBL)-induced inflammation, whereas Aktl and Akt2
blockers downregulated pro-fibrogenic gene expression
and halted the progression of fibrosis [300].

AKT inhibitors: clinical trials & current therapeutic
challenges

Four categories of drugs have been used to target AKT:
1) those that compete with ATP for binding to the
active site of AKT (competitive AKT inhibitors) and
stabilize the active conformation of AKT; 2) those that
bind to the molecular interface of the PH and kinase
domains, and stabilize the inactive “PH-in” conforma-
tion of AKT (allosteric AKT inhibitors) [301]; 3) PIP3
analogues, which bind to the PIP3-cavity within the PH
domain [156]; and 4) the newer generation covalent-
allosteric AKT inhibitors (CAAIs), in which allosteric
inhibition is combined with the irreversible covalent
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modification of the two cysteine residues in AKT’s acti-
vation loop, translating to a prolonged target occupa-
tion time [302].

Modified PIP3 analogs suffer from poor drug-like
properties and selectivity due to the presence of other
molecules within cells that contain structurally related
PH domains [303]. The ATP-competitive inhibitors
capivasertib (AZD-5363) and ipatasertib (GDC-0068),
which have recently progressed to phase III in clinical tri-
als for the treatment of hormone receptor (HR)-positive,
HER2-negative breast cancer, and triple-negative breast
cancer, in combination with fulvestrant (CAPItello-291),
the CDK4/6 inhibitor palbociclib (CAPItello-292), and
paclitaxel (CAPItello-290) [304], also suffer from lack
of specificity, as the ATP-binding pocket is conserved
among kinases in human cells, and the clinically observed
decrease in efficacy is often due to dose reduction in an
attempt to counter toxicity [156]. A list of published,
completed clinical trials of AKT inhibitors, including
capivasertib, in breast cancer, can be found in Table 2.
The structure of the complex of human AKT1 with capiv-
asertib is shown in Fig. 3.

To decrease side effects associated with ATP-compet-
itive inhibitors, allosteric (PH-domain) pan-AKT inhib-
itors, such as MK-2206, miransertib (MK-7075), and
its next-generation inhibitor, Arq751, were developed;
both miransertib and Arq571 are currently under inves-
tigation for the treatment of Proteus syndrome [322,
323], with positive results being reported for miran-
sertib, based on the results of a 5-year follow-up phase I
pharmacodynamic study of an 18-year-old who derived
significant benefit from the drug, permitting continued
use of miransertib to assess its long-term safety profile
[324]. The CAAI borussertib, despite being more effica-
cious compared with other AKT inhibitors, and despite
showing anti-proliferative effects in cancer cell lines
harboring alterations of the PI3BK/AKT pathway, as
well as in a KRAS-mutant xenograft model in combina-
tion with a MEK inhibitor, has a poor pharmacokinetic
profile, making it difficult to achieve an effective thera-
peutic dose with oral application [302, 325]. Ongoing
clinical trials of AKT inhibitors for cancer therapy are
listed in Table 3.

As AKT plays a critical role in normal cell physiology,
particularly in glucose homeostasis, off-target effects
continue to be problematic, even with CAAIs and allos-
teric inhibitor treatment; diarrhea, hyperglycemia, and
liver injury with elevation of liver enzymes were among
the side effects observed in many clinical trials [316,
326-330]. The hyperinsulinemia resulting from pan-AKT
inhibition can decrease the efficacy of these drugs, as
alluded to previously. As the deletion of Akt and Akt2
genes in hepatocytes results in liver damage, hepatocyte
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Table 2 Completed Clinical Trials of AKT Inhibitors in Breast Cancer
AKT inhibitor Trial name Phase  Studyarm Study Study design Primary Efficacy Ref.
population (n. endpoint outcome
enrolled)
Capivasertib  STAKT 0 (Wo0O) Capivasertib Early ER + BC Randomized, Changesin AKT ~ NA [305]
or placebo (neoadjuvant) double-blind pathway markers
(n.48)
D3610C00001 | Capivasertib PIK3CA-mut ER Multipart, open  Safety Tumor shrinkage:  [306]
monotherapy + mBC (part Cb)  label 46%
(n.317) ORR: 4%
D3610C00001 | Capivasertib +/-  AKT1E7Kmut ER  Multipart, open  Safety ORR (monother-  [307]
Fulvestrant + mBC (part D) label apy): 20%
(n.63) ORR (combina-
tion prior fulv.):
36%
ORR (combina-
tion fulv. Naive):
20%
FAKTION 1b/1l Capivasertib ER + HER2-mBC, Randomized, PFS mPFS: 10.3 [308]
or placebo + postmenopausal  double-blind (capiv) vs 4.8
fulvestrant (n. 140) (pbo)
BEECH b/l Capivasertib ER + HER2 - mBC Randomized, PESInITT mMPFSITT: 10.9 [309]
or placebo + (n.110) double-blind and PIK3CA-mut  (capiv) vs. 84
Paclitaxel pop (pbo) months
mPFS PIK3CA-
mut: 10.9 (capiv)
vs 10.8 (pbo)
months
PAKT Il Capivasertib mTNBC (n. 140) Randomized, PFS mPFS: 5.9 (capiv)  [310]
or placebo + double-blind vs. 4.2 (pbo)
paclitaxel months
Ipatasertib FAIRLANE I Ipatasertib or pla-  Early TNBC Randomized, pCRINITT pCRITT: 17% [311]
cebo + paclitaxel  (neoadjuvant) (n.  double-blind and PTEN-low (ipat) vs 13%
151) popul (pbo)
pCR PTEN-low:
16% (ipat) vs.
13% (pbo)
LOTUS I Ipatasertib or pla-  mTNBC (n.124) Randomized, PFSInITT mPFSITT: 6.2 [312]
cebo + paclitaxel double-blind and PTEN-low (ipat) vs 4.9 (pbo)
popul months

mPFS PTEN-low:
6.2 (ipat) vs. 3.7
(pbo) months NA
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Table 2 (continued)
AKT inhibitor Trial name Phase  Studyarm Study Study design Primary Efficacy Ref.
population (n. endpoint outcome
enrolled)
MK-2206 NA 0 (Wo0) MK-2206 mono-  Early BC (neoad-  Open label, PAKT reduction NA [313]
therapy juvant) (n. 12) single arm in tumor tissue
SU2C b MK-2206 + mBC (expansion  Open label dose  MTD ORR: 23% [314]
paclitaxel cohort) (n. 13) finding CBR: 46%
NA MK-2206 + ER + HER2 - mBC  Open label dose  RP2D CBR:36.7% [315]
anastrozole and/  (n.31) finding
or fulvestrant
NA MK-2206 + trastu- HER2 + mBC? Open label dose  MTD/RP2D ORR: 7.4% [316]
zumab (n.27) finding CBR: 22%
NA MK-2206 +/- HER2 + mBC Open label dose  MTD/RP2D ORR: 0% [317]
Lapatinib (escalation finding
+ expansion
cohort) (n. 8)
NA b MK-2206 + HER2 + mBC Open label dose  RP2D ORR: 75% [318]
paclitaxel + (n.12) finding
trastuzumab
NA I MK-2206 Mono-  PIK3CA/AKT mut ~ Open label single  ORR ORR PIK3CA/AKT  [319]
therapy or PTEN altered arm mut: 5.6%
mBC (n. 27)
NA I MK-2206 + anas-  PIK3CA-mut ER+ Open label single pCR ORR PTEN [320]
trozole HER2 —early BC  arm altered: 0%
(n.16) pCR rate: 0%
[-SPY2 I MK-2206 + Early BC (neoad-  Open label rand-  pCR pCR e-rate over-  [321]

standard NAT

juvant) (n. 352)

omized adaptive

all: 35% (exp) vs.

or standard NAT

21% (contr)

pCR e-rate (ER+/
HER2-): 17% (exp)
vs. 13% (contr)
pCR e-rate (ER-/
HER24): 62%
(exp) vs. 35%
(contr)

Note: Adapted from [447]

Legend: AC doxorubicin and cyclophosphamide, BC breast cancer, Capiv capivasertib, CBR clinical benefit rate, Contr control arm, ER estrogen receptor, E-rate
estimated-rate, Esp experimental arm, Fulv fulvestrant, HR hazard ratio, HT hormone therapy, Ipat ipatasertib, ITT intention-to-treat, m metastatic, mPFS median
progression-free survival, MTD maximum tolerated dose, Mut mutated, NA not applicable, NAT neoadjuvant therapy, ORR objective response rate, Pbo placebo, pCR
pathologic complete response, Popul population, RP2D recommended phase Il dose, TNBC triple-negative breast cancer, WoO window of opportunity

@ These trials also enrolled patients with HER2+ advanced gastric cancer. However, only results about BC patients are reported

death, inflammation, and the secretion of inflammatory
cytokines, including IL-6, leading to STAT3 activation
in surviving hepatocytes, which can potentially lead to
their transformation [298], it is ill-advised to treat obese
patients or those with pre-existing liver injury with pan-
AKT inhibitors, as these groups of patients may be prone
to developing hepatocellular carcinoma (HCC) if liver
injury is sustained. Moreover, treating HCC with pan-
AKT inhibitors could prove futile for similar reasons
[331].

Most, if not all, of these pan-AKT inhibitors, have failed
to progress to phase III as monotherapies, highlighting
the need for combining AKT inhibitors with other treat-
ments due to the complexity of AKT biology, with tumor

cells are possibly adopting alternative signaling circuitries
through feedback loops, downstream target alteration, de
novo resistance through loss of negative feedback inhibi-
tion (discussed previously), and cross-talk between dif-
ferent pathways [301, 329]. Resistance to AKT inhibitors
in breast cancer, for example, can be caused by TSC1/2
loss, which activates mTORC1 and blocks apoptosis in
a BAK-dependent manner, even with a reduced level of
phosphorylated AKT, possibly by mTORC1-mediated
translational control of Mcl-1, and can be overcome
by combining AKT inhibitors with an Mcl-1 inhibitor
[332, 333]. Moreover, the PI3K-AKT pathway has been
implicated in resistance to chemo- and radiotherapeutic
agents [334], necessitating the combination of endocrine
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Fig. 3 Structure of the complex of human AKT1 with capivasertib (PDB entry 4GV1). A Schematic of the complex of AKT1 (gold) with capivasertib
(purple); phosphorylated Thr308 on activation loop is shown in sticks. B Close-up of AKT1 interacting residues that are within 4 A of capivasertib.
Dotted lines indicate hydrogen bonds

Table 3 Completed & ongoing clinical trials of AKT inhibitors for cancer therapy as of August 2024

Drug

Company

Alternative names

Drug Class

Targets

Trial phase

ClinicalTrials.
gov ldentifier

MK-2206

GSK2110183
GSK2141795

AZD5363

GDC-0068

Merk & Co

GlaxoSmithKline
GlaxoSmithKline

AstraZeneca

AbbVie

MK-2206 hydrochloride

Afuresertib
Uprosertib

Capivasertib

Ipatasertib

Allosteric

ATP-Competitive
ATP-Competitive

ATP-Competitive

ATP-Competitive

AKT 1/2/3

AKT 1/2/3
AKT 1/2/3

AKT 1/2/3

AKT 1/2/3

NCT01333475
NCT01480154
NCT01344031
NCT01294306
NCT01245205
NCT01476137
NCT01138085
NCT01941927
NCT01935973
NCT01902173
NCT01964924
NCT01989598
NCT01979523

NCT02523014
NCT02208375
NCT02338622
NCT02117167
NCT05593497
NCT02299999
NCT03903835

NCT03959891
NCT06400251
NCT05554380
NCT04253561
NCT02301988
NCT04551521
NCT05172245
NCT05538897
NCT05332561
NCT01562275
NCT03395899
NCT02162719
NCT01896531
NCT05564377
NCT02465060
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therapy, targeted therapy, or chemoradiation with AKT
inhibitors (reviewed in [335]). MERIT40, for example,
is a component of the BRCA1-A DNA repair complex,
which undergoes phosphorylation and activation by AKT
in response to doxorubicin treatment and promotes reso-
lution of chemotherapy-induced DNA damage [336]. In
HER2 +breast cancer cell lines, resistance to anti-HER2
monotherapy is associated with PIK3CA mutations,
leading to continuous PI3K-AKT signaling [337]. Fur-
thermore, AKT-independent, PI3K-dependent cancer
progression pathways exist [338, 339], meaning that addi-
tional drugs targeting multiple nodes upstream of AKT,
such as multiple PI3K isoforms and receptor tyrosine
kinases, might be required.

Another problem with these pan-AKT inhibitors is that
there is a need for complete understanding as to how they
exert their effects since some have been shown to inhibit
one isoform over another preferentially. As an example,
GSK2142795 inhibits AKT2 more potently than AKT1
or AKT3, and another pan-Akt inhibitor, GSK2110183,
showed more potent inhibition of AKT1, using in vitro
kinase assays containing purified AKT1, AKT2, AKTS3,
and a GSK3a peptide substrate. Moreover, cancer cell
lines harboring PTEN loss or mutant PIK3CA required a
higher drug concentration to establish 50% growth inhi-
bition (IC50) in 2D cultures compared to that needed to
inhibit AKT kinase activity [340].

Lastly, aside from the AKT1-specific inhibitor
A-674563 and the AKT2-specific inhibitor CCT128930
(both ATP-competitive inhibitors), most AKT inhibitors
lack isoform specificity, and isoform-specific treatments
should be tailored to the cancer in question for reasons
mentioned above. Even with A-674563 and CCT128930,
which purportedly also inhibit PKA and CDK2 [341], no
in vitro kinase assays to test their isoform preferentiality
have been performed to date [27]. Like pan-AKT inhibi-
tors, it is not entirely clear what the mechanism of action
of A-674563 in tumor cells is since it increased (PRAS40)
or had no effect (GSK3p) on the phosphorylation of sub-
strates shared by all AKT isoforms, although it is expect-
edly decreased the phosphorylation of FOXO1 [342].

Despite all of this, capivasertib has shown immense
promise for the treatment of breast cancer, with posi-
tive results also being achieved in patients with Cowden
syndrome [343], who inherit a defective PTEN gene in
the germline and carry an 85% cumulative risk of devel-
oping breast cancer in their lifetime [42]. Capivasertib
showed pre-clinical efficacy when used as a single agent
for treating human breast cancer cell lines with altera-
tions in PIK3CA and MTOR, and more so when com-
bined with anti-HER2 and endocrine therapy [304]. In
phase I clinical trials of metastatic, estrogen receptor
(ER)-positive, HER2-negative breast cancers harboring
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PTEN loss-of-function and AKTI1 E17K mutations,
capivasertib plus fulvestrant was shown to be more
tolerable and clinically effective than treatment with
capivasertib alone, especially in fulvestrant pre-treated
patients, including those who have a history of progres-
sion on fulvestrant, with most of the >grade 3 adverse
effects reported being diarrhea (5% vs. 10%), hyper-
glycemia (5% vs. 30%), and a rash (9% vs. 20%) [307,
344]. Similar encouraging results were obtained in both
phase I and II trials of HR-positive and HER2-negative
breast cancer when capivasertib was co-administered
with paclitaxel or olaparib [304].

The PI3K/AKT pathway is also altered in gynecologi-
cal malignancies. For example, genetic abnormalities of
the PIBK/AKT pathway are frequently observed in pri-
mary ovarian cancer and predict patient outcomes [345,
346]. Thus, several attempts have been made to target the
pathway in these cancers, with promising results [347,
348]. In particular, capivasertib, in combination with
olaparib in a phase Ib dose expansion trial, demonstrated
durable activity, especially in endometrial cancer. Of the
19% of patients with recurrent triple-negative breast,
ovarian, fallopian tube, or peritoneal cancer who partially
responded to the treatment regimen, those with endome-
trial cancer derived the most significant benefit and had
the highest partial response (PR) rate (44.4%) [349].

In gastric cancer (GC), increased AKT kinase activity is
associated with a higher tumor grade and a poorer prog-
nosis [350] and is observed in up to 78% of tumors [351].
Moreover, mesenchymal-type gastric cancer cell lines
were found to be sensitive to agents targeting the PI3K/
AKT/mTOR pathway [352], suggesting that GC can be
targeted with AKT inhibitors. Data obtained from phase
II studies of AKT inhibitors in molecularly selected GC
patients found limited clinical benefit, however, along
with significant toxicities [353], although, in the umbrella
VIKTORY (targeted agent eValuation In gastric cancer
basket KORea) trial, which classified metastatic gastric
cancer patients based on the presence of 10 different
biomarkers and assigned patients with PIK3CA muta-
tions and wild-type PIK3CA to combination therapy
with capivasertib and paclitaxel, the treatment arm with
PIK3CA mutations derived significant anti-tumor ben-
efit, with an ORR of 33.3% in second-line GC, compared
to the low response rate (< 15%) in the PIK3CA wild-type
group [354]. This suggests that optimization of the thera-
peutic efficacy of AKT inhibitors in GC can be attained
using a biomarker-based approach, which will require
further investigation in additional phase II/III clinical
trials.

In prostate cancer, however, capivasertib has yielded
inconclusive results. In the randomized, placebo-
controlled, phase II ProCAID trial of metastatic,
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castration-resistant prostate cancer, the addition of
capivasertib to docetaxel and prednisolone resulted in a
statistically significant improvement in median overall
survival (OS) of 31.15 months compared to docetaxel and
prednisolone alone (20.27 months). However, no statisti-
cal significance was reached in composite progression-
free survival (cPFS) (7.03 months in the capivasertib
group vs. 6.70 months in the placebo group), a primary
endpoint that included prostate-specific antigen (PSA)
progression. The observed OS result in the capivasertib
plus placebo group will need to be validated in prospec-
tive studies to address the potential for bias [355].

Increasing the therapeutic window of AKT
inhibitors: future challenges and novel approaches
to targeting AKT
Impaired glucose tolerance resulting from pan-AKT
inhibition can be overcome by adding metformin treat-
ment regimens, especially since metformin has anti-
oncogenic effects, based on the results of prior studies
[356]. Recently, the cholesterol-lowering drug pitavasta-
tin was shown to synergize with AKT inhibitors in killing
of triple-negative breast cancer cell lines, organoids and
xenografts, but not ER-positive cell lines and organoids
[357]. While it may be possible to correct faulty genes
involving the PI3K-AKT pathway through the use of chi-
meric genome editing tools, such as Clustered Regularly
Interspaced Palindromic Repeats (CRISPR), Transcrip-
tion-like effector nucleases (TALENS), and zinc-finger
nucleases (ZFN) (reviewed in [358]), these tools are, for
the most part, restricted to research settings, and they
are only mentioned here for the sake of completeness.
Newer approaches developed for targeted protein
degradation (TPD) to date have taken advantage of the
ubiquitin-proteosome system (UPS) and autophagy/
lysosome degradation systems present in eukaryotic
cells, the list of which includes PROTACs [359, 360],
molecular glues[361, 362], Trim-Away [362], tag-tar-
geted protein degraders [363], specific and non-genetic
inhibitors of apoptosis protein-dependent protein erosive
agents (SNIPERs) [364], autophagy-targeting chimeras
(AUTAC:S) [365], lysosome-targeting chimeras (LYTACsS)
[366], and autophagosome tethering compounds
(ATTECsS) [367]. The benefits of using PROTAC: far sur-
pass those of traditional AKT inhibitors: heterobifunc-
tional degraders tend to exhibit significantly prolonged
effects compared with AKT inhibitors, as their pharma-
cological effects depend on the re-synthesis rate of the
protein of interest and not target occupancy. INY-03-041
is a pan-AKT degrader composed of the ATP-competi-
tive AKT inhibitor, GDC-0068, conjugated to an E3 ubiq-
uitin ligase substrate adaptor recruiter; INY-03-041 was
demonstrated to have significantly prolonged effects on
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downstream signaling and enhanced potency, which may
explain its superior anti-proliferative effects [368]. The
translation of the above drugs to the clinic, however, has
been hampered by their poor solubility, non-specificity
of their biodistribution, off-target systemic toxicity, dif-
ficulty finding suitable ligands for the protein of inter-
est [369], as well as their large molecular weights, which
impede their cell membrane traversal and concentration
in tissues, resulting in reduced target occupancy [370].

A non-exhaustive list of oligonucleotide-based thera-
peutics includes RNA interference (RNAi) (miRNA
mimics, shRNA, siRNA. piRNA) [371], anti-sense oli-
gonucleotides (ASOs) (anti-miRNA oligonucleotides,
peptide nucleic acids, Locked Nucleic Acid (LNA),
morpholinos) [372], ribozymes [373], long non-coding
RNAs (LncRNA) [374], and CRISPR [375], which are all
designed to bind to target RNA transcripts via comple-
mentary base-pairing. While it is relatively non-cum-
bersome to construct sequences that match a target of
interest with variable specificity, these modalities, like
PROTACs, suffer from many drawbacks, including
immunogenicity [376], instability imparted by their 2’
hydroxyl (OH) groups [377], toxicity arising from tissue
non-selectivity (except for the liver and kidney) and the
platform used for drug delivery, as well as poor tissue
uptake and endosomal escape [378]. This, combined with
the fact that some RNA regions form intricate secondary
and tertiary structures often needed for their processing
and function, makes the base-pairing design less efficient
for the target RNA binding [379]. To overcome these
issues, a wholly new and specific approach to targeting
RNA, the ribonuclease-targeting chimeras (RIBOTAC:)
came to the forefront, fusing small molecules with RNA
binding ability to a 2’~5’-linked tetra-adenylate conjugate,
similar to oligoadenylates produced by cells in response
to a viral infection, for RNAse L recruitment, thus con-
verting any inert RNA-binding small molecule into a bio-
active RNA degrader, i.e., the RIBOTAC [380]. The ability
of RIBOTAC: to degrade multiple target RNAs in succes-
sion, a feature it shares with PROTACs, means that only
low concentrations are required to achieve phenotypic
effects, giving RIBOTACs an advantage over oligonucle-
otide-based therapeutics [381]. However, only 50—-60% of
the target RNA has been reported to be degraded at any
given point in time, possibly due to the rapid turnover of
the target RNA. This attribute is intrinsic to RNA species
in general rather than a problem with RIBOTACs spe-
cifically [382]. As with PROTACsS, these molecules’ high
molecular weight and charged nature give them inferior
physicochemical properties [383]. Another disadvan-
tage inherent to RIBOTAC: is the difficulty in finding
small molecules that bind selectively to the RNA mol-
ecule of interest [381]. Furthermore, the RNA-binding
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and RNAse-recruiting ligands must be oriented so that
RNAse L and the target RNA can interact, which is chal-
lenging to accomplish on a spatial level. Yet another
problem with RIBOTACSs that may be overlooked is that
they do not work equally well in all cells since RNAse L
expression levels vary among different tissue types [382].
Proximity-induced nucleic acid degraders (PINAD),
which have been successfully used to target structural
genomic variants of SARS-CoV-2, represent a ‘new and
improved’ version of RIBOTACs, wherein the RNAse
recruiting ligand is replaced by an imidazole group, a
component of the active site of many ribonucleases [382].
It can be envisioned that both RIBOTACs and PINADs
could be directed onto AKT mRNAs as a future option
for therapy. Even positive upstream and downstream
AKT regulator transcripts, and oncogenic non-coding
RNAs, such as miRNAs and IncRNAs, that target nega-
tive AKT regulators and show altered activity or levels
in various cancers, as described in earlier sections of this
review, could be targeted with such RNA-based modali-
ties. By using CRISPR activation (CRISPRa) (reviewed
in [384]) and genetically engineering long non-coding
RNAs (IncRNAs) [374], it is even possible to promote the
transcription and translation of suppressors of the AKT
pathway. This is especially true if the mechanism of their
inactivation is epigenetic in origin.

Honing in on each AKT isoform individually, akin to
some of the CAAIs that have been in recent development
[385, 386], by potentially targeting sequences or residues
at the transcript or protein level, that are unique to each
isoform, using the above approaches, would yield more
desirable outcomes. Whereas these can target the iso-
forms at the post-transcriptional/translational and post-
translational levels, CRISPR interference (CRISPRi) [387]
and IncRNAs [374], for example, can repress the respec-
tive genes at the transcriptional level. Still, before this can
be undertaken, one must attempt to clarify the relative
expression levels of each AKT isoform in various cancer
types, as well as dive deeper into what roles they play in
different cancer progression ‘parameters. The latter goal
can be attained by identifying the substrates of each iso-
form using cellular proteomic analysis of peptides per-
formed on various cancer cell lines by either knocking
out isoform-specific genes, silencing them using siRNA
technology [27, 388], or inhibiting each isoform using
the recently developed isoform-specific nanobodies
[389] or CAAIs [386]; the latter three methods can also
form the basis for the development of isoform-specific
drugs, for example, isoform-specific anti-sense oligonu-
cleotides (ASOs). The AKT2-specific nanobody, Nb8,
targets the hydrophobic motif and was found to induce
cell cycle arrest, autophagy, and the loss of focal adhe-
sions in MDA-MB-231 cells by reducing hydrophobic
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motif phosphorylation [390]. The problem with identi-
fying AKT isoform substrates using cellular proteomics,
however, is its inability to distinguish between AKT and
non-AKT substrates; for example, other kinases, such
as Proviral Integration site for Moloney murine leuke-
mia virus 2 (PIM2), ribosomal S6 kinase (RSK), or PKA,
recognize similar versions of the AKT substrate motif
[245, 391-393]; PIM2 phosphorylates similar sites on the
anti-apoptotic protein and cell cycle regulator, BAD and
p21WAEF, as AKT, and S455 on ATP citrate lyase (ACLY)
can additionally be phosphorylated by PKA, mTOR,
or Branched-Chain Ketoacid Dehydrogenase Kinase
(BCKDK) [394-399].

Another problem with cell-based assays is that they can
confound the results because of compensation by other
AKT isoforms [32]. This problem can be overcome by
performing LC—-MS/MS on phospho-serine and -threo-
nine peptides following the re-expression of each AKT
isoform in Akt1/2/3 knockout lung fibroblasts generated
from transgenic mice; this approach identified IWSI,
among other substrates, as being an Aktl- and Akt3-
preferred substrate [400]. One of the limitations of this
approach is that the findings only apply to a single cell
type (fibroblasts), and they do not factor in non-canoni-
cal substrate motifs recognized by each isoform.

Yet a third issue is assigning substrates to a particu-
lar isoform when, under specific cellular conditions or
in certain cell types, only one isoform is expressed [27].
As a case in point, EZRIN was initially identified as an
AKT?2 substrate in Caco-2 cells, even though AKT1 and
AKT3 are not known to be expressed at sufficiently high
levels in these cells [401]. Likewise, the identification
of AKT isoform substrates using in vitro assays has the
disadvantage of lacking cellular compartmentalization,
meaning that substrates that may not interact with spe-
cific AKT isoforms within cells may be falsely labeled as
being an isoform’s substrate by interacting with said iso-
form in vitro. Hence, identifying substrates shared by and
unique to each AKT isoform requires the integration of
results obtained from both in vitro and cell-based assays
[27].

On the other hand, isoform compensation might be a
problem encountered in the application of isoform-spe-
cific therapy [32, 402, 403], which is why targeting more
than one isoform might be a more effective therapeutic
strategy. Although pan-AKT inhibitors can theoretically
negate these effects, they are not without problems, as
previously discussed.

Aptamers are short DNA- or RNA-based oligonu-
cleotides that, upon folding into unique secondary and
tertiary conformations, can recognize different target
molecules, such as metal ions, proteins, protein aggre-
gates and metabolites [404]. Aptamers are equivalent
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to antibodies in terms of their affinities and specifici-
ties for target molecules, but are easier to synthesize
and modify, are inexpensive, do not elicit an immune
response, can self-assemble, and have the ability to
switch conformations with ease [405]. The inher-
ent weakness of PROTACs have resulted in the emer-
gence of two targeted protein strategies that combine
PROTACs with aptamers, called aptamer-PROTAC
conjugates [369] and aptamer-based PROTACs [406].
However, the use of aptamers for targeted protein
degradation has many downsides [369, 404], many of
which can be successfully navigated through the use of
nanoparticles, notably lipid nanoparticles, which have
shown success in clinical trials as delivery vessels for
genetic material-containing drugs [407]. Table 4 sum-
marizes the main protein-based modalities that have
been employed for targeting the PI3K-AKT pathway,
and their mechanisms of action.

Nanoparticles can act as a delivery vehicle not only
for nucleic acids, but for drugs and proteins as well.
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Distinctive features of nanoparticle-based delivery sys-
tems that make them a burgeoning platform for cancer
treatment is their biocompatibility, stability in the cir-
culation, enhanced permeability and retention effect in
tissues, specific cellular targeting, membrane traversal,
intracellular target localization, sustained drug release
and superior cytotoxic capabilities [415-417]. Another
advantage is that nanoparticles themselves can be con-
jugated to aptamers for targeted delivery; Gonzalez-
Valdivieso and colleagues devised a docetaxel and AKT
peptide inhibitor recombinant fusion-containing elastin-
like recombinamer (ELR) vehicle, which was conjugated
to a DNA aptamer that specifically recognizes the tumor
marker, CD44, to selectively target colorectal cancer
cells [418]. Tumor selectivity has also been endeavored
through the use of pH-sensitive smart cancer nano-thera-
nostics that home to the acidic tumor microenvironment
(TME) [419]. The simultaneous delivery of multiple drugs
is another advantage of nanotherapeutics, with antibody-
conjugated drug-loaded nanotherapeutics (ADN) being

Table 4 Protein-based approaches for targeting the PI3K-AKT pathway

Approach Mechanism(s) of Action

Examples of Applications Ref

PROTACs A linker connects an E3 ligand to a POI
ligand. The POl ligand binds to the PO,
and the E3 ligand recruits E3 ligases

to the POI to ubiquitinate and mark the POI

Development of INY-03-041, a pan-AKT degrader derived from the ATP-
competitive AKT inhibitor, GDC-0068, conjugated to lenalidomide, which
recruits the E3 ubiquitin ligase substrate adaptor, CRBN.

Development of MS21, a VHL-recruiting, pan-pAKT targeting PROTAC

[368]

[408]

for degradation by the proteosome system. - yarived from the ATP-competitive inhibitor, AZD5363, which reduced
both cell and tumor growth in mutant PI3K-PTEN and wild-type,
but not mutant, KRAS/BRAF cell lines, by destabilizing AURKB and arrest-
ing cells in the G2-M phase.

Development of MS15, a pan-AKT, allosteric inhibitor-based PROTAC,

[409]

which potently and selectively degraded AKT, and inhibited the growth
of both PI3K-PTEN and KRAS/BRAF-mutant cancer cells.

[410,411]

The discovery of additional pan-AKT targeting, VHL-and CRBN- recruiting
PROTACs, MS143, MS98, MS5033, and MS170 using SAR, which inhibited
AKT downstream signaling and cancer cell proliferation. MS143, in par-
ticular, showed superior anti-growth properties compared with AZD5363.
All four drugs additionally demonstrated adequate plasma exposure lev-
els in mice. MS143 was also effective in suppressing tumor growth in mice
without causing any appreciable toxicity.

Using an in silico modeling approach to design a unique pan-AKT, CRBN-  [412]
recruiting PROTAC, B4, that has a pyrazole-furan conjugated piperidine
derived AKT-targeting moiety. B4 potently inhibited AKT downstream

signaling and demonstrated efficacy against hematological cancers.

Development of WJ112-14, a CRBN-recruiting, pan-class | PI3K isoform [413]
binding module that reduced off-target effects by selectively degrading

PI3Ka in cancer cells.

Nanobodies  Specific binding to dysregulated or over-
expressed oncogenic proteins in tumor
cells to block their activity or trigger their

degradation.

Development of AKT1- and AKT2-specific nanobodies to dissect their
isoform-specific functions, and inhibit their interaction with PIP3.

[389, 414]

Development of the hydrophobic motif-targeting AKT2 nanobodies, [390]
Nb8 and Nb9, which decreased MDA-MB-231 cell growth and viability

by decreasing AKT activation and expression/phosphorylation of down-

stream AKT targets, decreasing the number of focal adhesions and stress

fibers, and inducing cell cycle arrest and autophagy.

Legend: POI protein of interest, CRBN cereblon, AURKB aurora kinase B, PROTAC proteolysis-targeting chimera, PI3K phosphatidylinositol-3 kinase, PIP3
phosphatidylinositol (3, 4, 5)-trisphosphate, PTEN phosphatase and tensin homolog, KRAS Kirsten rat sarcoma viral oncogene homolog, VHL Von Hippel-Lindau, BRAF
v-raf murine sarcoma viral oncogene homolog B1, SAR structure-activity relationship
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a significant advancement in the field of immunotherapy
[420]. The approach of using an anti-CD47 and anti-
PDL1 antibody pair conjugated to the surface of a nano-
particle encasing a PI3BK-AKT-mTOR inhibitor, proved
to be more efficacious in reducing tumor burden in a
non-small cell lung cancer immunocompetent mouse
model, compared with current approaches using a PDL1
inhibitor [420]. Perhaps designing aptamer-conjugated,
or microenvironment- or stimuli-sensitive ADN, for
targeted delivery, can overcome the limitations of RNA-
and protein-based degraders for AKT isoform-target-
ing, especially given the well-established role of AKT in
immune evasion [9] and the effect of different AKT iso-
forms on immune cells, as discussed above.

Designing isoform-specific drugs having mutant or
allele selectivity, such as inhibitors that target AKT1
E17K (https://www.rcsb.org/structure/8uw9), can poten-
tially result in an even greater reduction in off-target
effects, similar to drugs targeting the mutant form of
PI3Ka, which delayed the onset of rash and hyperglyce-
mia in patient-derived tumor xenograft models [421].

An indirect, novel approach to targeting AKT would be
to target proteotoxic stress imparted by AKT hyperacti-
vation due to ongoing protein synthesis. Typically, 30% or
more of newly synthesized proteins in cells are immedi-
ately recycled due to folding or translation errors [422]:
this percentage increases depending on various extrinsic
and intrinsic cellular cues [423]. Under proteotoxic stress
conditions, cells deploy defense mechanisms to help mit-
igate this stress and restore homeostasis. If stress-miti-
gating factors are absent or the cell exceeds its threshold
of stress tolerability, cell death ensues [424, 425]. When
cells are subjected to hyperthermia, for example, protein
unfolding occurs. This activates the transcription factor
HSF-1, which upregulates the expression of chaperone
proteins that recycle unfolded proteins or assist them
with refolding [426]. Moreover, the accumulation of
unfolded proteins in the endoplasmic reticulum results in
‘ER stress, which causes the cell to halt protein synthe-
sis and unleash an unfolded protein response through
PERK, IREla, and ATF6 [422, 427]. ATF6 induces the
transcription of the XBPI gene [428], while IREla
orchestrates the unconventional splicing of ATF6 mRNA,
creating an open reading frame (ORF) that is translated
into a shorter version of XBP1, known as XBP1s [429].
XBP1s functions as a transcription factor that, like HSF-
1, induces the expression of chaperone proteins that help
combat ER stress [430]. Cells harboring hyperactive AKT
or loss of PTEN displayed elevated levels of XBP1 and
HSE-1, were more sensitive to heat shock, and depended
on XBP1 for growth, suggesting that XBP1 is a therapeu-
tic vulnerability in AKT-hyperactivated tumors [423].
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Increased glycolytic shuttling of glucose and mito-
chondrial metabolism are other novel targetable features
of cells with hyperactivated AKT. In mouse models of
PTEN-deficient prostate cancer, combining rapamycin
with a ROS inducer causes tumor regression, prolongs
survival, and sensitizes tumor cells to ROS-induced
cell death by tilting the balance towards redox stress
and overwhelming ROS scavengers. A similar result is
observed when the hexokinase-2 gene (HK2) is deleted
[431]. Translating these findings to the clinic may only
sometimes be feasible, however.

Autophagy is an area of intense research in the field
of cancer biology. It is a double-edged sword in that
it can promote or suppress tumorigenesis, depend-
ing on the cellular context; blocking autophagy at a late
stage has been shown to induce cell death, according to
multiple studies [432-436]. Autophagy is activated by
nutrient deprivation, the accumulation of abnormal pro-
teins, or organelle damage, and involves the formation
of autophagosomes that encircle the components to be
degraded; autophagosomes then fuse with lysosomes,
forming autophagolysosomes, which are digested and
recycled [436]. Combining an AKT inhibitor with a lys-
osomotropic agent in AKT-hyperactivated cells to block
autophagy is another therapeutic strategy that may
warrant further investigation. AKT inhibition alone is
enough to activate autophagy, either by increasing ER
stress, increasing ROS formation and mitochondrial
damage (mitophagy), activating FOXO proteins, decreas-
ing glucose and mitochondrial metabolism, or inhibiting
the mTORC1 complex, and that in itself can cause cell
death, either via apoptosis or self-digestion. However,
PC3 cells expressing shRNA against Akt1/2/3 can sur-
vive, even under serum-starved conditions, and when
grown as xenograft tumors, can develop after a period of
tumor regression, suggesting that autophagy induced by
Akt inhibition protects against cell death. This was cor-
roborated when it was observed that treating cells with
an AKT inhibitor and chloroquine, a lysosomotropic
agent that blocks autolysosomal digestion, resulted in an
increase in apoptotic nuclei, caspase-3 activation and an
increase in the size of autophagic vesicles.

Interestingly, the authors observed an increase in mito-
chondrial superoxide and cellular ROS levels upon treat-
ment with AKT inhibitors alone, which was resolved
shortly after that, whereas co-treatment with chloro-
quine resulted in sustained ROS generation. Treating
cells with a ROS scavenger inhibited autophagy caused
by AKT inhibition and prevented cell death, leading the
investigators to conclude that under autophagy-inducing
conditions caused by AKT inhibition, PC3 cells employ
autophagy as a pro-survival mechanism to prevent the
aggregation of ROS generators that can accentuate ROS


https://www.rcsb.org/structure/8uw9

Hassan et al. J Exp Clin Cancer Res (2024) 43:313

damage, causing both apoptotic and non-apoptotic cell
death [437, 438]. However, a phase I trial to assess the tol-
erability and safety of MK2206 with hydroxychloroquine
for the treatment of advanced solid tumors reported
minimal anti-tumoral activity with many drug-related
adverse effects [439].

Chromatin modifiers, such as lysine methyltransferase
inhibitors and histone deacetylase inhibitors, may prevent
the activation of AKT via post-translational modification.
They may also have the benefit of increasing or altering
the expression of tumor suppressive genes, including
those that negatively regulate AKT. AKT normally forms
a complex with the chaperone protein, HSP90, which is
required for its structural maturation and stability [440].
Utilizing HSP90 inhibitors that occupy the ATP-binding
pockets of these proteins can shorten the half-life of AKT
and decrease its expression, which is noteworthy from a
therapeutics perspective (reviewed in [441]).

Biomarkers predicting sensitivity and response

to AKT inhibitors

Previously, numerous clinical trials were undertaken
to try to identify biomarkers of sensitivity and response
to AKT inhibitors, but the outcomes have been mixed,
and there appears to be a discord between alterations
in the PIBK-AKT pathway and response to AKT inhibi-
tors. In a nonrandomized trial of patients with AKT1
E17K-mutated metastatic histologically variable tumors,
for example, treatment with capivasertib only mildly
affected pS6 and PTEN phosphorylation [442], while in
the STAKT trial, a two-stage, double-blind, randomized,
placebo-controlled study conducted in patients with
ER+breast cancer, a decrease in the level of pGSK3p,
pPRAS40, pS6, a paradoxical increase in pAKT, and an
increase in nuclear FOXO3A from baseline (the latter
two findings being consistent with the mechanism of
capivasertib) were observed in the capivasertib-treated
group versus the placebo group (n=11) [305]. In phase II,
randomized, multicenter, I-SPY2 trial, in which patients
with early hormone receptor (HR)-negative/HER-2
positive breast cancer and triple-negative breast cancer
(TNBC) received neoadjuvant treatment with MK-2206
plus standard therapy (versus placebo plus standard ther-
apy), pathological complete responses were associated
with high pre-treatment levels of pAKT, pSGK, pmTOR,
and pTSC2, in the HER-2 positive subset only, as deter-
mined by phosphoproteomic analyses. In the TNBC
group, however, patients with more significant patho-
logical responses had lower levels of the correspond-
ing biomarkers (pAKT, pmTOR, and pTSC2) [443]. In
two randomized, phase II trials, LOTUS and PAKT, an
increase in progression-free survival (PFS) was observed
in TNBC patients with PIK3CA/AKT/PTEN alterations
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who were treated with either capivasertib or ipatasertib
and paclitaxel, but this improvement in PFS was not
observed in PTEN-low patients in the LOTUS cohort
[310, 312] or in a phase III randomized trial that tested
the same combination of therapies in a similar group of
TNBC patients [444].

Until recently, the only reliable predictive biomarker
of sensitivity to most ATP-competitive inhibitors but
not allosteric inhibitors, was the AKTI E17K missense
mutation, based on the results of a multi-histology basket
study of capivasertib in patients with advanced gyneco-
logic, ER-positive breast cancer, and other solid tumors
[445]. The number of AKT mutant alleles displaying
sensitivity to ATP-competitive inhibitors (capivasertib)
has now been expanded to include a slew of non-E17K
(missense) activating AKT1/2 mutations, resulting from
small in-frame duplications (indels) that induce struc-
tural conformations in AKT different from activating
missense mutations and activate the PI3K-AKT pathway
to a much greater degree. Cells with AKT in-del muta-
tions showed heightened sensitivity to ATP-competitive
inhibitors compared to activating missense mutations,
which showed a varied response to allosteric and ATP-
competitive inhibitors. Interestingly, cells expressing
AKT1I and AKT2 in-del mutants were resistant to allos-
teric inhibitors, likely due to the structural displacement
of this drug class at the PH-kinase interface induced by
the in-del mutation. In an agnostic clinical trial initiated
by the same investigators, it was found that patients with
different tumor lineages harboring rare activating AKT1-
3 mutant variants, including but not limited to activating
in-dels, responded to capivasertib, broadening the list of
biomarkers that predict sensitivity to ATP-competitive
inhibitors [446].

The real challenge lies in identifying isoform-specific
substrates that can be utilized not only as targetable bio-
markers but also to predict isoform treatment sensitivity
and gauge treatment responses. This would also enable
the understanding of how targeting the PI3K-AKT path-
way affects upstream receptor and non-receptor tyrosine
kinases, PI3K isoform, and AKT isoform activity in the
case of therapeutic resistance, for example. However, this
is no easy feat.

A successful example of biomarker-driven AKT thera-
peutics is the recent breakthrough by Craven et al. who
showed that the mutant lysine in AKT1 E17K can be
targeted by a covalent allosteric salicylaldehyde-based
inhibitor that recruits endogenous Zn2+; by sparing
collateral AKT?2 inhibition, it is anticipated that this iso-
form-specific and mutant-selective inhibitor will result in
decreased side effects, including hyperglycemia, in
patients [448].
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Conclusions and future perspectives

It is the authors’ opinion that the war on hyperactivated
AKT in cancer will be best waged in the future using a
combination of AKT degraders, preferably those with
isoform-selectivity, in a cancer-type and context-specific
manner, and immunotherapy, in the form of CAR-T cell
therapy (with ex vivo manipulation of CAR-T cells by tar-
geting specific isoforms), or immune checkpoint inhibi-
tors, which, in theory, can subdue tumor cells and boost
tumoral immunogenicity by overriding the immunosup-
pressive TME. However, we still have many hurdles to
cross before this can be made a reality. In addition, the
advancement of drugs, such as capivasertib, to phase III
trials means that AKT inhibitors, despite their short-
comings, have the potential to have a positive impact on
breast cancer and potentially other cancer types and offer
a glimmer of hope to patients living with the disease, who
will now be able to reap the benefits of this drug. Just
recently (November 16, 2023), the FDA approved capiv-
asertib (Trugap, AstraZeneca Pharmaceuticals) with
fulvestrant for adult patients with HR-positive, HER2-
negative locally advanced or metastatic breast cancer
with one or more PIK3CA/AKTI1/PTEN alterations, as
detected by an FDA-approved test, following progression
on at least one endocrine-based regimen in the meta-
static setting or recurrence on or within 12 months of
completing adjuvant therapy. In addition, we believe that
the recent development of a mutant-specific allosteric
inhibitor will be a game-changer in the field of AKT ther-
apeutics. Thus, despite the many challenges, the future of
AKT inhibitors in the oncology clinic is bright.

Abbreviations

SRC2 Src homology 2

PKB Protein kinase B

AGC Protein kinases A, G, and C

SGK Serum-glucocorticoid regulated kinase

PH Pleckstrin homology

Glut4 Glucose transporter type 4

TCL T-cell leukemia-1

TCL1b T-cell leukemia-1b

PI3K Phosphatidylinositol-3-phosphate kinase

PIP2 Phosphatidylinositol-4,5-bisphosphate

PIP3 Phosphatidylinositol-3,4,5-triphosphate

TRAF6 Tumor necrosis factor receptor associated factor 6
TRAF4 Tumor necrosis factor receptor associated factor 4
JIP1 JNK-interacting protein 1

SKP2 S-phase kinase associated protein 2

SETDB-1 SET domain bifurcated histone lysine methyltransferase 1
CYLD CYLD lysine 63 deubiquitinase

PDK1 3-Phosphoinositide-dependent protein kinase 1
PDK2 Phosphoinositide-dependent protein kinase 2
mTORCI1 Mammalian target of rapamycin complex 1
mTORC2 Mammalian target of rapamycin complex 2

InsR Insulin receptor

IGF1R Insulin-like growth factor receptor

PRK-2 Protein kinase c-related kinase 2

DNA-PK DNA-dependent protein kinase

ATM Ataxia telangiectasia mutated

GEF Guanine exchange factor

ECT2
IKKE
TBK1
CTMP
MMTV
CDK2
Erk 1/2
Hsp 90
Hsp 27
TSC1/2
Rheb
4E-BP1

IKK
Mdm?2
Bad

GSK3
FOXO
TRF1
PP2A
PHLPP1/2

HM
A-loop
PTEN
SHIP

FKBP51
RACK1
MASTL
1TPP2A
12PP2A
CIP2A
SENP
HSPAS
Usp7
BAP1
ASXL1
IRS1/2
MAPK
TKI

RTK
KRAS
RAS
ROS
EGFR
NF-«kB
Wnt
PLD1
ASK1
INK
ATR
Chk1
RUNX2
Sp1
GDNF
ST3GAL1
NF1
OPA
JSRV
SPA
SFB
LTR
HNF-33
UTR
MAGI-2
CAMK2N1

LncRNA
HK-1
ecRNA

Page 23 of 37

Epithelial sequence transforming sequence 2
I B kinase epsilon

TANK-binding kinase 1

Carboxyl terminal modulatory protein
Mouse mammary tumor virus
Cyclin-dependent kinase 2

Extracellular signal-regulated protein kinase %2
Heat shock protein 90

Heat shock protein 27

Tuberous sclerosis 1 and 2

Ras homolog enriched in the brain
Eukaryotic translation initiation factor 4E (elF4E) binding
protein-1

| B kinase

Mouse double minute 2 homolog

BCL-2 associated agonist of cell death (Bad)
Glycogen synthase kinase-3

Forkhead box O

Telomeric repeat binding factor 1

Protein phosphatase 2A

PH domain leucine-rich repeat-containing protein phos-
phatase >

Hydrophobic motif

Activation loop

Phosphatase and tensin homolog

Src homology 2 domain-containing
inositol-5-phosphatase

FK506 binding protein 51

Receptor for protein kinase 1
Microtubule-associated serine/threonine kinase-like
Inhibitor 1 of PP2A

Inhibitor 2 of PP2A

Cellular inhibitor of PP2A

Sentrin-specific protease

Heat shock protein family A member 5
Ubiquitin-specific peptidase 7
BRCAT1-associated protein 1

Additional sex combs-like protein 1

Insulin receptor substrate %4

Mitogen activated protein kinase

Tyrosine kinase inhibitor

Receptor tyrosine kinase

Kirsten rat sarcoma virus

Rat sarcoma

Reactive oxygen species

Epidermal growth factor receptor

Nuclear factor kappa B
Wingless/integrated

Phospholipase D1

Apoptosis signal-regulated kinase 1

C-Jun N-terminal kinase

Ataxia telangiectasia and Rad3-related
Checkpoint kinase 1

Runt-related transcription factor 2
Specificity protein 1

Glial cell-line derived neurotrophic factor
ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 1
Neurofibromin 1

Ovine pulmonary adenocarcinoma
Jaagsiekte sheep retrovirus

Surfactant protein A

Surfactant protein B

Long terminal repeats

Hepatocyte nuclear factor 3 beta
Untranslated regions

MAGUK Inverted 2

Calcium/calmodulin dependent protein kinase Il inhibitor
1

Long non-coding RNA

Hexokinase-1

Endogenous competing RNA



Hassan et al. J Exp Clin Cancer Res

MERTK
Ubc9
SAE1
PIAST
SIRT7
SIRT1
HIF
EgINT
VHL
cAMP
EPAC
SFKs
PyMT
shRNA
miRNA
ER

TCR
HNRNP
PD-1
PDL-1
TIL
NSG
CTL
CART
Treg
iTreg
EAE
Th1
Th2
TME
MS
TGF

M1 macrophages
M2 macrophages
ICAM-1
SIRNA
CSF-1
LIMK
DSS
IBD
HSC
ALD
LPS
CAAI
HCC
Mcl-1
BRCA1
MERIT40
HER2
PR

GC
VICTORY

TNBC
In-dels
PROTACS
RIBOTACs
PINAD
PIM2

RSK
ACLY
BCKDK
P2TWAF1
LC-MS/MS
IWS1
HSF-1
PERK
IRETa
ATF6
XBP1

(2024) 43:313

Mer tyrosine kinase

Ubiquitin conjugating enzyme 9
SUMO-activating enzyme subunit 1

SUMO ligase protein inhibitor of activated STAT1
Sirtuin 7

Sirtuin 1

Hypoxia inducible factor

Egl-9 family hypoxia-inducible factor 1

Von Hippel-Lindau

Cyclic adenosine monophosphate

Exchange protein directly activated by cAMP
Src-family kinases

Polyomavirus middle T-ag

Short hairpin RNA

MicroRNA

Estrogen receptor

T-cell receptor

Heterogenous nuclear ribonucleoprotein
Programmed cell death protein 1
Programmed death ligand 1

Tumor infiltrating lymphocytes

NOD Scid gamma

Cytotoxic T lymphocytes

Chimeric antigen receptor T-cell

Regulatory T cells

Induced regulatory T cells

Experimental autoimmune encephalomyelitis
T helper type 1 cells

T helper type 2 cells

Tumor microenvironment

Multiple sclerosis

Transforming growth factor beta

Classically activated macrophages
Alternatively activated macrophages
Intercellular adhesion molecule-1

Small interfering RNA

Colony stimulating factor 1

LIM domain kinase

Dextran sodium sulfate

Inflammatory bowel disease

Hepatic stellate cell

Alcoholic liver disease

Liposaccharide

Covalent allosteric Akt inhibitor
Hepatocellular carcinoma

Myeloid cell leukemia 1

Breast cancer gene 1

Mediator of Rap80 Interactions and Targeting 40 kDa
Human epidermal growth factor receptor 2
Partial response

Gastric cancer

Targeted agent eValuation In gastric cancer basket KORea
trial

Triple negative breast cancer
Insertions-deletions

Proteolysis targeting chimeras

Ribonuclease targeting chimeras
Proximity-induced nucleic acid degraders
Proviral Integration site for Moloney murine leukemia
virus 2

Ribosomal S6 kinase

ATP citrate lyase

Branched-Chain Ketoacid Dehydrogenase Kinase
P21, Wild-type p53-Activated Fragment 1
Liquid chromatography tandem mass spectrometry
Interacts with Spté

Heat shock factor 1

Protein kinase R-like Endoplasmic Reticulum Kinase
Inositol-Requiring Enzyme 1 alpha

Activating transcription factor 6

X-box Binding Protein 1

Page 24 of 37

HK-2 Hexokinase 2
FDA Food & drug administration

Acknowledgements

The authors thank Donna A. Smolij for expert assistance in the preparation of
this manuscript. A.B. thanks John and Robin Spurlino for their generous support
of research in his laboratory. Figures 1 and 2 were created in BioRender.com.

Authors’ contributions

D. Hassan: Writing of original draft and subsequent editing. CW. Menges: edit-
ing. JR. Testa: review and editing of the manuscript. A. Bellacosa: review and
editing of the manuscript.

Funding

This work was supported in part by National Cancer Institute Grants CA77429,
CA78412,CA280410, and CA06927, American Lung Association grant 817618,
DOD LCRP grant W81XWH-21-1-0648, Melanoma Research Alliance grant
693670, and an appropriation from the Commonwealth of Pennsylvania.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no potential conflicts of interest related to this work.

Received: 24 July 2024 Accepted: 3 October 2024
Published online: 29 November 2024

References

1. Staal SP. Molecular cloning of the akt oncogene and its human homo-
logues AKT1 and AKT2: amplification of AKT1 in a primary human gas-
tric adenocarcinoma. Proc Natl Acad Sci U S A. 1987,84:5034-7. https://
www.ncbi.nlm.nih.gov/pubmed/3037531.

2. Bellacosa A, Testa JR, Staal SP, Tsichlis PN. A retroviral oncogene, akt,
encoding a serine-threonine kinase containing an SH2-like region. Sci-
ence. 1991;254:274-7. https://www.ncbi.nlm.nih.gov/pubmed/ 18338
19.

3. Coffer PJ, Woodgett JR. Molecular cloning and characterisation of a
novel putative protein-serine kinase related to the cAMP-dependent
and protein kinase C families. Eur J Biochem. 1991;201:475-81. https.//
www.ncbi.nlm.nih.gov/pubmed/1718748.

4. Jones PF, Jakubowicz T, Pitossi FJ, Maurer F, Hemmings BA. Molecular
cloning and identification of a serine/threonine protein kinase of the
second-messenger subfamily. Proc Natl Acad Sci U S A. 1991;88:4171—
5. https//www.ncbi.nlm.nih.gov/pubmed/1851997.

5. Ahmed NN, Franke TF, Bellacosa A, Datta K, Gonzalez-Portal ME, Taguchi
T, et al. The proteins encoded by c-akt and v-akt differ in post-transla-
tional modification, subcellular localization and oncogenic potential.
Oncogene. 1993;8:1957-63. https://www.ncbi.nlm.nih.gov/pubmed/
8510938.

6. Testa JR, Bellacosa A. Membrane translocation and activation of the
Akt kinase in growth factor-stimulated hematopoietic cells. Leuk Res.
1997;21:1027-31. https://www.ncbi.nlm.nih.gov/pubmed/9444935.

7. Altomare DA, Testa JR. Perturbations of the AKT signaling pathway in
human cancer. Oncogene. 2005;24:7455-64. https://www.ncbi.nim.nih.
gov/pubmed/16288292.

8. Nicholson KM, Anderson NG. The protein kinase B/Akt signalling path-
way in human malignancy. Cell Signal. 2002;14:381-95. https.//www.
ncbi.nlm.nih.gov/pubmed/11882383.

9. Sementino E, Hassan HD, Bellacosa A, Testa JR. AKT and the Hallmarks of
Cancer. In press, Cancer Research. 2024. https://www.ncbi.nlm.nih.gov/
pubmed/39437156.

10. Vasudevan KM, Garraway LA. AKT signaling in physiology and disease.
Curr Top Microbiol Immunol. 2010;347:105-33. https://www.ncbi.nlm.
nih.gov/pubmed/20549472.


https://www.ncbi.nlm.nih.gov/pubmed/3037531
https://www.ncbi.nlm.nih.gov/pubmed/3037531
https://www.ncbi.nlm.nih.gov/pubmed/1833819
https://www.ncbi.nlm.nih.gov/pubmed/1833819
https://www.ncbi.nlm.nih.gov/pubmed/1718748
https://www.ncbi.nlm.nih.gov/pubmed/1718748
https://www.ncbi.nlm.nih.gov/pubmed/1851997
https://www.ncbi.nlm.nih.gov/pubmed/8510938
https://www.ncbi.nlm.nih.gov/pubmed/8510938
https://www.ncbi.nlm.nih.gov/pubmed/9444935
https://www.ncbi.nlm.nih.gov/pubmed/16288292
https://www.ncbi.nlm.nih.gov/pubmed/16288292
https://www.ncbi.nlm.nih.gov/pubmed/11882383
https://www.ncbi.nlm.nih.gov/pubmed/11882383
https://www.ncbi.nlm.nih.gov/pubmed/39437156
https://www.ncbi.nlm.nih.gov/pubmed/39437156
https://www.ncbi.nlm.nih.gov/pubmed/20549472
https://www.ncbi.nlm.nih.gov/pubmed/20549472

Hassan et al. J Exp Clin Cancer Res

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2024) 43:313

Datta SR, Brunet A, Greenberg ME. Cellular survival: A play in three Akts.
Genes Dev. 1999;13:2905-27. https://www.ncbi.nlm.nih.gov/pubmed/
10579998.

Song G, Ouyang G, Bao S. The activation of Akt/PKB signaling pathway
and cell survival. J Cell Mol Med. 2005;9:59-71. https://www.ncbi.nim.
nih.gov/pubmed/15784165.

Hanks SK, Hunter T. Protein kinases 6. The eukaryotic protein kinase
superfamily: kinase (catalytic) domain structure and classification.
FASEB J. 1995,9:576-96. https://www.ncbi.nlm.nih.gov/pubmed/77683
49.

ChanTO, Rittenhouse SE, Tsichlis PN. AKT/PKB and other D3 phosph-
oinositide-regulated kinases: kinase activation by phosphoinositide-
dependent phosphorylation. Annu Rev Biochem. 1999;68:965-

1014. https://www.ncbi.nlm.nih.gov/pubmed/10872470.

Coffer PJ, Jin J, Woodgett JR. Protein kinase B (c-Akt): a multifunctional
mediator of phosphatidylinositol 3-kinase activation. Biochem J.
1998;335(Pt 1):1-13. https://www.ncbi.nlm.nih.gov/pubmed/9742206.
Staal SP, Huebner K, Croce CM, Parsa NZ, Testa JR. The AKT1 proto-
oncogene maps to human chromosome 14, band q32. Genomics.
1988,2:96-8. https://www.ncbi.nlm.nih.gov/pubmed/3384441.

Cheng JQ, Godwin AK, Bellacosa A, Taguchi T, Franke TF, Hamilton TC,
et al. AKT2, a putative oncogene encoding a member of a subfamily
of protein-serine/threonine kinases, is amplified in human ovarian
carcinomas. Proc Natl Acad Sci USA. 1992;89:9267-71.

Nakatani K, Thompson DA, Barthel A, Sakaue H, Liu W, Weigel RJ, et al.
Up-regulation of Akt3 in estrogen receptor-deficient breast cancers
and androgen-independent prostate cancer lines. J Biol Chem.
1999;274:21528-32.

Bellacosa A, Chan TO, Ahmed NN, Datta K, Malstrom S, Stokoe D, et al.
Akt activation by growth factors is a multiple-step process: the role of
the PH domain. Oncogene. 1998;17:313-25.

CallejaV, Alcor D, Laguerre M, Park J, Vojnovic B, Hemmings BA, et al.
Intramolecular and intermolecular interactions of protein kinase B
define its activation in vivo. PLoS Biol. 2007;5:€95. https.//www.ncbi.
nlm.nih.gov/pubmed/17407381.

CallejaV, Laguerre M, Parker PJ, Larijani B. Role of a novel PH-kinase
domain interface in PKB/Akt regulation: structural mechanism for
allosteric inhibition. PLoS Biol. 2009;7:e17. https://www.ncbi.nlm.nih.
gov/pubmed/19166270.

Clark AR, Toker A. Signalling specificity in the Akt pathway in breast
cancer. Biochem Soc Trans. 2014;42:1349-55. https://www.ncbi.nlm.nih.
gov/pubmed/25233414.

Cole PA, Chu N, Salguero AL, Bae H. AKTivation mechanisms. Curr Opin
Struct Biol. 2019;59:47-53. https://www.ncbi.nlm.nih.gov/pubmed/
30901610.

Risso G, Blaustein M, Pozzi B, Mammi P, Srebrow A. Akt/PKB: one kinase,
many modifications. Biochem J. 2015;468:203-14. https://www.ncbi.
nlm.nih.gov/pubmed/25997832.

Santi SA, Douglas AC, Lee H. The Akt isoforms, their unique functions
and potential as anticancer therapeutic targets. Biomol Concepts.
2010;1:389-401. https://www.ncbi.nlm.nih.gov/pubmed/25962012.
Bellacosa A, Franke TF, Gonzalez-Portal ME, Datta K, Taguchi T, Gardner
J, etal. Structure, expression and chromosomal mapping of c-akt:
relationship to v-akt and its implications. Oncogene. 1993;8:745—

54. https://www.ncbi.nlm.nih.gov/pubmed/8437858.

Degan SE, Gelman IH. Emerging roles for AKT isoform preference in
cancer progression pathways. Mol Cancer Res. 2021;19:1251-7. https://
www.ncbi.nlm.nih.gov/pubmed/33931488.

Hinz N, Jucker M. Distinct functions of AKT isoforms in breast cancer: a
comprehensive review. Cell Commun Signal. 2019;17:154. https.//www.
ncbi.nim.nih.gov/pubmed/31752925.

Chin YR, Toker A. The actin-bundling protein palladin is an Akt1-
specific substrate that regulates breast cancer cell migration. Mol Cell.
2010;38:333-44. https://www.ncbi.nlm.nih.gov/pubmed/20471940.
Girardi C, James P, Zanin S, Pinna LA, Ruzzene M. Differential phos-
phorylation of Akt1 and Akt2 by protein kinase CK2 may account for
isoform specific functions. Biochim Biophys Acta. 2014;1843:1865—

74. https://www.ncbi.nlm.nih.gov/pubmed/24769357.

Altomare DA, Lyons GE, Mitsuuchi Y, Cheng JQ, Testa JR. Akt2 mRNA

is highly expressed in embryonic brown fat and the AKT2 kinase is
activated by insulin. Oncogene. 1998;16:2407-11.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Page 25 of 37

Dummler B, Tschopp O, Hynx D, Yang ZZ, Dirnhofer S, Hemmings BA.
Life with a single isoform of Akt: mice lacking Akt2 and Akt3 are viable
but display impaired glucose homeostasis and growth deficiencies. Mol
Cell Biol. 2006;26:8042-51. https://www.ncbi.nlm.nih.gov/pubmed/
16923958.

Chen WS, Xu PZ, Gottlob K, Chen ML, Sokol K, Shiyanova T, et al. Growth
retardation and increased apoptosis in mice with homozygous disrup-
tion of the Akt1 gene. Genes Dev. 2001;15:2203-8. https://www.ncbi.
nim.nih.gov/pubmed/11544177.

Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell.
2007;129:1261-74. https://www.ncbi.nim.nih.gov/pubmed/17604717.
Gonzalez E, McGraw TE. Insulin-modulated Akt subcellular localization
determines Akt isoform-specific signaling. Proc Natl Acad Sci U S A.
2009;106:7004-9. https://www.ncbi.nlm.nih.gov/pubmed/19372382.
Yun SJ, Tucker DF, Kim EK, Kim MS, Do KH, Ha JM, et al. Differential requ-
lation of Akt/protein kinase B isoforms during cell cycle progression.
FEBS Lett. 2009;583:685-90. https://www.ncbi.nlm.nih.gov/pubmed/
19166849.

Laine J, Kunstle G, Obata T, Noguchi M. Differential regulation of Akt
kinase isoforms by the members of the TCL1 oncogene family. J Biol
Chem. 2002,277:3743-51. https://www.ncbi.nlm.nih.gov/pubmed/
11707444,

Zhou GL, Tucker DF, Bae SS, Bhatheja K, Birnbaum MJ, Field J. Opposing
roles for Akt1 and Akt2 in Rac/Pak signaling and cell migration. J Biol
Chem. 2006,281:36443-53. http://gateway.isiknowledge.com/gatew
ay/Gateway.cgi?GWVersion=2&SrcAuth=Alerting&SrcApp=Alerting&
DestApp=CCC&DestLinkType=FullRecord&KeyUT=000242100500095
*Order.

Hay N. Akt isoforms and glucose homeostasis - the leptin connection.
Trends Endocrinol Metab. 2011;22:66-73. https://www.ncbi.nlm.nih.
gov/pubmed/20947368.

Chen WS, Peng XD, Wang Y, Xu PZ, Chen ML, LuoYY, et al. Leptin
deficiency and beta-cell dysfunction underlie type 2 diabetes in com-
pound Akt knockout mice. Mol Cell Biol. 2009;29:3151-62. https://www.
ncbi.nlm.nih.gov/pubmed/19289493.

George S, Rochford JJ, Wolfrum C, Gray SL, Schinner S, Wilson JC, et al.
A family with severe insulin resistance and diabetes due to a mutation
in AKT2. Science. 2004;304:1325-8. https://www.ncbi.nlm.nih.gov/
pubmed/15166380.

Tan K, Kimber WA, Luan J, Soos MA, Semple RK, Wareham NJ, et al. Anal-
ysis of genetic variation in Akt2/PKB-beta in severe insulin resistance,
lipodystrophy, type 2 diabetes, and related metabolic phenotypes.
Diabetes. 2007;56:714-9. https://www.ncbi.nlm.nih.gov/pubmed/
17327441,

Brodbeck D, Cron P, Hemmings BA. A human protein kinase Bgamma
with regulatory phosphorylation sites in the activation loop and in the
C-terminal hydrophobic domain. J Biol Chem. 1999;274:9133-6. https://
www.ncbi.nlm.nih.gov/pubmed/10092583.

Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P, et al.
Mechanism of activation of protein kinase B by insulin and IGF-1. EMBO
J.1996;15:6541-51. https://www.ncbi.nlm.nih.gov/pubmed/10092583.
He Y, Sun MM, Zhang GG, Yang J, Chen KS, Xu WW, et al. Targeting PI3K/
Akt signal transduction for cancer therapy. Signal Transduct Target Ther.
2021;6:425. https://www.ncbi.nlm.nih.gov/pubmed/34916492.
Revathidevi S, Munirajan AK. Akt in cancer: Mediator and more. Semin
Cancer Biol. 2019;59:80-91. https.//www.ncbi.nlm.nih.gov/pubmed/
31173856.

Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-Iniesta C, Gonzalez-
Baron M. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev.
2004;30:193-204. https://www.ncbi.nlm.nih.gov/pubmed/15023437.
Datta K, Franke TF, Chan TO, Makris A, Yang SI, Kaplan DR, et al. AH/PH
domain-mediated interaction between Akt molecules and its potential
role in Akt regulation. Mol Cell Biol. 1995;15:2304-10. https://www.ncbi.
nim.nih.gov/pubmed/7891724.

Franke TF, Kaplan DR, Cantley LC, Toker A. Direct regulation of the Akt
proto-oncogene product by phosphatidylinositol-3,4-bisphosphate. Sci-
ence. 1997,275:665-8. https://www.ncbi.nlm.nih.gov/pubmed/9005852.
Chan CH, Li CF, Yang WL, Gao Y, Lee SW, Feng Z, et al. The Skp2-SCF E3
ligase regulates Akt ubiquitination, glycolysis, herceptin sensitivity, and
tumorigenesis. Cell. 2012;149:1098-111. https://www.ncbi.nlm.nih.gov/
pubmed/22632973.


https://www.ncbi.nlm.nih.gov/pubmed/10579998
https://www.ncbi.nlm.nih.gov/pubmed/10579998
https://www.ncbi.nlm.nih.gov/pubmed/15784165
https://www.ncbi.nlm.nih.gov/pubmed/15784165
https://www.ncbi.nlm.nih.gov/pubmed/7768349
https://www.ncbi.nlm.nih.gov/pubmed/7768349
https://www.ncbi.nlm.nih.gov/pubmed/10872470
https://www.ncbi.nlm.nih.gov/pubmed/9742206
https://www.ncbi.nlm.nih.gov/pubmed/3384441
https://www.ncbi.nlm.nih.gov/pubmed/17407381
https://www.ncbi.nlm.nih.gov/pubmed/17407381
https://www.ncbi.nlm.nih.gov/pubmed/19166270
https://www.ncbi.nlm.nih.gov/pubmed/19166270
https://www.ncbi.nlm.nih.gov/pubmed/25233414
https://www.ncbi.nlm.nih.gov/pubmed/25233414
https://www.ncbi.nlm.nih.gov/pubmed/30901610
https://www.ncbi.nlm.nih.gov/pubmed/30901610
https://www.ncbi.nlm.nih.gov/pubmed/25997832
https://www.ncbi.nlm.nih.gov/pubmed/25997832
https://www.ncbi.nlm.nih.gov/pubmed/25962012
https://www.ncbi.nlm.nih.gov/pubmed/8437858
https://www.ncbi.nlm.nih.gov/pubmed/33931488
https://www.ncbi.nlm.nih.gov/pubmed/33931488
https://www.ncbi.nlm.nih.gov/pubmed/31752925
https://www.ncbi.nlm.nih.gov/pubmed/31752925
https://www.ncbi.nlm.nih.gov/pubmed/20471940
https://www.ncbi.nlm.nih.gov/pubmed/24769357
https://www.ncbi.nlm.nih.gov/pubmed/16923958
https://www.ncbi.nlm.nih.gov/pubmed/16923958
https://www.ncbi.nlm.nih.gov/pubmed/11544177
https://www.ncbi.nlm.nih.gov/pubmed/11544177
https://www.ncbi.nlm.nih.gov/pubmed/17604717
https://www.ncbi.nlm.nih.gov/pubmed/19372382
https://www.ncbi.nlm.nih.gov/pubmed/19166849
https://www.ncbi.nlm.nih.gov/pubmed/19166849
https://www.ncbi.nlm.nih.gov/pubmed/11707444
https://www.ncbi.nlm.nih.gov/pubmed/11707444
http://gateway.isiknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcAuth=Alerting&SrcApp=Alerting&DestApp=CCC&DestLinkType=FullRecord&KeyUT=000242100500095*Order
http://gateway.isiknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcAuth=Alerting&SrcApp=Alerting&DestApp=CCC&DestLinkType=FullRecord&KeyUT=000242100500095*Order
http://gateway.isiknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcAuth=Alerting&SrcApp=Alerting&DestApp=CCC&DestLinkType=FullRecord&KeyUT=000242100500095*Order
http://gateway.isiknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcAuth=Alerting&SrcApp=Alerting&DestApp=CCC&DestLinkType=FullRecord&KeyUT=000242100500095*Order
https://www.ncbi.nlm.nih.gov/pubmed/20947368
https://www.ncbi.nlm.nih.gov/pubmed/20947368
https://www.ncbi.nlm.nih.gov/pubmed/19289493
https://www.ncbi.nlm.nih.gov/pubmed/19289493
https://www.ncbi.nlm.nih.gov/pubmed/15166380
https://www.ncbi.nlm.nih.gov/pubmed/15166380
https://www.ncbi.nlm.nih.gov/pubmed/17327441
https://www.ncbi.nlm.nih.gov/pubmed/17327441
https://www.ncbi.nlm.nih.gov/pubmed/10092583
https://www.ncbi.nlm.nih.gov/pubmed/10092583
https://www.ncbi.nlm.nih.gov/pubmed/10092583
https://www.ncbi.nlm.nih.gov/pubmed/34916492
https://www.ncbi.nlm.nih.gov/pubmed/31173856
https://www.ncbi.nlm.nih.gov/pubmed/31173856
https://www.ncbi.nlm.nih.gov/pubmed/15023437
https://www.ncbi.nlm.nih.gov/pubmed/7891724
https://www.ncbi.nlm.nih.gov/pubmed/7891724
https://www.ncbi.nlm.nih.gov/pubmed/9005852
https://www.ncbi.nlm.nih.gov/pubmed/22632973
https://www.ncbi.nlm.nih.gov/pubmed/22632973

Hassan et al. J Exp Clin Cancer Res

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2024) 43:313

Li R, Wei J, Jiang C, Liu D, Deng L, Zhang K, et al. Akt SUMOylation regu-
lates cell proliferation and tumorigenesis. Cancer Res. 2013;73:5742—
53. https.//www.ncbi.nlm.nih.gov/pubmed/23884910.

Yang WL, Wu CY, Wu J, Lin HK. Regulation of Akt signaling activation by
ubiquitination. Cell Cycle. 2010;9:487-97. https://www.ncbi.nlm.nih.
gov/pubmed/20081374.

Yang WL, Wang J, Chan CH, Lee SW, Campos AD, Lamothe B, et al. The
E3 ligase TRAF6 regulates Akt ubiquitination and activation. Science.
2009;325:1134-8. https://www.ncbi.nlm.nih.gov/pubmed/19713527.
Wang G, Long J, GaoY, Zhang W, Han F, Xu C, et al. SETDB1-mediated
methylation of Akt promotes its K63-linked ubiquitination and activa-
tion leading to tumorigenesis. Nat Cell Biol. 2019;21:214-25. https://
www.ncbi.nlm.nih.gov/pubmed/30692626.

Yang WL, Jin G, Li CF, Jeong YS, Moten A, Xu D, et al. Cycles of ubiquit-
ination and deubiquitination critically regulate growth factor-mediated
activation of Akt signaling. Sci Signal. 2013;6:ra3. https://www.ncbi.nlm.
nih.gov/pubmed/23300340.

Goldbraikh D, Neufeld D, Eid-Mutlak Y, Lasry |, Gilda JE, Parnis A, et al.
USP1 deubiquitinates Akt to inhibit PI3K-Akt-FoxO signaling in muscle
during prolonged starvation. EMBO Rep. 2020;21:e48791. https:.//www.
ncbi.nim.nih.gov/pubmed/32133736.

Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation

and regulation of Akt/PKB by the rictor-mTOR complex. Science.
2005;307:1098-101. https://www.ncbi.nlm.nih.gov/pubmed/15718470.
Hua H, Kong Q, Zhang H, Wang J, Luo T, Jiang Y. Targeting mTOR for
cancer therapy. J Hematol Oncol. 2019;12:71. https://www.ncbi.nlm.nih.
gov/pubmed/31277692.

Yin'Y,Hua H, Li M, Liu S, Kong Q, Shao T, et al. mTORC2 promotes type

| insulin-like growth factor receptor and insulin receptor activation
through the tyrosine kinase activity of mTOR. Cell Res. 2016;26:46—

65. https://www.ncbi.nlm.nih.gov/pubmed/26584640.

Unger H. AKT signaling in Olcology. Belgian J Med Oncol.
2009;3:139-44.

Kawakami Y, Nishimoto H, Kitaura J, Maeda-Yamamoto M, Kato RM,
Littman DR, et al. Protein kinase C betall regulates Akt phosphorylation
on Ser-473 in a cell type- and stimulus-specific fashion. J Biol Chem.
2004;279:47720-5. https://www.ncbi.nlm.nih.gov/pubmed/15364915.
Balendran A, Casamayor A, Deak M, Paterson A, Gaffney P, Currie R, et al.
PDK1 acquires PDK2 activity in the presence of a synthetic peptide
derived from the carboxyl terminus of PRK2. Curr Biol. 1999;9:393—

404. https://www.ncbi.nlm.nih.gov/pubmed/10226025.

Bozulic L, Surucu B, Hynx D, Hemmings BA. PKBalpha/Akt1 acts
downstream of DNA-PK in the DNA double-strand break response and
promotes survival. Mol Cell. 2008;30:203-13. https://www.ncbi.nlm.nih.
gov/pubmed/18439899.

Feng J, Park J, Cron P, Hess D, Hemmings BA. Identification of a PKB/
Akt hydrophobic motif Ser-473 kinase as DNA-dependent protein
kinase. J Biol Chem. 2004,279:41189-96. https.//www.ncbi.nlm.nih.gov/
pubmed/15262962.

Viniegra JG, Martinez N, Modirassari P, Hernandez Losa J, Parada Cobo
C, Sanchez-Arevalo Lobo VJ, et al. Full activation of PKB/Akt in response
to insulin or ionizing radiation is mediated through ATM. J Biol Chem.
2005;280:4029-36. https://www.ncbi.nlm.nih.gov/pubmed/15546863.
Persad S, Attwell S, Gray V, Mawiji N, Deng JT, Leung D, et al. Regulation
of protein kinase B/Akt-serine 473 phosphorylation by integrin-linked
kinase: critical roles for kinase activity and amino acids arginine 211 and
serine 343. J Biol Chem. 2001;276:27462-9. https.//www.ncbi.nlm.nih.
gov/pubmed/11313365.

Liu L, Dai X, Yin S, Liu P, Hill EG, Wei W, et al. DNA-PK promotes activation
of the survival kinase AKT in response to DNA damage through an
mTORC2-ECT2 pathway. Sci Signal. 2022;15:eabh2290. https://www.
ncbi.nim.nih.gov/pubmed/34982576.

Chu N, Salguero AL, Liu AZ, Chen Z, Dempsey DR, Ficarro SB, et al. Akt
kinase activation mechanisms revealed using protein semisynthesis.
Cell. 2018;174(897-907):e14. https://www.ncbi.nlm.nih.gov/pubmed/
30078705.

Xie X, Zhang D, Zhao B, Lu MK, You M, Condorelli G, et al. IkappaB kinase
epsilon and TANK-binding kinase 1 activate AKT by direct phosphoryla-
tion. Proc Natl Acad Sci U S A. 2011;108:6474-9. https://www.ncbi.nim.
nih.gov/pubmed/21464307.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

Page 26 of 37

Ou YH, Torres M, Ram R, Formstecher E, Roland C, Cheng T, et al. TBK1
directly engages Akt/PKB survival signaling to support oncogenic
transformation. Mol Cell. 2011;41:458-70. https://www.ncbi.nlm.nih.
gov/pubmed/21329883.

Cooper JM, Ou YH, McMillan EA, Vaden RM, Zaman A, Bodemann BO,
et al. TBK1 provides context-selective support of the activated AKT/
mTOR pathway in lung cancer. Cancer Res. 2017;77:5077-94. https.//
www.ncbi.nlm.nih.gov/pubmed/28716898.

Maira SM, Galetic |, Brazil DP, Kaech S, Ingley E, Thelen M, et al. Carboxy!-
terminal modulator protein (CTMP), a negative regulator of PKB/Akt
and v-Akt at the plasma membrane. Science. 2001;294:374-80. https://
www.ncbi.nlm.nih.gov/pubmed/11598301.

Liu YP, Liao WC, Ger LP, Chen JC, Hsu Tl, Lee YC, et al. Carboxyl-terminal
modulator protein positively regulates Akt phosphorylation and acts

as an oncogenic driver in breast cancer. Cancer Res. 2013;73:6194—

205. https://www.ncbi.nlm.nih.gov/pubmed/23943800.

Chang JW, Jung SN, Kim JH, Shim GA, Park HS, Liu L, et al. Carboxyl-
terminal modulator protein positively acts as an oncogenic driver in head
and neck squamous cell carcinoma via regulating Akt phosphorylation.
Sci Rep. 2016,6:28503. https://www.ncbi.nlm.nih.gov/pubmed/27328758.
Liu X, Powlas J, ShiY, Oleksijew AX, Shoemaker AR, De Jong R, et al.
Rapamycin inhibits Akt-mediated oncogenic transformation and tumor
growth. Anticancer Res. 2004;24:2697-704. https://www.ncbi.nim.nih.
gov/pubmed/15517874.

Mende I, Malstrom S, Tsichlis PN, Vogt PK, Aoki M. Oncogenic transfor-
mation induced by membrane-targeted Akt2 and Akt3. Oncogene.
2001;20:4419-23. https://www.ncbi.nlm.nih.gov/pubmed/11466625.
WuY, Kim J, ElshimaliY, Sarkissyan M, Vadgama JV. Activation of

Akt1 accelerates carcinogen-induced tumorigenesis in mammary
gland of virgin and post-lactating transgenic mice. BMC Cancer.
2014;14:266. https://www.ncbi.nlm.nih.gov/pubmed/24742286.

Liu P, Begley M, Michowski W, Inuzuka H, Ginzberg M, Gao D, et al.
Cell-cycle-regulated activation of Akt kinase by phosphorylation at its
carboxyl terminus. Nature. 2014;508:541-5. https://www.ncbi.nlm.nih.
gov/pubmed/24670654.

Jhaveri K, Modi S. Ganetespib: Research and clinical development.
Onco Targets Ther. 2015;8:1849-58. https://www.ncbi.nlm.nih.gov/
pubmed/26244021.

Testa JR, Bellacosa A. AKT plays a central role in tumorigenesis. Proc
Natl Acad Sci U S A. 2001;98:10983-5. https://www.ncbi.nlm.nih.gov/
pubmed/11572954.

Huang J, Manning BD. The TSC1-TSC2 complex: a molecular switch-
board controlling cell growth. Biochem J. 2008;412:179-90. https://
www.ncbi.nlm.nih.gov/pubmed/18466115.

Hussain AR, Ahmed SO, Ahmed M, Khan OS, Al Abdulmohsen S,
Platanias LC, et al. Cross-talk between NFkB and the PI3-kinase/AKT
pathway can be targeted in primary effusion lymphoma (PEL) cell lines
for efficient apoptosis. PLoS ONE. 2012;7:€39945. https.//www.ncbi.nlm.
nih.gov/pubmed/22768179.

Gottlieb TM, Leal JF, Seger R, Taya Y, Oren M. Cross-talk between Akt,
p53 and Mdm?2: possible implications for the regulation of apoptosis.
Oncogene. 2002;21:1299-303. https.//www.ncbi.nlm.nih.gov/pubmed/
11850850.

Mayo LD, Donner DB. A phosphatidylinositol 3-kinase/Akt pathway
promotes translocation of Mdm2 from the cytoplasm to the nucleus.
Proc Natl Acad Sci U S A. 2001,98:11598-603. https://www.ncbi.nlm.nih.
gov/pubmed/11504915.

Roberts MS, Woods AJ, Dale TC, Van Der Sluijs P, Norman JC. Pro-

tein kinase B/Akt acts via glycogen synthase kinase 3 to regulate
recycling of alpha v beta 3 and alpha 5 beta 1 integrins. Mol Cell Biol.
2004;24:1505-15. https//www.ncbi.nlm.nih.gov/pubmed/14749368.
Tzivion G, Dobson M, Ramakrishnan G. FoxO transcription fac-

tors; Regulation by AKT and 14-3-3 proteins. Biochim Biophys Acta.
2011;1813:1938-45. https://www.ncbi.nlm.nih.gov/pubmed/21708191.
Eijkelenboom A, Burgering BM. FOXOs: signalling integrators for home-
ostasis maintenance. Nat Rev Mol Cell Biol. 2013;14:83-97. https://www.
ncbi.nim.nih.gov/pubmed/23325358.

Sanchez-Vazquez R, Martinez P, Blasco MA. AKT-dependent signaling

of extracellular cues through telomeres impact on tumorigenesis. PLoS
Genet. 2021;17:21009410. https://www.ncbi.nlm.nih.gov/pubmed/
33690611.


https://www.ncbi.nlm.nih.gov/pubmed/23884910
https://www.ncbi.nlm.nih.gov/pubmed/20081374
https://www.ncbi.nlm.nih.gov/pubmed/20081374
https://www.ncbi.nlm.nih.gov/pubmed/19713527
https://www.ncbi.nlm.nih.gov/pubmed/30692626
https://www.ncbi.nlm.nih.gov/pubmed/30692626
https://www.ncbi.nlm.nih.gov/pubmed/23300340
https://www.ncbi.nlm.nih.gov/pubmed/23300340
https://www.ncbi.nlm.nih.gov/pubmed/32133736
https://www.ncbi.nlm.nih.gov/pubmed/32133736
https://www.ncbi.nlm.nih.gov/pubmed/15718470
https://www.ncbi.nlm.nih.gov/pubmed/31277692
https://www.ncbi.nlm.nih.gov/pubmed/31277692
https://www.ncbi.nlm.nih.gov/pubmed/26584640
https://www.ncbi.nlm.nih.gov/pubmed/15364915
https://www.ncbi.nlm.nih.gov/pubmed/10226025
https://www.ncbi.nlm.nih.gov/pubmed/18439899
https://www.ncbi.nlm.nih.gov/pubmed/18439899
https://www.ncbi.nlm.nih.gov/pubmed/15262962
https://www.ncbi.nlm.nih.gov/pubmed/15262962
https://www.ncbi.nlm.nih.gov/pubmed/15546863
https://www.ncbi.nlm.nih.gov/pubmed/11313365
https://www.ncbi.nlm.nih.gov/pubmed/11313365
https://www.ncbi.nlm.nih.gov/pubmed/34982576
https://www.ncbi.nlm.nih.gov/pubmed/34982576
https://www.ncbi.nlm.nih.gov/pubmed/30078705
https://www.ncbi.nlm.nih.gov/pubmed/30078705
https://www.ncbi.nlm.nih.gov/pubmed/21464307
https://www.ncbi.nlm.nih.gov/pubmed/21464307
https://www.ncbi.nlm.nih.gov/pubmed/21329883
https://www.ncbi.nlm.nih.gov/pubmed/21329883
https://www.ncbi.nlm.nih.gov/pubmed/28716898
https://www.ncbi.nlm.nih.gov/pubmed/28716898
https://www.ncbi.nlm.nih.gov/pubmed/11598301
https://www.ncbi.nlm.nih.gov/pubmed/11598301
https://www.ncbi.nlm.nih.gov/pubmed/23943800
https://www.ncbi.nlm.nih.gov/pubmed/27328758
https://www.ncbi.nlm.nih.gov/pubmed/15517874
https://www.ncbi.nlm.nih.gov/pubmed/15517874
https://www.ncbi.nlm.nih.gov/pubmed/11466625
https://www.ncbi.nlm.nih.gov/pubmed/24742286
https://www.ncbi.nlm.nih.gov/pubmed/24670654
https://www.ncbi.nlm.nih.gov/pubmed/24670654
https://www.ncbi.nlm.nih.gov/pubmed/26244021
https://www.ncbi.nlm.nih.gov/pubmed/26244021
https://www.ncbi.nlm.nih.gov/pubmed/11572954
https://www.ncbi.nlm.nih.gov/pubmed/11572954
https://www.ncbi.nlm.nih.gov/pubmed/18466115
https://www.ncbi.nlm.nih.gov/pubmed/18466115
https://www.ncbi.nlm.nih.gov/pubmed/22768179
https://www.ncbi.nlm.nih.gov/pubmed/22768179
https://www.ncbi.nlm.nih.gov/pubmed/11850850
https://www.ncbi.nlm.nih.gov/pubmed/11850850
https://www.ncbi.nlm.nih.gov/pubmed/11504915
https://www.ncbi.nlm.nih.gov/pubmed/11504915
https://www.ncbi.nlm.nih.gov/pubmed/14749368
https://www.ncbi.nlm.nih.gov/pubmed/21708191
https://www.ncbi.nlm.nih.gov/pubmed/23325358
https://www.ncbi.nlm.nih.gov/pubmed/23325358
https://www.ncbi.nlm.nih.gov/pubmed/33690611
https://www.ncbi.nlm.nih.gov/pubmed/33690611

Hassan et al. J Exp Clin Cancer Res

89.

90.

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

105.

106.

107.

(2024) 43:313

Sugiyama MG, Fairn GD, Antonescu CN. Akt-ing up just about every-
where: Compartment-specific Akt activation and function in receptor
tyrosine kinase signaling. Front Cell Dev Biol. 2019;7:70. https://www.
ncbi.nlm.nih.gov/pubmed/31131274.

Burgering BM, Medema RH. Decisions on life and death: FOXO Fork-
head transcription factors are in command when PKB/Akt is off duty. J
Leukoc Biol. 2003;73:689-701. https://www.ncbi.nlm.nih.gov/pubmed/
12773501,

Plas DR, Thompson CB. Akt activation promotes degradation of tuberin
and FOXO3a via the proteasome. J Biol Chem. 2003;278:12361—

6. https://www.ncbi.nlm.nih.gov/pubmed/12517744.

Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. Inhibition
of glycogen synthase kinase-3 by insulin mediated by protein kinase B.
Nature. 1995,;378:785-9. https://www.ncbi.nlm.nih.gov/pubmed/85244
13.

Zhu Q, Zhong AL, Hu H, Zhao JJ, Weng DS, Tang Y, et al. Acylglycerol
kinase promotes tumour growth and metastasis via activating the PI3K/
AKT/GSK3beta signalling pathway in renal cell carcinoma. J Hematol
Oncol. 2020;13:2. https://www.ncbi.nlm.nih.gov/pubmed/31900208.
Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. beta-catenin is a
target for the ubiquitin-proteasome pathway. EMBO J. 1997;16:3797-
804. https:.//www.ncbi.nlm.nih.gov/pubmed/9233789.

Zhou BP, Liao Y, Xia W, Spohn B, Lee MH, Hung MC. Cytoplasmic locali-
zation of p21Cip1/WAF1 by Akt-induced phosphorylation in HER-2/
neu-overexpressing cells. Nat Cell Biol. 2001;3:245-52. https://www.
ncbi.nlm.nih.gov/pubmed/11231573.

Shin |, Yakes FM, Rojo F, Shin NY, Bakin AV, Baselga J, et al. PKB/Akt
mediates cell-cycle progression by phosphorylation of p27(Kip1) at
threonine 157 and modulation of its cellular localization. Nat Med.
2002;8:1145-52. https://www.ncbi.nlm.nih.gov/pubmed/12244301.

He L, Liu X, Yang J, LiW, Liu S, Liu X, et al. Imbalance of the reciprocally
inhibitory loop between the ubiquitin-specific protease USP43 and
EGFR/PI3K/AKT drives breast carcinogenesis. Cell Res. 2018;28:934—

51. https://www.ncbi.nlm.nih.gov/pubmed/30135474.

Ramos A, Miow QH, Liang X, Lin QS, Putti TC, Lim YP. Phosphoryla-

tion of E-box binding USF-1 by PI3K/AKT enhances its transcriptional
activation of the WBP2 oncogene in breast cancer cells. FASEB J.
2018f201801167RR. https://www.ncbi.nlm.nih.gov/pubmed/30183
375.

Zimmermann S, Moelling K. Phosphorylation and regulation of Raf by
Akt (protein kinase B). Science. 1999;286:1741-4. https://www.ncbi.nim.
nih.gov/pubmed/10576742.

del Peso L, Gonzalez-Garcia M, Page C, Herrera R, Nunez G. Interleukin-
3-induced phosphorylation of BAD through the protein kinase Akt. Sci-
ence. 1997;278:687-9. https://www.ncbi.nlm.nih.gov/pubmed/93811
78.

Qi XJ, Wildey GM, Howe PH. Evidence that Ser87 of BIimEL is phospho-
rylated by Akt and regulates BimEL apoptotic function. J Biol Chem.
2006;281:813-23. https://www.ncbi.nlm.nih.gov/pubmed/16282323.
Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, Stanbridge E,
et al. Regulation of cell death protease caspase-9 by phosphorylation.
Science. 1998;282:1318-21. https://www.ncbi.nlm.nih.gov/pubmed/
9812896.

Romano D, Matallanas D, Weitsman G, Preisinger C, Ng T, Kolch W.
Proapoptotic kinase MST2 coordinates signaling crosstalk between
RASSF1A, Raf-1, and Akt. Cancer Res. 2010;70:1195-203. https://www.
ncbi.nlm.nih.gov/pubmed/20086174.

Zhang H, Kong Q, Wang J, Jiang Y, Hua H. Complex roles of cCAMP-PKA-
CREB signaling in cancer. Exp Hematol Oncol. 2020;9:32. https://www.
ncbi.nim.nih.gov/pubmed/33292604.

Pugazhenthi S, Nesterova A, Sable C, Heidenreich KA, Boxer LM, Heasley
LE, et al. Akt/protein kinase B up-regulates Bcl-2 expression through
cAMP-response element-binding protein. J Biol Chem. 2000;275:10761-
6. https://www.ncbi.nlm.nih.gov/pubmed/10753867.

Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, Donner DB.
NF-kappaB activation by tumour necrosis factor requires the Akt serine-
threonine kinase. Nature. 1999;401:82-5. https://www.ncbi.nlm.nih.
gov/pubmed/10485710.

Basu S, Totty NF, Irwin MS, Sudol M, Downward J. Akt phosphorylates
the Yes-associated protein, YAP, to induce interaction with 14-3-3

108.

109.

110.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Page 27 of 37

and attenuation of p73-mediated apoptosis. Mol Cell. 2003;11:11-

23. https://www.ncbi.nlm.nih.gov/pubmed/12535517.

Kim AH, Khursigara G, Sun X, Franke TF, Chao MV. Akt phosphorylates
and negatively regulates apoptosis signal-regulating kinase 1. Mol Cell
Biol. 2001;21:893-901. https://www.ncbi.nlm.nih.gov/pubmed/11154
276.

WenY, Hu MC, Makino K, Spohn B, Bartholomeusz G, Yan DH, et al.
HER-2/neu promotes androgen-independent survival and growth

of prostate cancer cells through the Akt pathway. Cancer Res.
2000,60:6841-5. https://www.ncbi.nlm.nih.gov/pubmed/11156376.
Xue G, Restuccia DF, Lan Q, Hynx D, Dirnhofer S, Hess D, et al. Akt/
PKB-mediated phosphorylation of Twist1 promotes tumor metastasis
via mediating cross-talk between PI3K/Akt and TGF-beta signaling axes.
Cancer Discov. 2012;2:248-59. https.//www.ncbi.nlm.nih.gov/pubmed/
22585995.

Zhu QS, Rosenblatt K, Huang KL, Lahat G, Brobey R, Bolshakov S, et al.
Vimentin is a novel AKT1 target mediating motility and invasion. Onco-
gene. 2011,30:457-70. https://www.ncbi.nlm.nih.gov/pubmed/20856
200.

Enomoto A, Murakami H, Asai N, Morone N, Watanabe T, Kawai K, et al.
Akt/PKB regulates actin organization and cell motility via Girdin/APE.
Dev Cell. 2005;9:389-402. https://www.ncbi.nlm.nih.gov/pubmed/
16139227.

Gao X, Pan D.TSC1 and TSC2 tumor suppressors antagonize insulin
signaling in cell growth. Genes Dev. 2001;15:1383-92. https://www.
ncbi.nlm.nih.gov/pubmed/11390358.

Gingras AC, Kennedy SG, O'Leary MA, Sonenberg N, Hay N. 4E-BP1, a
repressor of mMRNA translation, is phosphorylated and inactivated by
the Akt(PKB) signaling pathway. Genes Dev. 1998;12:502-13. https://
www.ncbi.nlm.nih.gov/pubmed/9472019.

Kovacina KS, Park GY, Bae SS, Guzzetta AW, Schaefer E, Birnbaum MJ,

et al. Identification of a proline-rich Akt substrate as a 14-3-3 binding
partner. J Biol Chem. 2003;278:10189-94. https://www.ncbi.nlm.nih.
gov/pubmed/12524439.

Altiok S, Batt D, Altiok N, Papautsky A, Downward J, Roberts TM, et al.
Heregulin induces phosphorylation of BRCA1 through phosphatidylin-
ositol 3-Kinase/AKT in breast cancer cells. J Biol Chem. 1999,274:32274~
8. https://www.ncbi.nlm.nih.gov/pubmed/10542266.

Sano H, Kane S, Sano E, Miinea CP, Asara JM, Lane WS, et al. Insulin-stim-
ulated phosphorylation of a Rab GTPase-activating protein regulates
GLUT4 translocation. J Biol Chem. 2003;278:14599-602. https://www.
ncbi.nlm.nih.gov/pubmed/12637568.

Kohn AD, Summers SA, Birnbaum MJ, Roth RA. Expression of a con-
stitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates
glucose uptake and glucose transporter 4 translocation. J Biol Chem.
1996,271:31372-8. https://www.ncbi.nlm.nih.gov/pubmed/8940145.
Stockli J, Fazakerley DJ, James DE. GLUT4 exocytosis. J Cell Sci.
2011;124:4147-59. https://www.ncbi.nlm.nih.gov/pubmed/22247191.
Hong SY, Yu FX, Luo Y, Hagen T. Oncogenic activation of the PI3K/Akt
pathway promotes cellular glucose uptake by downregulating the
expression of thioredoxin-interacting protein. Cell Signal. 2016;28:377-
83. https://www.ncbi.nlm.nih.gov/pubmed/26826652.

Zhou QL, Jiang ZY, Holik J, Chawla A, Hagan GN, Leszyk J, et al. Akt sub-
strate TBC1D1 regulates GLUT1 expression through the mTOR pathway
in 3T3-L1 adipocytes. Biochem J. 2008;411:647-55. https://www.ncbi.
nim.nih.gov/pubmed/18215134.

Novellasdemunt L, Tato |, Navarro-Sabate A, Ruiz-Meana M, Mendez-
Lucas A, Perales JC, et al. Akt-dependent activation of the heart 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB2) isoenzyme
by amino acids. J Biol Chem. 2013;288:10640-51. https://www.ncbi.nlm.
nih.gov/pubmed/23457334.

Song H, Li D, Wang X, Fang E, Yang F, Hu A, et al. HNF4A-AS1/hnRNPU/
CTCF axis as a therapeutic target for aerobic glycolysis and neuroblas-
toma progression. J Hematol Oncol. 2020;13:24. https://www.ncbi.nim.
nih.gov/pubmed/32216806.

Roberts DJ, Miyamoto S. Hexokinase Il integrates energy metabolism
and cellular protection: Akting on mitochondria and TORCing to
autophagy. Cell Death Differ. 2015;22:364. https://www.ncbi.nlm.nih.
gov/pubmed/25578149.


https://www.ncbi.nlm.nih.gov/pubmed/31131274
https://www.ncbi.nlm.nih.gov/pubmed/31131274
https://www.ncbi.nlm.nih.gov/pubmed/12773501
https://www.ncbi.nlm.nih.gov/pubmed/12773501
https://www.ncbi.nlm.nih.gov/pubmed/12517744
https://www.ncbi.nlm.nih.gov/pubmed/8524413
https://www.ncbi.nlm.nih.gov/pubmed/8524413
https://www.ncbi.nlm.nih.gov/pubmed/31900208
https://www.ncbi.nlm.nih.gov/pubmed/9233789
https://www.ncbi.nlm.nih.gov/pubmed/11231573
https://www.ncbi.nlm.nih.gov/pubmed/11231573
https://www.ncbi.nlm.nih.gov/pubmed/12244301
https://www.ncbi.nlm.nih.gov/pubmed/30135474
https://www.ncbi.nlm.nih.gov/pubmed/30183375
https://www.ncbi.nlm.nih.gov/pubmed/30183375
https://www.ncbi.nlm.nih.gov/pubmed/10576742
https://www.ncbi.nlm.nih.gov/pubmed/10576742
https://www.ncbi.nlm.nih.gov/pubmed/9381178
https://www.ncbi.nlm.nih.gov/pubmed/9381178
https://www.ncbi.nlm.nih.gov/pubmed/16282323
https://www.ncbi.nlm.nih.gov/pubmed/9812896
https://www.ncbi.nlm.nih.gov/pubmed/9812896
https://www.ncbi.nlm.nih.gov/pubmed/20086174
https://www.ncbi.nlm.nih.gov/pubmed/20086174
https://www.ncbi.nlm.nih.gov/pubmed/33292604
https://www.ncbi.nlm.nih.gov/pubmed/33292604
https://www.ncbi.nlm.nih.gov/pubmed/10753867
https://www.ncbi.nlm.nih.gov/pubmed/10485710
https://www.ncbi.nlm.nih.gov/pubmed/10485710
https://www.ncbi.nlm.nih.gov/pubmed/12535517
https://www.ncbi.nlm.nih.gov/pubmed/11154276
https://www.ncbi.nlm.nih.gov/pubmed/11154276
https://www.ncbi.nlm.nih.gov/pubmed/11156376
https://www.ncbi.nlm.nih.gov/pubmed/22585995
https://www.ncbi.nlm.nih.gov/pubmed/22585995
https://www.ncbi.nlm.nih.gov/pubmed/20856200
https://www.ncbi.nlm.nih.gov/pubmed/20856200
https://www.ncbi.nlm.nih.gov/pubmed/16139227
https://www.ncbi.nlm.nih.gov/pubmed/16139227
https://www.ncbi.nlm.nih.gov/pubmed/11390358
https://www.ncbi.nlm.nih.gov/pubmed/11390358
https://www.ncbi.nlm.nih.gov/pubmed/9472019
https://www.ncbi.nlm.nih.gov/pubmed/9472019
https://www.ncbi.nlm.nih.gov/pubmed/12524439
https://www.ncbi.nlm.nih.gov/pubmed/12524439
https://www.ncbi.nlm.nih.gov/pubmed/10542266
https://www.ncbi.nlm.nih.gov/pubmed/12637568
https://www.ncbi.nlm.nih.gov/pubmed/12637568
https://www.ncbi.nlm.nih.gov/pubmed/8940145
https://www.ncbi.nlm.nih.gov/pubmed/22247191
https://www.ncbi.nlm.nih.gov/pubmed/26826652
https://www.ncbi.nlm.nih.gov/pubmed/18215134
https://www.ncbi.nlm.nih.gov/pubmed/18215134
https://www.ncbi.nlm.nih.gov/pubmed/23457334
https://www.ncbi.nlm.nih.gov/pubmed/23457334
https://www.ncbi.nlm.nih.gov/pubmed/32216806
https://www.ncbi.nlm.nih.gov/pubmed/32216806
https://www.ncbi.nlm.nih.gov/pubmed/25578149
https://www.ncbi.nlm.nih.gov/pubmed/25578149

Hassan et al. J Exp Clin Cancer Res

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

140.

141.

(2024) 43:313

Ni C, Zheng K, Gao Y, Chen Y, Shi K, Ni C, et al. ACOT4 accumulation via
AKT-mediated phosphorylation promotes pancreatic tumourigenesis.
Cancer Lett. 2021;498:19-30. https.//www.ncbi.nlm.nih.gov/pubmed/
33148467.

Berwick DC, Hers |, Heesom KJ, Moule SK, Tavare JM. The identification
of ATP-citrate lyase as a protein kinase B (Akt) substrate in primary
adipocytes. J Biol Chem. 2002;277:33895-900. https://www.ncbi.nlm.
nih.gov/pubmed/12107176.

DiPilato LM, Ahmad F, Harms M, Seale P, Manganiello V, Birnbaum MJ.
The role of PDE3B phosphorylation in the inhibition of lipolysis by
insulin. Mol Cell Biol. 2015;35:2752-60. https://www.ncbi.nlm.nih.gov/
pubmed/26031333.

Schleicher M, Yu J, Murata T, Derakhshan B, Atochin D, Qian L, et al. The
Akt1-eNOS axis illustrates the specificity of kinase-substrate relation-
ships in vivo. Sci Signal. 2009;2(82):ra41. https://pubmed.ncbi.nlm.nih.
gov/19654415/.

Dimmeler S, Fleming |, Fisslthaler B, Hermann C, Busse R, Zeiher AM.
Activation of nitric oxide synthase in endothelial cells by Akt-depend-
ent phosphorylation. Nature. 1999;399(6736):601-5. https://pubmed.
ncbi.nlm.nih.gov/10376603/.

Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell.
2017;169(3):381-405. https://pubmed.ncbi.nlm.nih.gov/28431241/.
Gkountakos A, Sartori G, Falcone |, Piro G, Ciuffreda L, Carbone C,

et al. PTEN in lung cancer: Dealing with the problem, building on

new knowledge and turning the game around. Cancers (Basel).
2019;11. https://www.ncbi.nlm.nih.gov/pubmed/31404976.

Luongo F, Colonna F, Calapa F, Vitale S, Fiori ME, De Maria R. PTEN
tumor-suppressor: The dam of stemness in cancer. Cancers (Basel).
2019;11. https://www.ncbi.nlm.nih.gov/pubmed/31366089.

O'Neill AK, Niederst MJ, Newton AC. Suppression of survival signalling
pathways by the phosphatase PHLPP. FEBS J. 2013,280:572-83. https://
www.ncbi.nlm.nih.gov/pubmed/22340730.

Villalobos-Ayala K, Ortiz Rivera |, Alvarez C, Husain K, DeLoach D, Krystal
G, et al. Apigenin increases SHIP-1 expression, promotes tumoricidal
macrophages and anti-tumor immune responses in murine pancre-
atic cancer. Cancers (Basel). 2020;12. https://www.ncbi.nlm.nih.gov/
pubmed/33291556.

Cairns J, Fridley BL, Jenkins GD, Zhuang Y, Yu J, Wang L. Differential roles
of ERRFIT in EGFR and AKT pathway regulation affect cancer prolifera-
tion. EMBO Rep. 2018;19. https://www.ncbi.nlm.nih.gov/pubmed/
29335246.

Yu J, Qin B, Wu F, Qin S, Nowsheen S, Shan S, et al. Regulation of serine-
threonine kinase Akt activation by NAD(+)-dependent deacetylase
SIRT7. Cell Rep. 2017;18:1229-40. https://www.ncbi.nlm.nih.gov/
pubmed/28147277.

Li G, Ji XD, Gao H, Zhao JS, Xu JF, Sun ZJ, et al. EphB3 suppresses non-
small-cell lung cancer metastasis via a PP2A/RACK1/Akt signalling
complex. Nat Commun. 2012;3:667. https://www.ncbi.nlm.nih.gov/
pubmed/22314363.

He X, Li M, Yu H, Liu G, Wang N, Yin C, et al. Loss of hepatic aldo-

lase B activates Akt and promotes hepatocellular carcinogenesis

by destabilizing the Aldob/Akt/PP2A protein complex. PLoS Biol.
2020;18:3000803. https://www.ncbi.nlm.nih.gov/pubmed/33275593.
Chi RA, Wang T, Huang CL, Wu SP, Young SL, Lydon JP, et al. WNK1
regulates uterine homeostasis and its ability to support pregnancy. JCI
Insight. 2020;5. https://www.ncbi.nlm.nih.gov/pubmed/33048843.
Reshi |, Nisa MU, Farooq U, Gillani SQ, Bhat SA, Sarwar Z, et al. AKT
regulates mitotic progression of mammalian cells by phosphorylating
MASTL, leading to protein phosphatase 2A inactivation. Mol Cell Biol.
2020;40. https://www.ncbi.nlm.nih.gov/pubmed/32123010.

Li M, Damuni Z. 11PP2A and I2PP2A. Two potent protein phosphatase
2A-specific inhibitor proteins. Methods Mol Biol. 1998,93:59-66. https.//
www.ncbi.nlm.nih.gov/pubmed/9664527.

Tseng LM, Liu CY, Chang KC, Chu PY, Shiau CW, Chen KF. CIP2A is a tar-
get of bortezomib in human triple negative breast cancer cells. Breast
Cancer Res. 2012;14:R68. https://www.ncbi.nlm.nih.gov/pubmed/22537
901.

Guo B,Wu'S, Zhu X, Zhang L, Deng J, Li F, et al. Micropeptide CIP2A-
BP encoded by LINC00665 inhibits triple-negative breast cancer
progression. EMBO J. 2020;39:e102190. https://www.ncbi.nlm.nih.gov/
pubmed/31755573.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

157.

158.

160.

161.

162.

Page 28 of 37

ChenY, XuT, Li M, Li C, MaY, Chen G, et al. Inhibition of SENP2-medi-
ated Akt deSUMOylation promotes cardiac regeneration via activating
Akt pathway. Clin Sci (Lond). 2021;135:811-28. https://www.ncbi.nlm.
nih.gov/pubmed/33687053.

Wakatsuki S, Saitoh F, Araki T. ZNRF1 promotes Wallerian degeneration
by degrading AKT to induce GSK3B-dependent CRMP2 phosphoryla-
tion. Nat Cell Biol. 2011;13:1415-23. https://www.ncbi.nlm.nih.gov/
pubmed/22057101.

Suizu F, Hiramuki 'Y, Okumura F, Matsuda M, Okumura AJ, Hirata N,

et al. The E3 ligase TTC3 facilitates ubiquitination and degradation of
phosphorylated Akt. Dev Cell. 2009;17:800-10. https://www.ncbi.nim.
nih.gov/pubmed/20059950.

Joo HM, Kim JY, Jeong JB, Seong KM, Nam SY, Yang KH, et al. Ret finger
protein 2 enhances ionizing radiation-induced apoptosis via degrada-
tion of AKT and MDM2. Eur J Cell Biol. 2011;90:420-31. https://www.
ncbi.nlm.nih.gov/pubmed/21333377.

Kim HJ, Kim SY, Kim DH, Park JS, Jeong SH, Choi YW, et al. Crosstalk
between HSPA5 arginylation and sequential ubiquitination leads to
AKT degradation through autophagy flux. Autophagy. 2021;17:961-
79. https://www.ncbi.nlm.nih.gov/pubmed/32164484.

Liao'Y, Wei, Zhou X, Yang JY, Dai C, Chen YJ, et al. Peptidyl-prolyl cis/
trans isomerase Pin1 is critical for the regulation of PKB/Akt stability and
activation phosphorylation. Oncogene. 2009;28:2436-45. https://www.
ncbi.nlm.nih.gov/pubmed/19448664.

Fujino T, Goyama S, Sugiura Y, Inoue D, Asada S, Yamasaki S, et al.
Mutant ASXL1 induces age-related expansion of phenotypic hemat-
opoietic stem cells through activation of Akt/mTOR pathway. Nat
Commun. 2021;12:1826. https://www.ncbi.nlm.nih.gov/pubmed/33758
188.

Deng R, GuoY, Li L, He J, Qiang Z, Zhang H, et al. BAP1 suppresses pros-
tate cancer progression by deubiquitinating and stabilizing PTEN. Mol
Oncol. 2021;15:279-98. https://www.ncbi.nlm.nih.gov/pubmed/33155
366.

Sundaresan NR, Pillai VB, Wolfgeher D, Samant S, Vasudevan P, Parekh V,
et al. The deacetylase SIRT1 promotes membrane localization and acti-
vation of Akt and PDK1 during tumorigenesis and cardiac hypertrophy.
Sci Signal. 2011;4:ra46. https://www.ncbi.nlm.nih.gov/pubmed/21775
285.

Rokudai S, Fujita N, Hashimoto Y, Tsuruo T. Cleavage and inactivation

of antiapoptotic Akt/PKB by caspases during apoptosis. J Cell Physiol.
2000;182:290-6. https://www.ncbi.nlm.nih.gov/pubmed/10623893.
Dearth RK, Cui X, Kim HJ, Hadsell DL, Lee AV. Oncogenic transforma-
tion by the signaling adaptor proteins insulin receptor substrate (IRS)-1
and IRS-2. Cell Cycle. 2007;6:705-13. https://www.ncbi.nlm.nih.gov/
pubmed/17374994.

Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, Rebholz H,
et al. The TSC1-2 tumor suppressor controls insulin-PI3K signaling via
regulation of IRS proteins. J Cell Biol. 2004;166:213-23. https://www.
ncbi.nlm.nih.gov/pubmed/15249583.

Mundi PS, Sachdev J, McCourt C, Kalinsky K. AKT in cancer: new molec-
ular insights and advances in drug development. Br J Clin Pharmacol.
2016;82:943-56. https://www.ncbi.nlm.nih.gov/pubmed/27232857.
O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, et al. mTOR inhibi-
tion induces upstream receptor tyrosine kinase signaling and activates
Akt. Cancer Res. 2006;66:1500-8. https://www.ncbi.nlm.nih.gov/
pubmed/16452206.

Paz-Ares L, Blanco-Aparicio C, Garcia-Carbonero R, Carnero A. Inhibit-
ing PI3K as a therapeutic strategy against cancer. Clin Transl Oncol.
2009;11:572-9. https:.//www.ncbi.nlm.nih.gov/pubmed/19775996.
You HL, Liu TT, Weng SW, Chen CH, Wei YC, Eng HL, et al. Association of
IRS2 overexpression with disease progression in intrahepatic cholan-
giocarcinoma. Oncol Lett. 2018;16:5505—11. https://www.ncbi.nlm.nih.
gov/pubmed/30250623.

Niederst MJ, Engelman JA. Bypass mechanisms of resistance to receptor
tyrosine kinase inhibition in lung cancer. Sci Signal. 2013;6:re6. https://
www.ncbi.nlm.nih.gov/pubmed/24065147.

Zhang M, Jang H, Nussinov R. The structural basis for Ras activation

of PI3Kalpha lipid kinase. Phys Chem Chem Phys. 2019;21:12021-

8. https://www.ncbi.nlm.nih.gov/pubmed/31135801.

Toulany M, Minjgee M, Saki M, Holler M, Meier F, Eicheler W, et al. ERK2-
dependent reactivation of Akt mediates the limited response of tumor


https://www.ncbi.nlm.nih.gov/pubmed/33148467
https://www.ncbi.nlm.nih.gov/pubmed/33148467
https://www.ncbi.nlm.nih.gov/pubmed/12107176
https://www.ncbi.nlm.nih.gov/pubmed/12107176
https://www.ncbi.nlm.nih.gov/pubmed/26031333
https://www.ncbi.nlm.nih.gov/pubmed/26031333
https://pubmed.ncbi.nlm.nih.gov/19654415/
https://pubmed.ncbi.nlm.nih.gov/19654415/
https://pubmed.ncbi.nlm.nih.gov/10376603/
https://pubmed.ncbi.nlm.nih.gov/10376603/
https://pubmed.ncbi.nlm.nih.gov/28431241/
https://www.ncbi.nlm.nih.gov/pubmed/31404976
https://www.ncbi.nlm.nih.gov/pubmed/31366089
https://www.ncbi.nlm.nih.gov/pubmed/22340730
https://www.ncbi.nlm.nih.gov/pubmed/22340730
https://www.ncbi.nlm.nih.gov/pubmed/33291556
https://www.ncbi.nlm.nih.gov/pubmed/33291556
https://www.ncbi.nlm.nih.gov/pubmed/29335246
https://www.ncbi.nlm.nih.gov/pubmed/29335246
https://www.ncbi.nlm.nih.gov/pubmed/28147277
https://www.ncbi.nlm.nih.gov/pubmed/28147277
https://www.ncbi.nlm.nih.gov/pubmed/22314363
https://www.ncbi.nlm.nih.gov/pubmed/22314363
https://www.ncbi.nlm.nih.gov/pubmed/33275593
https://www.ncbi.nlm.nih.gov/pubmed/33048843
https://www.ncbi.nlm.nih.gov/pubmed/32123010
https://www.ncbi.nlm.nih.gov/pubmed/9664527
https://www.ncbi.nlm.nih.gov/pubmed/9664527
https://www.ncbi.nlm.nih.gov/pubmed/22537901
https://www.ncbi.nlm.nih.gov/pubmed/22537901
https://www.ncbi.nlm.nih.gov/pubmed/31755573
https://www.ncbi.nlm.nih.gov/pubmed/31755573
https://www.ncbi.nlm.nih.gov/pubmed/33687053
https://www.ncbi.nlm.nih.gov/pubmed/33687053
https://www.ncbi.nlm.nih.gov/pubmed/22057101
https://www.ncbi.nlm.nih.gov/pubmed/22057101
https://www.ncbi.nlm.nih.gov/pubmed/20059950
https://www.ncbi.nlm.nih.gov/pubmed/20059950
https://www.ncbi.nlm.nih.gov/pubmed/21333377
https://www.ncbi.nlm.nih.gov/pubmed/21333377
https://www.ncbi.nlm.nih.gov/pubmed/32164484
https://www.ncbi.nlm.nih.gov/pubmed/19448664
https://www.ncbi.nlm.nih.gov/pubmed/19448664
https://www.ncbi.nlm.nih.gov/pubmed/33758188
https://www.ncbi.nlm.nih.gov/pubmed/33758188
https://www.ncbi.nlm.nih.gov/pubmed/33155366
https://www.ncbi.nlm.nih.gov/pubmed/33155366
https://www.ncbi.nlm.nih.gov/pubmed/21775285
https://www.ncbi.nlm.nih.gov/pubmed/21775285
https://www.ncbi.nlm.nih.gov/pubmed/10623893
https://www.ncbi.nlm.nih.gov/pubmed/17374994
https://www.ncbi.nlm.nih.gov/pubmed/17374994
https://www.ncbi.nlm.nih.gov/pubmed/15249583
https://www.ncbi.nlm.nih.gov/pubmed/15249583
https://www.ncbi.nlm.nih.gov/pubmed/27232857
https://www.ncbi.nlm.nih.gov/pubmed/16452206
https://www.ncbi.nlm.nih.gov/pubmed/16452206
https://www.ncbi.nlm.nih.gov/pubmed/19775996
https://www.ncbi.nlm.nih.gov/pubmed/30250623
https://www.ncbi.nlm.nih.gov/pubmed/30250623
https://www.ncbi.nlm.nih.gov/pubmed/24065147
https://www.ncbi.nlm.nih.gov/pubmed/24065147
https://www.ncbi.nlm.nih.gov/pubmed/31135801

Hassan et al. J Exp Clin Cancer Res

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

(2024) 43:313

cells with constitutive K-RAS activity to PI3K inhibition. Cancer Biol Ther.
2014;15:317-28. https://www.ncbi.nlm.nih.gov/pubmed/24351425.
Wu YL, Maachani UB, Schweitzer M, Singh R, Wang M, Chang R, et al.
Dual inhibition of PI3K/AKT and MEK/ERK pathways induces synergistic
antitumor effects in diffuse intrinsic pontine glioma cells. Transl Oncol.
2017;10:221-8. https.//www.ncbi.nlm.nih.gov/pubmed/28189993.
Reardon DB, Contessa JN, Mikkelsen RB, Valerie K, Amir C, Dent P, et al.
Dominant negative EGFR-CD533 and inhibition of MAPK modify JNK1
activation and enhance radiation toxicity of human mammary carci-
noma cells. Oncogene. 1999;18:4756-66. https://www.ncbi.nlm.nih.
gov/pubmed/10467423.

Rommel C, Clarke BA, Zimmermann S, Nunez L, Rossman R, Reid K, et al.
Differentiation stage-specific inhibition of the Raf-MEK-ERK pathway
by Akt. Science. 1999;286:1738-41. https://www.ncbi.nlm.nih.gov/
pubmed/10576741.

Kane LP, Shapiro VS, Stokoe D, Weiss A. Induction of NF-kappaB by the
Akt/PKB kinase. Curr Biol. 1999,9:601-4. https://www.ncbi.nlm.nih.gov/
pubmed/10359702.

Li B, Li YY, Tsao SW, Cheung AL. Targeting NF-kappaB signaling pathway
suppresses tumor growth, angiogenesis, and metastasis of human
esophageal cancer. Mol Cancer Ther. 2009;8:2635-44. https.//www.
ncbi.nlm.nih.gov/pubmed/19723887.

Li Z, Yang Z, Passaniti A, Lapidus RG, Liu X, Cullen KJ, et al. A positive
feedback loop involving EGFR/Akt/mTORC1 and IKK/NF-kB regulates
head and neck squamous cell carcinoma proliferation. Oncotarget.
2016;7:31892-906. https://www.ncbi.nlm.nih.gov/pubmed/26895469.
Cheng X, Xu X, Chen D, Zhao F, Wang W. Therapeutic potential of
targeting the Wnt/beta-catenin signaling pathway in colorectal cancer.
Biomed Pharmacother. 2019;110:473-81. https://www.ncbi.nlm.nih.
gov/pubmed/30530050.

Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell.
2012;149:1192-205. https://www.ncbi.nlm.nih.gov/pubmed/22682243.
Kang DW, Lee BH, Suh YA, Choi YS, Jang SJ, Kim YM, et al. Phospholipase
D1 Inhibition linked to upregulation of ICAT blocks colorectal cancer
growth hyperactivated by Wnt/beta-catenin and PI3K/Akt signaling.
Clin Cancer Res. 2017,23:7340-50. https://www.ncbi.nlm.nih.gov/
pubmed/28939743.

Siddharth S, Goutam K, Das S, Nayak A, Nayak D, Sethy C, et al. Nectin-4
is a breast cancer stem cell marker that induces WNT/beta-catenin sign-
aling via Pi3k/Akt axis. Int J Biochem Cell Biol. 2017,89:85-94. https.//
www.ncbi.nlm.nih.gov/pubmed/28600142.

Gottardi CJ, Gumbiner BM. Role for ICAT in beta-catenin-dependent
nuclear signaling and cadherin functions. Am J Physiol Cell Physiol.
2004;286:C747-56. https://www.ncbi.nlm.nih.gov/pubmed/14613891.
Lieberman HB, Bernstock JD, Broustas CG, Hopkins KM, Leloup C, Zhu A. The
role of RAD9 in tumorigenesis. J Mol Cell Biol. 2011;3:39-43. https://www.
ncbi.nim.nih.gov/pubmed/21278450.

Broustas CG, Zhu A, Lieberman HB. Rad9 protein contributes to prostate
tumor progression by promoting cell migration and anoikis resist-
ance. J Biol Chem. 2012;287:41324-33. https://www.ncbi.nlm.nih.gov/
pubmed/23066031.

Yano S, Tokumitsu H, Soderling TR. Calcium promotes cell survival
through CaM-K kinase activation of the protein-kinase-B pathway.
Nature. 1998;396:584-7. https://www.ncbi.nlm.nih.gov/pubmed/98599
94.

Valenti MT, Dalle Carbonare L, Mottes M. Ectopic expression of the osteo-
genic master gene RUNX2 in melanoma. World J Stem Cells. 2018;10:78-
81. https://www.ncbi.nlm.nih.gov/pubmed/30079129.

Dupuis-Maurin V, Brinza L, Baguet J, Plantamura E, Schicklin S, Cham-
bion S, et al. Overexpression of the transcription factor Sp1 activates
the OAS-RNAse L-RIG-I pathway. PLoS ONE. 2015;10:0118551. https://
www.ncbi.nlm.nih.gov/pubmed/25738304.

FanTC, Yeo HL, Hsu HM, Yu JC, Ho MY, Lin WD, et al. Reciprocal feedback
regulation of ST3GALT and GFRA1 signaling in breast cancer cells.
Cancer Lett. 2018;434:184-95. https://www.ncbi.nlm.nih.gov/pubmed/
30040982.

Downward J. Targeting RAS signalling pathways in cancer therapy. Nat
Rev Cancer. 2003;3:11-22. https.//www.ncbi.nlm.nih.gov/pubmed/
12509763.

Broit N, Johansson PA, Rodgers CB, Walpole ST, Hayward NK, Pritchard
AL. Systematic review and meta-analysis of genomic alterations in acral

182.

183.

184.

185.

186.

188.

189.

190.

191.

192.

193.

195.

198.

199.

200.

Page 29 of 37

melanoma. Pigment Cell Melanoma Res. 2022;35:369-86. https://www.
ncbi.nlm.nih.gov/pubmed/35229492.

Vallejo-Diaz J, Chagoyen M, Olazabal-Moran M, Gonzalez-Garcia A, Car-
rera AC. The opposing roles of PIK3R1/p85alpha and PIK3R2/p85beta in
cancer. Trends Cancer. 2019;5:233-44. https://www.ncbi.nlm.nih.gov/
pubmed/30961830.

Staal SP, Hartley JW, Rowe WP. Isolation of transforming murine
leukemia viruses from mice with a high incidence of spontaneous
lymphoma. Proc Natl Acad Sci U S A. 1977;74:3065-7. https://www.ncbi.
nlm.nih.gov/pubmed/197531.

Rosenberg N, Jolicoeur P. Retroviral pathogenesis. In: Coffin JM, Hughes
SH, Varmus HE, editors. Retroviruses. Cold Spring Harbor (NY): Cold
Spring Harbor Laboratory Press; 1997.

Bonne C. Morphological resemblance of pulmonary adenomatosis
(Jaagsiekte) in sheep and certain cases of cancer of the lung in man.
Am J Cancer. 1939;35:491-501.

Perk K, Hod I. Sheep lung carcinoma: an endemic analogue of a spo-
radic human neoplasm. J Natl Cancer Inst. 1982,69:747-9. https://www.
ncbi.nim.nih.gov/pubmed/6288989.

Palmarini M, Fan H. Retrovirus-induced ovine pulmonary adeno-
carcinoma, an animal model for lung cancer. J Natl Cancer Inst.
2001;93:1603-14. https://www.ncbi.nlm.nih.gov/pubmed/11698564.
Strayer DS, Korutla L. Activation of surfactant protein-B transcription:
signaling through the SP-A receptor utilizing the PI3 kinase pathway. J
Cell Physiol. 2000;184:229-38. https://www.ncbi.nim.nih.gov/pubmed/
10867648.

White MK, Strayer DS. Surfactant protein A regulates pulmonary sur-
factant secretion via activation of phosphatidylinositol 3-kinase in type
Il alveolar cells. Exp Cell Res. 2000;255:67-76. https:.//www.ncbi.nlm.nih.
gov/pubmed/10666335.

Athas GB, Starkey CR, Levy LS. Retroviral determinants of leukemogen-
esis. Crit Rev Oncog. 1994;5:169-99. https://www.ncbi.nlm.nih.gov/
pubmed/7849085.

Fan H. Influences of the long terminal repeats on retrovirus pathogenic-
ity. Semin Virol. 1990;1:165-74.

Nakayama K, Nakayama N, Kurman RJ, Cope L, Pohl G, Samuels Y, et al.
Sequence mutations and amplification of PIK3CA and AKT2 genes in
purified ovarian serous neoplasms. Cancer Biol Ther. 2006;5(7):779-85.
https://pubmed.ncbi.nlm.nih.gov/16721043/.

Bellacosa A, de Feo D, Godwin AK, Bell DW, Cheng JQ, Altomare DA,

et al. Molecular alterations of the AKT2 oncogene in ovarian and breast
carcinomas. Int J Cancer. 1995;64:280-5. https://www.ncbi.nlm.nih.gov/
pubmed/7657393.

Cheng JQ, Ruggeri B, Klein WM, Sonoda G, Altomare DA, Watson DK,

et al. Amplification of AKT2 in human pancreatic cells and inhibition of
AKT2 expression and tumorigenicity by antisense RNA. Proc Natl Acad
Sci U S A 1996;93:3636-41. https://www.ncbi.nlm.nih.gov/pubmed/
8622988.

Miwa W, Yasuda J, MurakamiY, Yashima K, Sugano K, Sekine T, et al.
Isolation of DNA sequences amplified at chromosome 19q13.1-q13.2
including the AKT2 locus in human pancreatic cancer. Biochem Bio-
phys Res Commun. 1996;225:968-74. https://www.ncbi.nlm.nih.gov/
pubmed/8780719.

Ruggeri BA, Huang L, Wood M, Cheng JQ, Testa JR. Amplification and
overexpression of the AKT2 oncogene in a subset of human pancreatic
ductal adenocarcinomas. Mol Carcinog. 1998;21:81-6. https://www.
ncbi.nlm.nih.gov/pubmed/9496907.

Nakayama K, Nakayama N, Jinawath N, Salani R, Kurman RJ, Shih le

M, et al. Amplicon profiles in ovarian serous carcinomas. Int J Cancer.
2007;120:2613-7. https://www.ncbi.nlm.nih.gov/pubmed/17351921.
Roy HK, Olusola BF, Clemens DL, Karolski WJ, Ratashak A, Lynch HT, et al.
AKT proto-oncogene overexpression is an early event during sporadic
colon carcinogenesis. Carcinogenesis. 2002;23:201-5. https://www.
ncbi.nim.nih.gov/pubmed/11756242.

Xu X, Sakon M, Nagano H, Hiraoka N, Yamamoto H, Hayashi N, et al.
Akt2 expression correlates with prognosis of human hepatocellular
carcinoma. Oncol Rep. 2004;11:25-32. https://www.ncbi.nlm.nih.gov/
pubmed/14654898.

Arboleda MJ, Lyons JF, Kabbinavar FF, Bray MR, Snow BE, Ayala R, et al.
Overexpression of AKT2/protein kinase Bbeta leads to up-regulation
of betal integrins, increased invasion, and metastasis of human breast


https://www.ncbi.nlm.nih.gov/pubmed/24351425
https://www.ncbi.nlm.nih.gov/pubmed/28189993
https://www.ncbi.nlm.nih.gov/pubmed/10467423
https://www.ncbi.nlm.nih.gov/pubmed/10467423
https://www.ncbi.nlm.nih.gov/pubmed/10576741
https://www.ncbi.nlm.nih.gov/pubmed/10576741
https://www.ncbi.nlm.nih.gov/pubmed/10359702
https://www.ncbi.nlm.nih.gov/pubmed/10359702
https://www.ncbi.nlm.nih.gov/pubmed/19723887
https://www.ncbi.nlm.nih.gov/pubmed/19723887
https://www.ncbi.nlm.nih.gov/pubmed/26895469
https://www.ncbi.nlm.nih.gov/pubmed/30530050
https://www.ncbi.nlm.nih.gov/pubmed/30530050
https://www.ncbi.nlm.nih.gov/pubmed/22682243
https://www.ncbi.nlm.nih.gov/pubmed/28939743
https://www.ncbi.nlm.nih.gov/pubmed/28939743
https://www.ncbi.nlm.nih.gov/pubmed/28600142
https://www.ncbi.nlm.nih.gov/pubmed/28600142
https://www.ncbi.nlm.nih.gov/pubmed/14613891
https://www.ncbi.nlm.nih.gov/pubmed/21278450
https://www.ncbi.nlm.nih.gov/pubmed/21278450
https://www.ncbi.nlm.nih.gov/pubmed/23066031
https://www.ncbi.nlm.nih.gov/pubmed/23066031
https://www.ncbi.nlm.nih.gov/pubmed/9859994
https://www.ncbi.nlm.nih.gov/pubmed/9859994
https://www.ncbi.nlm.nih.gov/pubmed/30079129
https://www.ncbi.nlm.nih.gov/pubmed/25738304
https://www.ncbi.nlm.nih.gov/pubmed/25738304
https://www.ncbi.nlm.nih.gov/pubmed/30040982
https://www.ncbi.nlm.nih.gov/pubmed/30040982
https://www.ncbi.nlm.nih.gov/pubmed/12509763
https://www.ncbi.nlm.nih.gov/pubmed/12509763
https://www.ncbi.nlm.nih.gov/pubmed/35229492
https://www.ncbi.nlm.nih.gov/pubmed/35229492
https://www.ncbi.nlm.nih.gov/pubmed/30961830
https://www.ncbi.nlm.nih.gov/pubmed/30961830
https://www.ncbi.nlm.nih.gov/pubmed/197531
https://www.ncbi.nlm.nih.gov/pubmed/197531
https://www.ncbi.nlm.nih.gov/pubmed/6288989
https://www.ncbi.nlm.nih.gov/pubmed/6288989
https://www.ncbi.nlm.nih.gov/pubmed/11698564
https://www.ncbi.nlm.nih.gov/pubmed/10867648
https://www.ncbi.nlm.nih.gov/pubmed/10867648
https://www.ncbi.nlm.nih.gov/pubmed/10666335
https://www.ncbi.nlm.nih.gov/pubmed/10666335
https://www.ncbi.nlm.nih.gov/pubmed/7849085
https://www.ncbi.nlm.nih.gov/pubmed/7849085
https://pubmed.ncbi.nlm.nih.gov/16721043/
https://www.ncbi.nlm.nih.gov/pubmed/7657393
https://www.ncbi.nlm.nih.gov/pubmed/7657393
https://www.ncbi.nlm.nih.gov/pubmed/8622988
https://www.ncbi.nlm.nih.gov/pubmed/8622988
https://www.ncbi.nlm.nih.gov/pubmed/8780719
https://www.ncbi.nlm.nih.gov/pubmed/8780719
https://www.ncbi.nlm.nih.gov/pubmed/9496907
https://www.ncbi.nlm.nih.gov/pubmed/9496907
https://www.ncbi.nlm.nih.gov/pubmed/17351921
https://www.ncbi.nlm.nih.gov/pubmed/11756242
https://www.ncbi.nlm.nih.gov/pubmed/11756242
https://www.ncbi.nlm.nih.gov/pubmed/14654898
https://www.ncbi.nlm.nih.gov/pubmed/14654898

Hassan et al. J Exp Clin Cancer Res

201.

202.

203.

204.

205.

206.

207.

208.

200.

211,

213.

214.

216.

217.

218.

219.

(2024) 43:313

and ovarian cancer cells. Cancer Res. 2003;63:196-206. https://www.
ncbi.nlm.nih.gov/pubmed/12517798.

Altomare DA, Tanno S, De Rienzo A, Klein-Szanto AJ, Tanno S, Skele KL,
et al. Frequent activation of AKT2 kinase in human pancreatic carci-
nomas. J Cell Biochem. 2002,;87:470-6. https://www.ncbi.nlm.nih.gov/
pubmed/14735903.

Knobbe CB, Reifenberger G. Genetic alterations and aberrant expres-
sion of genes related to the phosphatidyl-inositol-3-kinase/protein
kinase B (Akt) signal transduction pathway in glioblastomas. Brain
Pathol. 2003;13:507-18. https://www.ncbi.nlm.nih.gov/pubmed/14655
756.

Hashimoto K, Mori N, Tamesa T, Okada T, Kawauchi S, Oga A, et al.
Analysis of DNA copy number aberrations in hepatitis C virus-associ-
ated hepatocellular carcinomas by conventional CGH and array CGH.
Mod Pathol. 2004;17:617-22. https://www.ncbi.nlm.nih.gov/pubmed/
15133472.

Cristiano BE, Chan JC, Hannan KM, Lundie NA, Marmy-Conus NJ,
Campbell IG, et al. A specific role for AKT3 in the genesis of ovarian
cancer through modulation of G(2)-M phase transition. Cancer Res.
2006;66:11718-25. https://www.ncbi.nlm.nih.gov/pubmed/17178867.
Desrosiers R, Friderici K, Rottman F. Identification of methylated nucleo-
sides in messenger RNA from Novikoff hepatoma cells. Proc Natl Acad
SciU S A. 1974;71:3971-5. https://www.ncbi.nlm.nih.gov/pubmed/
4372599.

Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BF, et al. Nuclear m(6)
A reader YTHDC1 regulates mRNA splicing. Mol Cell. 2016;61:507—

19. https://www.ncbi.nlm.nih.gov/pubmed/26876937.

Zhao X, Yang Y, Sun BF, ShiY, Yang X, Xiao W, et al. FTO-dependent
demethylation of N6-methyladenosine regulates mRNA splicing and is

required for adipogenesis. Cell Res. 2014;24:1403-19. https://www.ncbi.

nim.nih.gov/pubmed/25412662.

Roundtree IA, Luo GZ, Zhang Z, Wang X, Zhou T, Cui Y, et al. YTHDC1
mediates nuclear export of N(6)-methyladenosine methylated mRNAs.
Elife. 2017;6. https://www.ncbi.nlm.nih.gov/pubmed/28984244.

Lee Y, Choe J, Park OH, Kim YK. Molecular mechanisms driving mRNA
degradation by m(6)A modification. Trends Genet. 2020,36:177-

88. https://www.ncbi.nlm.nih.gov/pubmed/31964509.

Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, et al. N(6)-meth-
yladenosine modulates messenger RNA translation efficiency. Cell.
2015;161:1388-99. https://www.ncbi.nlm.nih.gov/pubmed/26046440.
Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento O, et al. 5’
UTR m(6)A promotes Cap-independent translation. Cell. 2015;163:999—
1010. https://www.ncbi.nlm.nih.gov/pubmed/26593424.

ShiH, Zhang X, Weng YL, Lu Z, Liu Y, Lu Z, et al. m(6)A facilitates hip-
pocampus-dependent learning and memory through YTHDF1. Nature.
2018;563:249-53. https://www.ncbi.nlm.nih.gov/pubmed/30401835.
Xiang Y, Laurent B, Hsu CH, Nachtergaele S, Lu Z, Sheng W, et al. RNA
m(6)A methylation regulates the ultraviolet-induced DNA damage
response. Nature. 2017;543:573-6. https://www.ncbi.nlm.nih.gov/
pubmed/28297716.

Alarcon CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF. N6-methyladen-
osine marks primary microRNAs for processing. Nature. 2015;519:482—
5. https://www.ncbi.nlm.nih.gov/pubmed/25799998.

Kariko K, Buckstein M, Ni H, Weissman D. Suppression of RNA recogni-
tion by Toll-like receptors: the impact of nucleoside modification and
the evolutionary origin of RNA. Immunity. 2005;23:165-75. https://
www.ncbi.nlm.nih.gov/pubmed/16111635.

Liu J, Eckert MA, Harada BT, Liu SM, Lu Z, Yu K, et al. m(6)A mRNA meth-
ylation regulates AKT activity to promote the proliferation and tumori-
genicity of endometrial cancer. Nat Cell Biol. 2018;20:1074-83. https.//
www.ncbi.nlm.nih.gov/pubmed/30154548.

Nakakido M, Deng Z, Suzuki T, Dohmae N, Nakamura Y, Hamamoto R.
Dysregulation of AKT pathway by SMYD2-mediated lysine methylation
on PTEN. Neoplasia. 2015;17:367-73. https://www.ncbi.nlm.nih.gov/
pubmed/25925379.

Sachdeva M, Wu H, Ru P, Hwang L, Trieu V, Mo YY. MicroRNA-101-me-
diated Akt activation and estrogen-independent growth. Oncogene.
2011;30:822-31. https://www.ncbi.nlm.nih.gov/pubmed/20956939.
Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T.
MicroRNA-21 regulates expression of the PTEN tumor suppressor gene

220.

222.

223.

224,

225.

226.

227.

228.

229.

230.

232.

233.

234,

235.

236.

237.

Page 30 of 37

in human hepatocellular cancer. Gastroenterology. 2007;133:647—

58. https://www.ncbi.nlm.nih.gov/pubmed/17681183.

Wong QW, Ching AK, Chan AW, Choy KW, To KF, Lai PB, et al. MiR-222
overexpression confers cell migratory advantages in hepatocel-

lular carcinoma through enhancing AKT signaling. Clin Cancer Res.
2010;16:867-75. https://www.ncbi.nlm.nih.gov/pubmed/20103675.
Slattery ML, Mullany LE, Sakoda LC, Wolff RK, Stevens JR, Samowitz

WS, et al. The PI3K/AKT signaling pathway: Associations of miRNAs
with dysregulated gene expression in colorectal cancer. Mol Carcinog.
2018,57:243-61. https://www.ncbi.nlm.nih.gov/pubmed/29068474.
Hamano R, Miyata H, Yamasaki M, Kurokawa Y, Hara J, Moon JH, et al.
Overexpression of miR-200c induces chemoresistance in esophageal
cancers mediated through activation of the Akt signaling pathway. Clin
Cancer Res. 2011;17:3029-38. https://www.ncbi.nlm.nih.gov/pubmed/
21248297.

Li N, Nan CC, Zhong XY, Weng JQ, Fan HD, Sun HP, et al. miR-182-5p pro-
motes growth in oral squamous cell carcinoma by inhibiting CAMK2N1.
Cell Physiol Biochem. 2018;49:1329-41. https://www.ncbi.nlm.nih.gov/
pubmed/30205384.

Wang KC, Chang HY. Molecular mechanisms of long noncoding RNAs.
Mol Cell. 2011;43:904-14. https://www.ncbi.nlm.nih.gov/pubmed/
21925379.

Liu G, Xiang T, Wu QF, Wang WX. Long noncoding RNA H19-derived
miR-675 enhances proliferation and invasion via RUNX1 in gastric
cancer cells. Oncol Res. 2016;23:99-107. https://www.ncbi.nlm.nih.gov/
pubmed/26931432.

Zhuang M, Gao W, Xu J, Wang P, Shu Y. The long non-coding RNA H19-
derived miR-675 modulates human gastric cancer cell proliferation by
targeting tumor suppressor RUNXT1. Biochem Biophys Res Commun.
2014/448:315-22. https://www.ncbi.nlm.nih.gov/pubmed/24388988.
Wang SH, Wu XC, Zhang MD, Weng MZ, Zhou D, Quan ZW. Long
noncoding RNA H19 contributes to gallbladder cancer cell proliferation
by modulated miR-194-5p targeting AKT2. Tumour Biol. 2016;37:9721-
30. https://www.ncbi.nlm.nih.gov/pubmed/26803515.

Liu C, Zhang Y, She X, Fan L, Li P, Feng J, et al. A cytoplasmic long non-
coding RNA LINC00470 as a new AKT activator to mediate glioblastoma
cell autophagy. J Hematol Oncol. 2018;11:77. https://www.ncbi.nlm.nih.
gov/pubmed/29866190.

Guo J, Chakraborty AA, Liu P, Gan W, Zheng X, Inuzuka H, et al. pvHL
suppresses kinase activity of Akt in a proline-hydroxylation-dependent
manner. Science. 2016;353:929-32. https://www.ncbi.nlm.nih.gov/
pubmed/27563096.

Strocchi S, Reggiani F, Gobbi G, Ciarrocchi A, Sancisi V. The multifaceted
role of EGLN family prolyl hydroxylases in cancer: going beyond HIF
regulation. Oncogene. 2022;41:3665-79. https://www.ncbi.nlm.nih.
gov/pubmed/35705735.

Voulgarelis M, Tsichlis PN. Proline hydroxylation linked to Akt activation.
Science. 2016;353:870-1. https://www.ncbi.nlm.nih.gov/pubmed/
27563086.

Guo J, Dai X, Laurent B, Zheng N, Gan W, Zhang J, et al. AKT methyla-
tion by SETDB1 promotes AKT kinase activity and oncogenic functions.
Nat Cell Biol. 2019;21:226-37. https://www.ncbi.nlm.nih.gov/pubmed/
30692625.

Chan CH, Jo U, Kohrman A, Rezaeian AH, Chou PC, Logothetis C,

et al. Posttranslational regulation of Akt in human cancer. Cell Biosci.
2014;4:59. https://www.ncbi.nlm.nih.gov/pubmed/25309720.

Jiang Y, Zhang Y, Leung JY, Fan C, Popov KI, Su S, et al. MERTK mediated
novel site Akt phosphorylation alleviates SAV1 suppression. Nat Com-
mun. 2019;10:1515. https://www.ncbi.nlm.nih.gov/pubmed/30944303.
de la Cruz-Herrera CF, Campagna M, Lang V, del Carmen G-S, Marcos-
Villar L, Rodriguez MS, et al. SUMOylation regulates AKT1 activity.
Oncogene. 2015;34:1442-50. https://www.ncbi.nlm.nih.gov/pubmed/
24704831.

Yang 'Y, Liang Z, Xia Z, Wang X, Ma Y, Sheng Z, et al. SAE1 promotes
human glioma progression through activating AKT SUMOylation-
mediated signaling pathways. Cell Commun Signal. 2019;17:82. https://
www.ncbi.nlm.nih.gov/pubmed/31345225.

Risso G, Pelisch F, Pozzi B, Mammi P, Blaustein M, Colman-Lerner A, et al.
Modification of Akt by SUMO conjugation regulates alternative splicing
and cell cycle. Cell Cycle. 2013;12:3165-74. https://www.ncbi.nlm.nih.
gov/pubmed/24013425.


https://www.ncbi.nlm.nih.gov/pubmed/12517798
https://www.ncbi.nlm.nih.gov/pubmed/12517798
https://www.ncbi.nlm.nih.gov/pubmed/14735903
https://www.ncbi.nlm.nih.gov/pubmed/14735903
https://www.ncbi.nlm.nih.gov/pubmed/14655756
https://www.ncbi.nlm.nih.gov/pubmed/14655756
https://www.ncbi.nlm.nih.gov/pubmed/15133472
https://www.ncbi.nlm.nih.gov/pubmed/15133472
https://www.ncbi.nlm.nih.gov/pubmed/17178867
https://www.ncbi.nlm.nih.gov/pubmed/4372599
https://www.ncbi.nlm.nih.gov/pubmed/4372599
https://www.ncbi.nlm.nih.gov/pubmed/26876937
https://www.ncbi.nlm.nih.gov/pubmed/25412662
https://www.ncbi.nlm.nih.gov/pubmed/25412662
https://www.ncbi.nlm.nih.gov/pubmed/28984244
https://www.ncbi.nlm.nih.gov/pubmed/31964509
https://www.ncbi.nlm.nih.gov/pubmed/26046440
https://www.ncbi.nlm.nih.gov/pubmed/26593424
https://www.ncbi.nlm.nih.gov/pubmed/30401835
https://www.ncbi.nlm.nih.gov/pubmed/28297716
https://www.ncbi.nlm.nih.gov/pubmed/28297716
https://www.ncbi.nlm.nih.gov/pubmed/25799998
https://www.ncbi.nlm.nih.gov/pubmed/16111635
https://www.ncbi.nlm.nih.gov/pubmed/16111635
https://www.ncbi.nlm.nih.gov/pubmed/30154548
https://www.ncbi.nlm.nih.gov/pubmed/30154548
https://www.ncbi.nlm.nih.gov/pubmed/25925379
https://www.ncbi.nlm.nih.gov/pubmed/25925379
https://www.ncbi.nlm.nih.gov/pubmed/20956939
https://www.ncbi.nlm.nih.gov/pubmed/17681183
https://www.ncbi.nlm.nih.gov/pubmed/20103675
https://www.ncbi.nlm.nih.gov/pubmed/29068474
https://www.ncbi.nlm.nih.gov/pubmed/21248297
https://www.ncbi.nlm.nih.gov/pubmed/21248297
https://www.ncbi.nlm.nih.gov/pubmed/30205384
https://www.ncbi.nlm.nih.gov/pubmed/30205384
https://www.ncbi.nlm.nih.gov/pubmed/21925379
https://www.ncbi.nlm.nih.gov/pubmed/21925379
https://www.ncbi.nlm.nih.gov/pubmed/26931432
https://www.ncbi.nlm.nih.gov/pubmed/26931432
https://www.ncbi.nlm.nih.gov/pubmed/24388988
https://www.ncbi.nlm.nih.gov/pubmed/26803515
https://www.ncbi.nlm.nih.gov/pubmed/29866190
https://www.ncbi.nlm.nih.gov/pubmed/29866190
https://www.ncbi.nlm.nih.gov/pubmed/27563096
https://www.ncbi.nlm.nih.gov/pubmed/27563096
https://www.ncbi.nlm.nih.gov/pubmed/35705735
https://www.ncbi.nlm.nih.gov/pubmed/35705735
https://www.ncbi.nlm.nih.gov/pubmed/27563086
https://www.ncbi.nlm.nih.gov/pubmed/27563086
https://www.ncbi.nlm.nih.gov/pubmed/30692625
https://www.ncbi.nlm.nih.gov/pubmed/30692625
https://www.ncbi.nlm.nih.gov/pubmed/25309720
https://www.ncbi.nlm.nih.gov/pubmed/30944303
https://www.ncbi.nlm.nih.gov/pubmed/24704831
https://www.ncbi.nlm.nih.gov/pubmed/24704831
https://www.ncbi.nlm.nih.gov/pubmed/31345225
https://www.ncbi.nlm.nih.gov/pubmed/31345225
https://www.ncbi.nlm.nih.gov/pubmed/24013425
https://www.ncbi.nlm.nih.gov/pubmed/24013425

Hassan et al. J Exp Clin Cancer Res

238.

239.

240.

241,

242.

243.

244,

245,

246.

247.

248.

249.

250.

251,

252.

253.

254,

(2024) 43:313

Lin CH, Liu SY, Lee EH. SUMO modification of Akt regulates global
SUMOylation and substrate SUMOylation specificity through Akt phos-
phorylation of Ubc9 and SUMO1. Oncogene. 2016;35:595-607. https://
www.ncbi.nlm.nih.gov/pubmed/25867063.

LiH, Tian Z, QuY,Yang Q, Guan H, Shi B, et al. SIRT7 promotes thyroid
tumorigenesis through phosphorylation and activation of Akt and
p70S6K1 via DBC1/SIRT1 axis. Oncogene. 2019;38:345-59. https://www.
ncbi.nlm.nih.gov/pubmed/30093629.

Askham JM, Platt F, Chambers PA, Snowden H, Taylor CF, Knowles MA.
AKT1 mutations in bladder cancer: identification of a novel oncogenic
mutation that can co-operate with E17K. Oncogene. 2010;29:150-

5. https://www.ncbi.nlm.nih.gov/pubmed/19802009.

Carpten JD, Faber AL, Horn C, Donoho GP, Briggs SL, Robbins CM, et al.
A transforming mutation in the pleckstrin homology domain of AKT1
in cancer. Nature. 2007;448:439-44. https://www.ncbi.nlm.nih.gov/
pubmed/17611497.

Malanga D, Scrima M, De Marco C, Fabiani F, De Rosa N, De Gisi S, et al.
Activating E17K mutation in the gene encoding the protein kinase
AKTT1 in a subset of squamous cell carcinoma of the lung. Cell Cycle.
2008;7:665-9. https://www.ncbi.nlm.nih.gov/pubmed/18256540.
Mohamedali A, Lea NC, Feakins RM, Raj K, Mufti GJ, Kocher HM. AKT1
(E17K) mutation in pancreatic cancer. Technol Cancer Res Treat.
2008;7:407-8. https://www.ncbi.nlm.nih.gov/pubmed/18783292.

Shoji K, Oda K, Nakagawa S, Hosokawa S, Nagae G, Uehara Y, et al. The
oncogenic mutation in the pleckstrin homology domain of AKT1 in
endometrial carcinomas. Br J Cancer. 2009;101:145-8. https://www.
ncbi.nim.nih.gov/pubmed/19491896.

Zilberman DE, Cohen'Y, Amariglio N, Fridman E, Ramon J, Rechavi G. AKT1
E17 K pleckstrin homology domain mutation in urothelial carcinoma.
Cancer Genet Cytogenet. 2009;191:34-7. https//www.ncbi.nlm.nih.gov/
pubmed/19389506.

Lindhurst MJ, Wang JA, Bloomhardt HM, Witkowski AM, Singh LN, Bick
DP, et al. AKT1 gene mutation levels are correlated with the type of der-
matologic lesions in patients with Proteus syndrome. J Invest Dermatol.
2014;134:543-6. https://www.ncbi.nlm.nih.gov/pubmed/23884311.
Davies MA, Stemke-Hale K, Tellez C, Calderone TL, Deng W, Prieto VG,

et al. A novel AKT3 mutation in melanoma tumours and cell lines. Br J
Cancer. 2008;99:1265-8. https://www.ncbi.nlm.nih.gov/pubmed/18813
315.

Parikh C, Janakiraman V, Wu WI, Foo CK, Kljavin NM, Chaudhuri S,

et al. Disruption of PH-kinase domain interactions leads to onco-

genic activation of AKT in human cancers. Proc Natl Acad Sci U S A.
2012;109:19368-73. https://www.ncbi.nlm.nih.gov/pubmed/23134728.
Konishi H, Fujiyoshi T, Fukui Y, Matsuzaki H, Yamamoto T, Ono Y, et al.
Activation of protein kinase B induced by H(2)O(2) and heat shock
through distinct mechanisms dependent and independent of phos-
phatidylinositol 3-kinase. J Biochem. 1999;126:1136-43. https.//www.
ncbi.nlm.nih.gov/pubmed/10578066.

Bensalma S, Turpault S, Balandre AC, De Boisvilliers M, Gaillard A, Chade-
neau C, et al. PKA at a cross-road of signaling pathways involved in the
regulation of glioblastoma migration and invasion by the neuropep-
tides VIP and PACAP. Cancers (Basel). 2019;11. https://www.ncbi.nlm.nih.
gov/pubmed/30669581.

Garcia-Morales V, Luaces-Regueira M, Campos-Toimil M. The cAMP
effectors PKA and Epac activate endothelial NO synthase through
PI3K/Akt pathway in human endothelial cells. Biochem Pharmacol.
2017;145:94-101. https://www.ncbi.nlm.nih.gov/pubmed/28912066.
Guerra DD, Bok R, Lorca RA, Hurt KJ. Protein kinase A facilitates relaxa-
tion of mouse ileum via phosphorylation of neuronal nitric oxide
synthase. Br J Pharmacol. 2020;177:2765-78. https://www.ncbi.nim.nih.
gov/pubmed/31975425.

Matsuzaki H, Yamamoto T, Kikkawa U. Distinct activation mechanisms
of protein kinase B by growth-factor stimulation and heat-shock treat-
ment. Biochemistry. 2004;43:4284-93. https://www.ncbi.nlm.nih.gov/
pubmed/15065872.

Konishi H, Matsuzaki H, Tanaka M, Ono Y, Tokunaga C, Kuroda S, et al.
Activation of RAC-protein kinase by heat shock and hyperosmolar-

ity stress through a pathway independent of phosphatidylinositol
3-kinase. Proc Natl Acad Sci U S A. 1996;93:7639-43. https://www.ncbi.
nlm.nih.gov/pubmed/8755528.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

2609.

270.

271.

272.

Page 31 of 37

Fortier AM, Asselin E, Cadrin M. Functional specificity of Akt isoforms in
cancer progression. Biomol Concepts. 2011;2:1-11. https://www.ncbi.
nim.nih.gov/pubmed/25962016.

Wang J, Zhao W, Guo H, Fang Y, Stockman SE, Bai S, et al. AKT
isoform-specific expression and activation across cancer lineages.
BMC Cancer. 2018;18:742. https://www.ncbi.nlm.nih.gov/pubmed/
30012111.

Chin YR, Yuan X, Balk SP, Toker A. PTEN-deficient tumors depend

on AKT2 for maintenance and survival. Cancer Discov. 2014;4:942—

55. https://www.ncbi.nlm.nih.gov/pubmed/24838891.

Xie S, Ni J, McFaline-Figueroa JR, Wang Y, Bronson RT, Ligon KL, et al.
Divergent roles of PI3K isoforms in PTEN-deficient glioblastomas. Cell
Rep. 2020;32:108196. https://www.ncbi.nlm.nih.gov/pubmed/32997
991.

Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-Outmezguine V, Grbovic-
Huezo O, Serra V, et al. AKT inhibition relieves feedback suppression

of receptor tyrosine kinase expression and activity. Cancer Cell.
2011;19:58-71. https.//www.ncbi.nlm.nih.gov/pubmed/21215704.
Maroulakou IG, Oemler W, Naber SP, Tsichlis PN. Akt1 ablation inhibits,
whereas Akt2 ablation accelerates, the development of mammary
adenocarcinomas in mouse mammary tumor virus (MMTV)-ErbB2/
neu and MMTV-polyoma middle T transgenic mice. Cancer Res.
2007,67:167-77. https://www.ncbi.nlm.nih.gov/pubmed/17210696.
Dillon RL, Marcotte R, Hennessy BT, Woodgett JR, Mills GB, Muller WJ.
Akt1 and akt2 play distinct roles in the initiation and metastatic phases
of mammary tumor progression. Cancer Res. 2009,69:5057-64. https://
www.ncbi.nlm.nih.gov/pubmed/19491266.

Hutchinson JN, Jin J, Cardiff RD, Woodgett JR, Muller WJ. Activation of
Akt-1 (PKB-alpha) can accelerate ErbB-2-mediated mammary tumo-
rigenesis but suppresses tumor invasion. Cancer Res. 2004,64:3171-

8. https://www.ncbi.nlm.nih.gov/pubmed/15126356.

Chen X, Ariss MM, Ramakrishnan G, Nogueira V, Blaha C, Putzbach W,
et al. Cell-autonomous versus systemic Akt isoform deletions uncov-
ered new roles for Akt1 and Akt2 in breast cancer. Mol Cell. 2020;80(87-
101):e5. https://www.ncbi.nlm.nih.gov/pubmed/32931746.

Li W, Hou JZ, Niu J, Xi ZQ, Ma C, Sun H, et al. Akt1 inhibition promotes
breast cancer metastasis through EGFR-mediated beta-catenin nuclear
accumulation. Cell Commun Signal. 2018;16:82. https://www.ncbi.nlm.
nih.gov/pubmed/30445978.

Chen ML, Xu PZ, Peng XD, Chen WS, Guzman G, Yang X, et al. The
deficiency of Akt1 is sufficient to suppress tumor development in
Pten+/- mice. Genes Dev. 2006;20:1569-74. https://www.ncbi.nlm.nih.
gov/pubmed/16778075.

Linnerth-Petrik NM, Santry LA, Moorehead R, Jucker M, Wootton SK,
Petrik J. Akt isoform specific effects in ovarian cancer progression.
Oncotarget. 2016;7:74820-33. https://www.ncbi.nlm.nih.gov/pubmed/
27533079.

Grabinski N, Mollmann K, Milde-Langosch K, Muller V, Schumacher

U, Brandt B, et al. AKT3 regulates ErbB2, ErbB3 and estrogen receptor
alpha expression and contributes to endocrine therapy resistance

of ErbB2(+) breast tumor cells from Balb-neuT mice. Cell Signal.
2014;26:1021-9. https://www.ncbinlm.nih.gov/pubmed/24463007.
Stottrup C, Tsang T, Chin YR. Upregulation of AKT3 confers resist-

ance to the AKT inhibitor MK2206 in breast cancer. Mol Cancer Ther.
2016;15:1964-74. https://www.ncbi.nlm.nih.gov/pubmed/27297869.
Nakatani K, Sakaue H, Thompson DA, Weigel RJ, Roth RA. Identifica-
tion of a human Akt3 (protein kinase B gamma) which contains the
regulatory serine phosphorylation site. Biochem Biophys Res Commun.
1999;257:906-10. https://doi.org/10.1074/jbc.274.31.21528.

Grottke A, Ewald F, Lange T, Norz D, Herzberger C, Bach J, et al.
Downregulation of AKT3 increases migration and metastasis in triple
negative breast cancer cells by upregulating ST00A4. PLoS ONE.
2016;11:20146370. https://www.ncbi.nlm.nih.gov/pubmed/26741489.
Abdullah L, Hills LB, Winter EB, Huang YH. Diverse roles of Akt in T cells.
Immunometabolism. 2021;3. https://www.ncbi.nlm.nih.gov/pubmed/
33604081.

Etemire E, Krull M, Hasenberg M, Reichardt P, Gunzer M. Tran-

siently reduced PI3K/Akt activity drives the development of
regulatory function in antigen-stimulated naive T-cells. PLoS ONE.
2013;8:€68378. https://www.ncbi.nlm.nih.gov/pubmed/23874604.


https://www.ncbi.nlm.nih.gov/pubmed/25867063
https://www.ncbi.nlm.nih.gov/pubmed/25867063
https://www.ncbi.nlm.nih.gov/pubmed/30093629
https://www.ncbi.nlm.nih.gov/pubmed/30093629
https://www.ncbi.nlm.nih.gov/pubmed/19802009
https://www.ncbi.nlm.nih.gov/pubmed/17611497
https://www.ncbi.nlm.nih.gov/pubmed/17611497
https://www.ncbi.nlm.nih.gov/pubmed/18256540
https://www.ncbi.nlm.nih.gov/pubmed/18783292
https://www.ncbi.nlm.nih.gov/pubmed/19491896
https://www.ncbi.nlm.nih.gov/pubmed/19491896
https://www.ncbi.nlm.nih.gov/pubmed/19389506
https://www.ncbi.nlm.nih.gov/pubmed/19389506
https://www.ncbi.nlm.nih.gov/pubmed/23884311
https://www.ncbi.nlm.nih.gov/pubmed/18813315
https://www.ncbi.nlm.nih.gov/pubmed/18813315
https://www.ncbi.nlm.nih.gov/pubmed/23134728
https://www.ncbi.nlm.nih.gov/pubmed/10578066
https://www.ncbi.nlm.nih.gov/pubmed/10578066
https://www.ncbi.nlm.nih.gov/pubmed/30669581
https://www.ncbi.nlm.nih.gov/pubmed/30669581
https://www.ncbi.nlm.nih.gov/pubmed/28912066
https://www.ncbi.nlm.nih.gov/pubmed/31975425
https://www.ncbi.nlm.nih.gov/pubmed/31975425
https://www.ncbi.nlm.nih.gov/pubmed/15065872
https://www.ncbi.nlm.nih.gov/pubmed/15065872
https://www.ncbi.nlm.nih.gov/pubmed/8755528
https://www.ncbi.nlm.nih.gov/pubmed/8755528
https://www.ncbi.nlm.nih.gov/pubmed/25962016
https://www.ncbi.nlm.nih.gov/pubmed/25962016
https://www.ncbi.nlm.nih.gov/pubmed/30012111
https://www.ncbi.nlm.nih.gov/pubmed/30012111
https://www.ncbi.nlm.nih.gov/pubmed/24838891
https://www.ncbi.nlm.nih.gov/pubmed/32997991
https://www.ncbi.nlm.nih.gov/pubmed/32997991
https://www.ncbi.nlm.nih.gov/pubmed/21215704
https://www.ncbi.nlm.nih.gov/pubmed/17210696
https://www.ncbi.nlm.nih.gov/pubmed/19491266
https://www.ncbi.nlm.nih.gov/pubmed/19491266
https://www.ncbi.nlm.nih.gov/pubmed/15126356
https://www.ncbi.nlm.nih.gov/pubmed/32931746
https://www.ncbi.nlm.nih.gov/pubmed/30445978
https://www.ncbi.nlm.nih.gov/pubmed/30445978
https://www.ncbi.nlm.nih.gov/pubmed/16778075
https://www.ncbi.nlm.nih.gov/pubmed/16778075
https://www.ncbi.nlm.nih.gov/pubmed/27533079
https://www.ncbi.nlm.nih.gov/pubmed/27533079
https://www.ncbi.nlm.nih.gov/pubmed/24463007
https://www.ncbi.nlm.nih.gov/pubmed/27297869
https://doi.org/10.1074/jbc.274.31.21528
https://www.ncbi.nlm.nih.gov/pubmed/26741489
https://www.ncbi.nlm.nih.gov/pubmed/33604081
https://www.ncbi.nlm.nih.gov/pubmed/33604081
https://www.ncbi.nlm.nih.gov/pubmed/23874604

Hassan et al. J Exp Clin Cancer Res

273.

274.

275.

276.

277.

278.

279.

280.

281,

282.

283.

284,

285.

286.

287.

288.

289.

(2024) 43:313

Hawse WF, Boggess WC, Morel PA. TCR signal strength regulates Akt
substrate specificity to induce alternate murine Th and T regulatory cell
differentiation programs. J Immunol. 2017;199:589-97. https://www.ncbi.
nlm.nih.gov/pubmed/28600288.

Crellin NK, Garcia RV, Levings MK. Altered activation of AKT is required
for the suppressive function of human CD4+CD25+ T regulatory cells.
Blood. 2007;109:2014-22. https://www.ncbi.nlm.nih.gov/pubmed/
17062729.

Hawse WF, Cattley RT, Wendell SG. Cutting edge: TCR signal strength
regulates acetyl-CoA metabolism via AKT. J Immunol. 2019;203:2771-
5. https://www.ncbi.nlm.nih.gov/pubmed/31628154.

Ribas A, Shin DS, Zaretsky J, Frederiksen J, Cornish A, Avramis E, et al.
PD-1 blockade expands intratumoral memory T cells. Cancer Immunol
Res. 2016;4:194-203. https://www.ncbi.nlm.nih.gov/pubmed/26787
823.

Lastwika KJ, Wilson W 3rd, Li QK, Norris J, Xu H, Ghazarian SR,

et al. Control of PD-L1 expression by oncogenic activation of the
AKT-mTOR pathway in non-small cell lung cancer. Cancer Res.
2016;76:227-38. https://www.ncbi.nlm.nih.gov/pubmed/26637667.
Im SJ, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, et al. Defin-
ing CD8+ T cells that provide the proliferative burst after PD-1 therapy.
Nature. 2016;537:417-21. https://www.ncbi.nlm.nih.gov/pubmed/
27501248.

Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, et al. Subsets
of exhausted CD8(+) T cells differentially mediate tumor control

and respond to checkpoint blockade. Nat Immunol. 2019;20:326-

36. https://www.ncbi.nlm.nih.gov/pubmed/30778252.

Siddiqui I, Schaeuble K, Chennupati V, Fuertes Marraco SA, Calderon-
Copete S, Pais Ferreira D, et al. Intratumoral Tcf1(+)PD-1(+)CD8(+) T
cells with stem-like properties promote tumor control in response

to vaccination and checkpoint blockade immunotherapy. Immunity.
2019;50(195-211):210. https://www.ncbi.nlm.nih.gov/pubmed/30635
237.

Crompton JG, Sukumar M, Roychoudhuri R, Clever D, Gros A, Eil RL,

et al. Akt inhibition enhances expansion of potent tumor-specific lym-
phocytes with memory cell characteristics. Cancer Res. 2015;75:296—
305. https://www.ncbi.nlm.nih.gov/pubmed/25432172.

Urak R, Walter M, Lim L, Wong CW, Budde LE, Thomas S, et al. Ex vivo
Akt inhibition promotes the generation of potent CD19CART cells for
adoptive immunotherapy. J Immunother Cancer. 2017;5:26. https://
www.ncbi.nlm.nih.gov/pubmed/28331616.

WuY, Deng Z, Tang Y, Zhang S, Zhang YQ. Over-expressing Akt in T cells
to resist tumor immunosuppression and increase anti-tumor activity.
BMC Cancer. 2015;15:603. https://www.ncbi.nlm.nih.gov/pubmed/
26310246.

Abu Eid R, Friedman KM, Mkrtichyan M, Walens A, King W, Janik J, et al.
Akt1 and -2 inhibition diminishes terminal differentiation and enhances
central memory CD8(+) T-cell proliferation and survival. Oncoimmunol-
ogy. 2015;4:21005448. https://www.ncbi.nlm.nih.gov/pubmed/26155
399.

Ouyang S, Zeng Q, Tang N, Guo H, Tang R, Yin W, et al. Akt-1 and Akt-2
differentially regulate the development of experimental autoimmune
encephalomyelitis by controlling proliferation of thymus-derived
regulatory T Cells. J Immunol. 2019;202:1441-52. https://www.ncbi.nlm.
nih.gov/pubmed/30692211.

DuBois JC, Ray AK, Gruber RC, Zhang Y, Aflakpui R, Macian-Juan F, et al.
Akt3-mediated protection against inflammatory demyelinating disease.
Front Immunol. 2019;10:1738. https://www.ncbi.nlm.nih.gov/pubmed/
31404142.

Qiao G, ZhaoY, Li Z, Tang PQ, Langdon WY, Yang T, et al. T cell activation
threshold regulated by E3 ubiquitin ligase Cbl-b determines fate of
inducible regulatory T cells. J Immunol. 2013;191:632-9. https://www.
ncbi.nim.nih.gov/pubmed/23749633.

Kitz A, de Marcken M, Gautron AS, Mitrovic M, Hafler DA, Dominguez-
Villar M. AKT isoforms modulate Th1-like Treg generation and function
in human autoimmune disease. EMBO Rep. 2019,20:e48624. https://
www.ncbi.nlm.nih.gov/pubmed/31379130.

Sun H, Miao C, LiuW, Qiao X, Yang W, Li L, et al. TGF-beta1/TbetaRIl/
Smads3 signaling pathway promotes VEGF expression in oral squamous
cell carcinoma tumor-associated macrophages. Biochem Biophys Res

290.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

Page 32 of 37

Commun. 2018;497:583-90. https://www.ncbi.nlm.nih.gov/pubmed/
29462614,

Yeung OW, Lo CM, Ling CC, Qi X, Geng W, Li CX, et al. Alternatively
activated (M2) macrophages promote tumour growth and invasiveness
in hepatocellular carcinoma. J Hepatol. 2015;62:607-16. https://www.
ncbi.nlm.nih.gov/pubmed/25450711.

RiabovV, Gudima A, Wang N, Mickley A, Orekhov A, Kzhyshkowska J.
Role of tumor associated macrophages in tumor angiogenesis and
lymphangiogenesis. Front Physiol. 2014;5:75. https://www.ncbi.nlm.nih.
gov/pubmed/24634660.

Zhang W, Zhu XD, Sun HC, Xiong YQ, Zhuang PY, Xu HX, et al. Depletion
of tumor-associated macrophages enhances the effect of sorafenib in
metastatic liver cancer models by antimetastatic and antiangiogenic
effects. Clin Cancer Res. 2010;16:3420-30. https://www.ncbi.nlm.nih.
gov/pubmed/20570927.

Xiao H, Guo'Y, Li B, Li X, Wang Y, Han S, et al. M2-like tumor-associated
macrophage-targeted codelivery of STAT6 inhibitor and IKKbeta siRNA
induces M2-to-M1 repolarization for cancer immunotherapy with low
immune side effects. ACS Cent Sci. 2020;6:1208-22. https://www.ncbi.
nlm.nih.gov/pubmed/32724855.

Yang M, Liu J, Piao C, Shao J, Du J. ICAM-1 suppresses tumor metastasis
by inhibiting macrophage M2 polarization through blockade of effe-
rocytosis. Cell Death Dis. 2015;6:21780. https://www.ncbi.nim.nih.gov/
pubmed/26068788.

Zhang B, MaY, Guo H, Sun B, Niu R, Ying G, et al. Akt2 is required for
macrophage chemotaxis. Eur J Immunol. 2009;39:894-901. https.//
www.ncbi.nlm.nih.gov/pubmed/19197940.

Androulidaki A, lliopoulos D, Arranz A, Doxaki C, Schworer S, Zacha-
rioudakiV, et al. The kinase Akt1 controls macrophage response to
lipopolysaccharide by regulating microRNAs. Immunity. 2009;31:220-
31. https://www.ncbi.nlm.nih.gov/pubmed/19699171.

Zonari E, Pucci F, Saini M, Mazzieri R, Politi LS, Gentner B, et al. A role
for miR-155 in enabling tumor-infiltrating innate immune cells to
mount effective antitumor responses in mice. Blood. 2013;122:243—
52. https://www.ncbi.nlm.nih.gov/pubmed/23487026.

Wang Q, Yu WN, Chen X, Peng XD, Jeon SM, Birnbaum MJ, et al. Spon-
taneous hepatocellular carcinoma after the combined deletion of Akt
isoforms. Cancer Cell. 2016;29:523-35. https://www.ncbi.nlm.nih.gov/
pubmed/26996309.

Arranz A, Doxaki C, Vergadi E, Martinez de la Torre Y, Vaporidi K,
Lagoudaki ED, et al. Akt1 and Akt2 protein kinases differentially
contribute to macrophage polarization. Proc Natl Acad Sci U S A.
2012;109:9517-22. https://www.ncbi.nlm.nih.gov/pubmed/22647600.
Reyes-Gordillo K, Shah R, Arellanes-Robledo J, Cheng Y, lbrahim J, Tuma
PL. Akt1 and Akt2 isoforms play distinct roles in regulating the devel-
opment of inflammation and fibrosis associated with alcoholic liver
disease. Cells. 2019;8. https://www.ncbi.nlm.nih.gov/pubmed/31671
832.

Landel I, Quambusch L, Depta L, Rauh D. Spotlight on AKT: Current
therapeutic challenges. ACS Med Chem Lett. 2020;11:225-7. https://
www.ncbi.nlm.nih.gov/pubmed/32184947.

Weisner J, Gontla R, van der Westhuizen L, Oeck S, Ketzer J, Janning P,
et al. Covalent-allosteric kinase inhibitors. Angew Chem Int Ed Engl.
2015;54:10313-6. https://www.ncbi.nlm.nih.gov/pubmed/26110718.
Nitulescu GM, Margina D, Juzenas P, Peng Q, Olaru OT, Saloustros E,

et al. Akt inhibitors in cancer treatment: The long journey from drug
discovery to clinical use (Review). Int J Oncol. 2016;48:869-85. https://
www.ncbi.nlm.nih.gov/pubmed/26698230.

Andrikopoulou A, Chatzinikolaou S, Panourgias E, Kaparelou M, Liontos
M, Dimopoulos MA, et al. The emerging role of capivasertib in breast
cancer. Breast. 2022;63:157-67. https://www.ncbi.nlm.nih.gov/pub-
med/35398754.

Robertson JFR, Coleman RE, Cheung KL, Evans A, Holcombe C, Skene A,
et al. Proliferation and AKT activity biomarker analyses after capivasertib
(AZD5363) treatment of patients with ER(+) invasive breast cancer
(STAKT). Clin Cancer Res. 2020,26:1574-85. https://www.ncbi.nlm.nih.
gov/pubmed/31836609.

Banerji U, Dean EJ, Perez-Fidalgo JA, Batist G, Bedard PL, You B, et al. A phase
I open-label study to identify a dosing regimen of the pan-AKT inhibitor
AZD5363 for evaluation in solid tumors and in PIK3CA-mutated breast and


https://www.ncbi.nlm.nih.gov/pubmed/28600288
https://www.ncbi.nlm.nih.gov/pubmed/28600288
https://www.ncbi.nlm.nih.gov/pubmed/17062729
https://www.ncbi.nlm.nih.gov/pubmed/17062729
https://www.ncbi.nlm.nih.gov/pubmed/31628154
https://www.ncbi.nlm.nih.gov/pubmed/26787823
https://www.ncbi.nlm.nih.gov/pubmed/26787823
https://www.ncbi.nlm.nih.gov/pubmed/26637667
https://www.ncbi.nlm.nih.gov/pubmed/27501248
https://www.ncbi.nlm.nih.gov/pubmed/27501248
https://www.ncbi.nlm.nih.gov/pubmed/30778252
https://www.ncbi.nlm.nih.gov/pubmed/30635237
https://www.ncbi.nlm.nih.gov/pubmed/30635237
https://www.ncbi.nlm.nih.gov/pubmed/25432172
https://www.ncbi.nlm.nih.gov/pubmed/28331616
https://www.ncbi.nlm.nih.gov/pubmed/28331616
https://www.ncbi.nlm.nih.gov/pubmed/26310246
https://www.ncbi.nlm.nih.gov/pubmed/26310246
https://www.ncbi.nlm.nih.gov/pubmed/26155399
https://www.ncbi.nlm.nih.gov/pubmed/26155399
https://www.ncbi.nlm.nih.gov/pubmed/30692211
https://www.ncbi.nlm.nih.gov/pubmed/30692211
https://www.ncbi.nlm.nih.gov/pubmed/31404142
https://www.ncbi.nlm.nih.gov/pubmed/31404142
https://www.ncbi.nlm.nih.gov/pubmed/23749633
https://www.ncbi.nlm.nih.gov/pubmed/23749633
https://www.ncbi.nlm.nih.gov/pubmed/31379130
https://www.ncbi.nlm.nih.gov/pubmed/31379130
https://www.ncbi.nlm.nih.gov/pubmed/29462614
https://www.ncbi.nlm.nih.gov/pubmed/29462614
https://www.ncbi.nlm.nih.gov/pubmed/25450711
https://www.ncbi.nlm.nih.gov/pubmed/25450711
https://www.ncbi.nlm.nih.gov/pubmed/24634660
https://www.ncbi.nlm.nih.gov/pubmed/24634660
https://www.ncbi.nlm.nih.gov/pubmed/20570927
https://www.ncbi.nlm.nih.gov/pubmed/20570927
https://www.ncbi.nlm.nih.gov/pubmed/32724855
https://www.ncbi.nlm.nih.gov/pubmed/32724855
https://www.ncbi.nlm.nih.gov/pubmed/26068788
https://www.ncbi.nlm.nih.gov/pubmed/26068788
https://www.ncbi.nlm.nih.gov/pubmed/19197940
https://www.ncbi.nlm.nih.gov/pubmed/19197940
https://www.ncbi.nlm.nih.gov/pubmed/19699171
https://www.ncbi.nlm.nih.gov/pubmed/23487026
https://www.ncbi.nlm.nih.gov/pubmed/26996309
https://www.ncbi.nlm.nih.gov/pubmed/26996309
https://www.ncbi.nlm.nih.gov/pubmed/22647600
https://www.ncbi.nlm.nih.gov/pubmed/31671832
https://www.ncbi.nlm.nih.gov/pubmed/31671832
https://www.ncbi.nlm.nih.gov/pubmed/32184947
https://www.ncbi.nlm.nih.gov/pubmed/32184947
https://www.ncbi.nlm.nih.gov/pubmed/26110718
https://www.ncbi.nlm.nih.gov/pubmed/26698230
https://www.ncbi.nlm.nih.gov/pubmed/26698230
https://www.ncbi.nlm.nih.gov/pubmed/35398754
https://www.ncbi.nlm.nih.gov/pubmed/35398754
https://www.ncbi.nlm.nih.gov/pubmed/31836609
https://www.ncbi.nlm.nih.gov/pubmed/31836609

Hassan et al. J Exp Clin Cancer Res

307.

308.

309.

310.

31

312

314.

315.

317.

319.

(2024) 43:313

gynecologic cancers. Clin Cancer Res. 2018;24:2050-9. https://www.ncbi.
nim.nih.gov/pubmed/29066505.

Smyth LM, Tamura K, Oliveira M, Ciruelos EM, Mayer IA, Sablin MP, et al.
Capivasertib, an AKT kinase inhibitor, as monotherapy or in combina-
tion with fulvestrant in patients with AKT1 (E17K)-mutant, ER-positive
metastatic breast cancer. Clin Cancer Res. 2020,26:3947-57. https://
www.ncbi.nlm.nih.gov/pubmed/32312891.

Jones RH, Casbard A, Carucci M, Cox C, Butler R, Alchami F, et al. Fulves-
trant plus capivasertib versus placebo after relapse or progression on
an aromatase inhibitor in metastatic, oestrogen receptor-positive breast
cancer (FAKTION): a multicentre, randomised, controlled, phase 2 trial.
Lancet Oncol. 2020;21:345-57. https://www.ncbi.nlm.nih.gov/pubmed/
32035020.

Turner NC, Alarcon E, Armstrong AC, Philco M, Lopez Chuken YA, Sablin
MP, et al. BEECH: a dose-finding run-in followed by a randomised phase
Il study assessing the efficacy of AKT inhibitor capivasertib (AZD5363)
combined with paclitaxel in patients with estrogen receptor-positive
advanced or metastatic breast cancer, and in a PIK3CA mutant sub-
population. Ann Oncol. 2019;30:774-80. https://www.ncbi.nlm.nih.gov/
pubmed/30860570.

Schmid P, Abraham J, Chan S, Wheatley D, Brunt AM, Nemsadze G, et al.
Capivasertib plus paclitaxel versus placebo plus paclitaxel as first-line
therapy for metastatic triple-negative breast cancer: The PAKT trial. J
Clin Oncol. 2020;38:423-33. https://www.ncbi.nlm.nih.gov/pubmed/
31841354.

Oliveira M, Saura C, Nuciforo P, Calvo |, Andersen J, Passos-Coelho JL,

et al. FAIRLANE, a double-blind placebo-controlled randomized phase
Il trial of neoadjuvant ipatasertib plus paclitaxel for early triple-negative
breast cancer. Ann Oncol. 2019;30:1289-97. https://www.ncbi.nlm.nih.
gov/pubmed/31147675.

Kim SB, Dent R, Im SA, Espie M, Blau S, Tan AR, et al. Ipatasertib plus
paclitaxel versus placebo plus paclitaxel as first-line therapy for
metastatic triple-negative breast cancer (LOTUS): a multicentre, ran-
domised, double-blind, placebo-controlled, phase 2 trial. Lancet Oncol.
2017;18:1360-72. https://www.ncbi.nlm.nih.gov/pubmed/28800861.
Kalinsky K, Sparano JA, Zhong X, Andreopoulou E, Taback B, Wiech-
mann L, et al. Pre-surgical trial of the AKT inhibitor MK-2206 in patients
with operable invasive breast cancer: a New York Cancer Consortium
trial. Clin Transl Oncol. 2018;20:1474-83. https://www.ncbi.nlm.nih.gov/
pubmed/29736694.

Gonzalez-Angulo AM, Krop |, Akcakanat A, Chen H, Liu S, Li Y, et al. SU2C
phase Ib study of paclitaxel and MK-2206 in advanced solid tumors and
metastatic breast cancer. J Natl Cancer Inst. 2015;107. https://www.
ncbi.nlm.nih.gov/pubmed/25688104.

Ma CX, Sanchez C, Gao F, Crowder R, Naughton M, Pluard T, et al. A
phase | study of the AKT inhibitor MK-2206 in combination with hormo-
nal therapy in postmenopausal women with estrogen receptor-positive
metastatic breast cancer. Clin Cancer Res. 2016;22:2650-8. https.//www.
ncbi.nim.nih.gov/pubmed/26783290.

Hudis C, Swanton C, Janjigian YY, Lee R, Sutherland S, Lehman R, et al.

A phase 1 study evaluating the combination of an allosteric AKT inhibi-
tor (MK-2206) and trastuzumab in patients with HER2-positive solid
tumors. Breast Cancer Res. 2013;15:R110. https://www.ncbi.nlm.nih.
gov/pubmed/24252402.

Wisinski KB, Tevaarwerk AJ, Burkard ME, Rampurwala M, Eickhoff J, Bell
MG, et al. Phase study of an AKT inhibitor (MK-2206) combined with
lapatinib in adult solid tumors followed by dose expansion in advanced
HER2+ breast cancer. Clin Cancer Res. 2016;22:2659-67. https://www.
ncbi.nlm.nih.gov/pubmed/27026198.

Chien AJ, Cockerill A, Fancourt C, Schmidt E, Moasser MM, Rugo HS,

et al. A phase 1b study of the Akt-inhibitor MK-2206 in combination
with weekly paclitaxel and trastuzumab in patients with advanced
HER2-amplified solid tumor malignancies. Breast Cancer Res Treat.
2016;155:521-30. https://www.ncbi.nlm.nih.gov/pubmed/26875185.
Xing Y, Lin NU, Maurer MA, Chen H, Mahvash A, Sahin A, et al. Phase Il
trial of AKT inhibitor MK-2206 in patients with advanced breast cancer
who have tumors with PIK3CA or AKT mutations, and/or PTEN loss/
PTEN mutation. Breast Cancer Res. 2019;21:78. https://www.ncbi.nlm.
nih.gov/pubmed/31277699.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

332.

333.

334

335.

Page 33 of 37

Ma CX, Suman V, Goetz MP, Northfelt D, Burkard ME, Ademuyiwa F,

et al. A phase Il trial of neoadjuvant MK-2206, an AKT inhibitor, with
anastrozole in clinical stage Il or Il PIK3CA-mutant ER-positive and
HER2-negative breast cancer. Clin Cancer Res. 2017;23:6823-32. https.//
www.ncbi.nlm.nih.gov/pubmed/28874413.

Chien AJ, Tripathy D, Albain KS, Symmans WF, Rugo HS, Melisko ME,

et al. MK-2206 and standard neoadjuvant chemotherapy Improves
response in patients with human epidermal growth factor receptor
2-positive and/or hormone receptor-negative breast cancers in the
I-SPY 2 trial. J Clin Oncol. 2020;38:1059-69. https://www.ncbi.nlm.nih.
gov/pubmed/32031889.

Nitulescu GM, Van De Venter M, Nitulescu G, Ungurianu A, Juzenas

P, Peng Q, et al. The Akt pathway in oncology therapy and beyond
(Review). Int J Oncol. 2018;53:2319-31. https://www.ncbi.nlm.nih.gov/
pubmed/30334567.

Yu'Y, Savage RE, Eathiraj S, Meade J, Wick MJ, Hall T, et al. Targeting
AKT1-E17K and the PI3K/AKT pathway with an allosteric AKT inhibitor,
ARQ 092. PLoS ONE. 2015;10:e0140479. https://www.ncbi.nlm.nih.gov/
pubmed/26469692.

Ours CA, Sapp JC, Hodges MB, de Moya AJ, Biesecker LG. Case report:
five-year experience of AKT inhibition with miransertib (MK-7075) in
an individual with Proteus syndrome. Cold Spring Harb Mol Case Stud.
2021;7. https://www.ncbi.nlm.nih.gov/pubmed/34649967.

Weisner J, Landel |, Reintjes C, Uhlenbrock N, Trajkovic-Arsic M, Dien-
stbier N, et al. Preclinical efficacy of covalent-allosteric AKT inhibitor
borussertib in combination with trametinib in KRAS-mutant pancreatic
and colorectal cancer. Cancer Res. 2019;79:2367-78. https://www.ncbi.
nim.nih.gov/pubmed/30858154.

Jansen VM, Mayer IA, Arteaga CL. Is there a future for AKT inhibitors in
the treatment of cancer? Clin Cancer Res. 2016;22:2599-601. https://
www.ncbi.nlm.nih.gov/pubmed/26979397.

Ma BB, Goh BC, Lim WT, Hui EP, Tan EH, Lopes Gde L, et al. Multicenter
phase Il study of the AKT inhibitor MK-2206 in recurrent or metastatic
nasopharyngeal carcinoma from patients in the mayo phase Il consor-
tium and the cancer therapeutics research group (MC1079). Invest New
Drugs. 2015;33:985-91. https://www.ncbi.nlm.nih.gov/pubmed/26084
990.

Ramanathan RK, McDonough SL, Kennecke HF, Igbal S, Baranda JC,
Seery TE, et al. Phase 2 study of MK-2206, an allosteric inhibitor of AKT,
as second-line therapy for advanced gastric and gastroesophageal
junction cancer: A SWOG cooperative group trial (51005). Cancer.
2015;121:2193-7. https://www.ncbi.nlm.nih.gov/pubmed/25827820.
Saura C, Roda D, Rosello S, Oliveira M, Macarulla T, Perez-Fidalgo JA,

et al. A first-in-human phase | study of the ATP-competitive AKT
Inhibitor ipatasertib demonstrates robust and safe targeting of AKT in
patients with solid tumors. Cancer Discov. 2017;7:102-13. https://www.
ncbi.nim.nih.gov/pubmed/27872130.

Yap TA, Yan L, Patnaik A, Tunariu N, Biondo A, Fearen |, et al. Inter-
rogating two schedules of the AKT inhibitor MK-2206 in patients

with advanced solid tumors incorporating novel pharmacodynamic
and functional imaging biomarkers. Clin Cancer Res. 2014,20:5672—
85. https://www.ncbi.nlm.nih.gov/pubmed/25239610.

Wang Q, Chen X, Hay N. Akt as a target for cancer therapy: more is not
always better (lessons from studies in mice). Br J Cancer. 2017;117:159—
63. https://www.ncbi.nlm.nih.gov/pubmed/28557977.

Dunn S, Eberlein C, Yu J, Gris-Oliver A, Ong SH, Yelland U, et al. AKT-
mTORC1 reactivation is the dominant resistance driver for PI3Kbeta/
AKT inhibitors in PTEN-null breast cancer and can be overcome

by combining with Mcl-1 inhibitors. Oncogene. 2022;41:5046-

60. https://www.ncbi.nlm.nih.gov/pubmed/36241868.

Mills JR, Hippo Y, Robert F, Chen SM, Malina A, Lin CJ, et al. mTORC1
promotes survival through translational control of Mcl-1. Proc Natl
Acad Sci U S A. 2008;105:10853-8. https://www.ncbi.nlm.nih.gov/
pubmed/18664580.

Tanno S, Yanagawa N, Habiro A, Koizumi K, Nakano Y, Osanai M, et al.
Serine/threonine kinase AKT is frequently activated in human bile
duct cancer and is associated with increased radioresistance. Cancer
Res. 2004;64:3486-90. https://www.ncbi.nlm.nih.gov/pubmed/15150
102.

Coleman N, Moyers JT, Harbery A, Vivanco |, Yap TA. Clinical develop-
ment of AKT inhibitors and associated predictive biomarkers to guide


https://www.ncbi.nlm.nih.gov/pubmed/29066505
https://www.ncbi.nlm.nih.gov/pubmed/29066505
https://www.ncbi.nlm.nih.gov/pubmed/32312891
https://www.ncbi.nlm.nih.gov/pubmed/32312891
https://www.ncbi.nlm.nih.gov/pubmed/32035020
https://www.ncbi.nlm.nih.gov/pubmed/32035020
https://www.ncbi.nlm.nih.gov/pubmed/30860570
https://www.ncbi.nlm.nih.gov/pubmed/30860570
https://www.ncbi.nlm.nih.gov/pubmed/31841354
https://www.ncbi.nlm.nih.gov/pubmed/31841354
https://www.ncbi.nlm.nih.gov/pubmed/31147675
https://www.ncbi.nlm.nih.gov/pubmed/31147675
https://www.ncbi.nlm.nih.gov/pubmed/28800861
https://www.ncbi.nlm.nih.gov/pubmed/29736694
https://www.ncbi.nlm.nih.gov/pubmed/29736694
https://www.ncbi.nlm.nih.gov/pubmed/25688104
https://www.ncbi.nlm.nih.gov/pubmed/25688104
https://www.ncbi.nlm.nih.gov/pubmed/26783290
https://www.ncbi.nlm.nih.gov/pubmed/26783290
https://www.ncbi.nlm.nih.gov/pubmed/24252402
https://www.ncbi.nlm.nih.gov/pubmed/24252402
https://www.ncbi.nlm.nih.gov/pubmed/27026198
https://www.ncbi.nlm.nih.gov/pubmed/27026198
https://www.ncbi.nlm.nih.gov/pubmed/26875185
https://www.ncbi.nlm.nih.gov/pubmed/31277699
https://www.ncbi.nlm.nih.gov/pubmed/31277699
https://www.ncbi.nlm.nih.gov/pubmed/28874413
https://www.ncbi.nlm.nih.gov/pubmed/28874413
https://www.ncbi.nlm.nih.gov/pubmed/32031889
https://www.ncbi.nlm.nih.gov/pubmed/32031889
https://www.ncbi.nlm.nih.gov/pubmed/30334567
https://www.ncbi.nlm.nih.gov/pubmed/30334567
https://www.ncbi.nlm.nih.gov/pubmed/26469692
https://www.ncbi.nlm.nih.gov/pubmed/26469692
https://www.ncbi.nlm.nih.gov/pubmed/34649967
https://www.ncbi.nlm.nih.gov/pubmed/30858154
https://www.ncbi.nlm.nih.gov/pubmed/30858154
https://www.ncbi.nlm.nih.gov/pubmed/26979397
https://www.ncbi.nlm.nih.gov/pubmed/26979397
https://www.ncbi.nlm.nih.gov/pubmed/26084990
https://www.ncbi.nlm.nih.gov/pubmed/26084990
https://www.ncbi.nlm.nih.gov/pubmed/25827820
https://www.ncbi.nlm.nih.gov/pubmed/27872130
https://www.ncbi.nlm.nih.gov/pubmed/27872130
https://www.ncbi.nlm.nih.gov/pubmed/25239610
https://www.ncbi.nlm.nih.gov/pubmed/28557977
https://www.ncbi.nlm.nih.gov/pubmed/36241868
https://www.ncbi.nlm.nih.gov/pubmed/18664580
https://www.ncbi.nlm.nih.gov/pubmed/18664580
https://www.ncbi.nlm.nih.gov/pubmed/15150102
https://www.ncbi.nlm.nih.gov/pubmed/15150102

Hassan et al. J Exp Clin Cancer Res

336.

337.

338.

339.

340.

341.

342.

343.

344.

345,

346.

347.

348.

349.

350.

351,

(2024) 43:313

patient treatment in cancer medicine. Pharmgenomics Pers Med.
2021;14:1517-35. https://www.ncbi.nlm.nih.gov/pubmed/34858045.
Brown KK, Montaser-Kouhsari L, Beck AH, Toker A. MERIT40 Is an

Akt substrate that promotes resolution of DNA damage induced by
chemotherapy. Cell Rep. 2015;11:1358-66. https://www.ncbi.nim.nih.
gov/pubmed/26027929.

Fujimoto Y, Morita TY, Ohashi A, Haeno H, Hakozaki Y, Fujii M, et al.
Combination treatment with a PI3K/Akt/mTOR pathway inhibitor
overcomes resistance to anti-HER2 therapy in PIK3CA-mutant HER2-
positive breast cancer cells. Sci Rep. 2020;10:21762. https://www.
ncbi.nim.nih.gov/pubmed/33303839.

Hsu AH, Lum MA, Shim KS, Frederick PJ, Morrison CD, Chen B, et al.
Crosstalk between PKCalpha and PI3K/AKT signaling Is tumor suppres-
sive in the endometrium. Cell Rep. 2018;24:655-69. https://www.ncbi.
nlm.nih.gov/pubmed/30021163.

Reina-Campos M, Linares JF, Duran A, Cordes T, U'Hermitte A, Badur
MG, et al. Increased serine and one-carbon pathway metabolism

by PKClambda/iota deficiency promotes neuroendocrine prostate
cancer. Cancer Cell. 2019;35(385-400):e9. https://www.ncbi.nlm.nih.
gov/pubmed/30827887.

Dumble M, Crouthamel MC, Zhang SY, Schaber M, Levy D, Robell

K, et al. Discovery of novel AKT inhibitors with enhanced anti-
tumor effects in combination with the MEK inhibitor. PLoS ONE.
2014;9:2100880. https://www.ncbi.nlm.nih.gov/pubmed/24978597.
Luo Y, Shoemaker AR, Liu X, Woods KW, Thomas SA, de Jong R, et al.
Potent and selective inhibitors of Akt kinases slow the progress of
tumors in vivo. Mol Cancer Ther. 2005;4:977-86. https://www.ncbi.
nlm.nih.gov/pubmed/15956255.

Chorner PM, Moorehead RA. A-674563, a putative AKT1 inhibitor that
also suppresses CDK2 activity, inhibits human NSCLC cell growth

more effectively than the pan-AKT inhibitor, MK-2206. PLoS ONE.
2018;13:e0193344. https://www.ncbi.nlm.nih.gov/pubmed/29470540.
Kingston B, Bailleux C, Delaloge S, Schiavon G, Scott V, Lacroix-Triki
M, et al. Exceptional response to AKT inhibition in patients with
breast cancer and germline PTEN mutations. JCO Precis Oncol.
2019;3. https://www.ncbi.nlm.nih.gov/pubmed/32923864.

Smyth LM, Batist G, Meric-Bernstam F, Kabos P, Spanggaard |, Lluch A,
et al. Selective AKT kinase inhibitor capivasertib in combination with
fulvestrant in PTEN-mutant ER-positive metastatic breast cancer. NPJ
Breast Cancer. 2021;7:44. https://www.ncbi.nlm.nih.gov/pubmed/
33863913.

Cheaib B, Auguste A, Leary A. The PI3K/Akt/mTOR pathway in ovarian
cancer: therapeutic opportunities and challenges. Chin J Cancer.
2015;34(1):4-16. https://pubmed.ncbi.nlm.nih.gov/25556614/.
Huang J, Zhang L, Greshock J, Colligon TA, Wang Y, Ward R, et al.
Frequent genetic abnormalities of the PI3K/AKT pathway in primary
ovarian cancer predict patient outcome. Genes Chromosomes Can-
cer. 2011;50:606-18. https.//www.ncbi.nlm.nih.gov/pubmed/21563
232.

Ibanez KR, Huang TT, Lee JM. Combination therapy approach to
overcome the resistance to PI3K pathway inhibitors in gynecological
cancers. Cells. 2024;13(12). https://pubmed.ncbi.nlm.nih.gov/38920
692/.

Avila M, Grinsfelder MO, Pham M, Westin SN. Targeting the PI3K
pathway in gynecologic malignancies. Curr Oncol Rep. 2022,24:1669-
76. https://www.ncbi.nlm.nih.gov/pubmed/36401704.

Westin SN, Labrie M, Litton JK, Blucher A, Fang Y, Vellano CP, et al. Phase Ib
dose expansion and translational analyses of olaparib in combination with
capivasertib in recurrent endometrial, triple-negative breast, and ovarian
cancer. Clin Cancer Res. 2021;27:6354-65. https://www.ncbi.nlm.nih.gov/
pubmed/34518313.

Kobayashi |, Semba S, Matsuda Y, Kuroda Y, Yokozaki H. Significance

of Akt phosphorylation on tumor growth and vascular endothelial
growth factor expression in human gastric carcinoma. Pathobiology.
2006;73:8-17. https://www.ncbi.nlm.nih.gov/pubmed/16785763.

Nam SY, Lee HS, Jung GA, Choi J, Cho SJ, Kim MK, et al. Akt/PKB activa-
tion in gastric carcinomas correlates with clinicopathologic variables
and prognosis. APMIS. 2003;111:1105-13. https://www.ncbi.nlm.nih.
gov/pubmed/14678019.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Page 34 of 37

Lei Z,Tan IB, Das K, Deng N, Zouridis H, Pattison S, et al. Identification of
molecular subtypes of gastric cancer with different responses to PI3-
kinase inhibitors and 5-fluorouracil. Gastroenterology. 2013;145:554—
65. https://www.ncbi.nlm.nih.gov/pubmed/23684942.

Kang BW, Chau I. Molecular target: pan-AKT in gastric cancer. ESMO Open.
2020;5:000728. https://www.ncbi.nlm.nih.gov/pubmed/32948630.

Lee J, Kim ST, Kim K, Lee H, Kozarewa |, Mortimer PGS, et al. Tumor
genomic profiling guides patients with metastatic gastric cancer

to targeted treatment: The VIKTORY umbrella trial. Cancer Discov.
2019,;9:1388-405. https://www.ncbi.nlm.nih.gov/pubmed/31315834.
Crabb SJ, Griffiths G, Marwood E, Dunkley D, Downs N, Martin K, et al.
Pan-AKT inhibitor capivasertib with docetaxel and prednisolone in met-
astatic castration-resistant prostate cancer: a randomized, placebo-con-
trolled phase Il trial (ProCAID). J Clin Oncol. 2021,39:190-201. https://
www.ncbi.nlm.nih.gov/pubmed/33326257.

Chae YK, Arya A, Malecek MK, Shin DS, Carneiro B, Chandra S, et al.
Repurposing metformin for cancer treatment: current clinical studies.
Oncotarget. 2016;7:40767-80. https://www.ncbi.nlm.nih.gov/pubmed/
27004404.

Hillis AL, Martin TD, Manchester HE, Hogstrom J, Zhang N, Lecky

E, et al. Targeting cholesterol biosynthesis with statins synergizes

with AKT inhibitors in triple-negative breast cancer. Cancer Res.
2024;84(19):3250-66. https://pubmed.ncbi.nlm.nih.gov/39024548/.
Shamshirgaran Y, Liu J, Sumer H, Verma PJ, Taheri-Ghahfarokhi A. Tools
for Efficient Genome Editing; ZFN, TALEN, and CRISPR. Methods Mol
Biol. 2022;2495:29-46. https://www.ncbi.nlm.nih.gov/pubmed/35696
026.

Burslem GM, Crews CM. Proteolysis-Targeting Chimeras as Therapeutics
and Tools for Biological Discovery. Cell. 2020;181:102-14. https://www.
ncbi.nlim.nih.gov/pubmed/31955850.

Zheng M, Huo J, Gu X, Wang Y, Wu C, Zhang Q, et al. Rational design and
synthesis of novel dual PROTACs for simultaneous degradation of EGFR
and PARP. J Med Chem. 2021;64:7839-52. https.//www.ncbi.nlm.nih.gov/
pubmed/34038131.

Slabicki M, Kozicka Z, Petzold G, Li YD, Manojkumar M, Bunker RD, et al.
The CDK inhibitor CR8 acts as a molecular glue degrader that depletes
cyclin K. Nature. 2020;585:293-7. https://www.ncbi.nlm.nih.gov/pub-
med/32494016.

Clift D, McEwan WA, Labzin LI, Konieczny V, Mogessie B, James LC, et al.
A method for the acute and rapid degradation of endogenous proteins.
Cell. 2017;171(1692-706):18. https.//www.ncbi.nlm.nih.gov/pubmed/
29153837.

Nabet B, Roberts JM, Buckley DL, Paulk J, Dastjerdi S, Yang A, et al. The
dTAG system for immediate and target-specific protein degradation.
Nat Chem Biol. 2018;14:431-41. https://www.ncbi.nlm.nih.gov/pub-
med/29581585.

Naito M, Ohoka N, Shibata N. SNIPERs-Hijacking IAP activity to

induce protein degradation. Drug Discov Today Technol. 2019;31:35—
42. https://www.ncbi.nlm.nih.gov/pubmed/31200857.

Takahashi D, Moriyama J, Nakamura T, Miki E, Takahashi E, Sato A, et al.
AUTACs: cargo-specific degraders using selective autophagy. Mol Cell.
2019;76(797-810):e10. https.//www.ncbi.nIm.nih.gov/pubmed/31606
272.

Ahn G, Banik SM, Miller CL, Riley NM, Cochran JR, Bertozzi CR. LYTACs
that engage the asialoglycoprotein receptor for targeted protein degra-
dation. Nat Chem Biol. 2021;17:937-46. https://www.ncbi.nlm.nih.gov/
pubmed/33767387.

Fu, Chen N,Wang Z, Luo S, Ding Y, Lu B. Degradation of lipid droplets
by chimeric autophagy-tethering compounds. Cell Res. 2021;31:965—
79. https://www.ncbi.nlm.nih.gov/pubmed/34239073.

You |, Erickson EC, Donovan KA, Eleuteri NA, Fischer ES, Gray NS, et al.
Discovery of an AKT degrader with prolonged inhibition of down-
stream signaling. Cell Chem Biol. 2020,27(66~73):e7. https://www.ncbi.
nim.nih.gov/pubmed/31859249.

Yang Z, Pang Q, Zhou J, Xuan C, Xie S. Leveraging aptamers for targeted
protein degradation. Trends Pharmacol Sci. 2023;44:776-85. https://
www.ncbi.nlm.nih.gov/pubmed/37380531.

Mullard A. First targeted protein degrader hits the clinic. Nat Rev Drug
Discov. 2019. https://www.ncbi.nlm.nih.gov/pubmed/30936511.


https://www.ncbi.nlm.nih.gov/pubmed/34858045
https://www.ncbi.nlm.nih.gov/pubmed/26027929
https://www.ncbi.nlm.nih.gov/pubmed/26027929
https://www.ncbi.nlm.nih.gov/pubmed/33303839
https://www.ncbi.nlm.nih.gov/pubmed/33303839
https://www.ncbi.nlm.nih.gov/pubmed/30021163
https://www.ncbi.nlm.nih.gov/pubmed/30021163
https://www.ncbi.nlm.nih.gov/pubmed/30827887
https://www.ncbi.nlm.nih.gov/pubmed/30827887
https://www.ncbi.nlm.nih.gov/pubmed/24978597
https://www.ncbi.nlm.nih.gov/pubmed/15956255
https://www.ncbi.nlm.nih.gov/pubmed/15956255
https://www.ncbi.nlm.nih.gov/pubmed/29470540
https://www.ncbi.nlm.nih.gov/pubmed/32923864
https://www.ncbi.nlm.nih.gov/pubmed/33863913
https://www.ncbi.nlm.nih.gov/pubmed/33863913
https://pubmed.ncbi.nlm.nih.gov/25556614/
https://www.ncbi.nlm.nih.gov/pubmed/21563232
https://www.ncbi.nlm.nih.gov/pubmed/21563232
https://pubmed.ncbi.nlm.nih.gov/38920692/
https://pubmed.ncbi.nlm.nih.gov/38920692/
https://www.ncbi.nlm.nih.gov/pubmed/36401704
https://www.ncbi.nlm.nih.gov/pubmed/34518313
https://www.ncbi.nlm.nih.gov/pubmed/34518313
https://www.ncbi.nlm.nih.gov/pubmed/16785763
https://www.ncbi.nlm.nih.gov/pubmed/14678019
https://www.ncbi.nlm.nih.gov/pubmed/14678019
https://www.ncbi.nlm.nih.gov/pubmed/23684942
https://www.ncbi.nlm.nih.gov/pubmed/32948630
https://www.ncbi.nlm.nih.gov/pubmed/31315834
https://www.ncbi.nlm.nih.gov/pubmed/33326257
https://www.ncbi.nlm.nih.gov/pubmed/33326257
https://www.ncbi.nlm.nih.gov/pubmed/27004404
https://www.ncbi.nlm.nih.gov/pubmed/27004404
https://pubmed.ncbi.nlm.nih.gov/39024548/
https://www.ncbi.nlm.nih.gov/pubmed/35696026
https://www.ncbi.nlm.nih.gov/pubmed/35696026
https://www.ncbi.nlm.nih.gov/pubmed/31955850
https://www.ncbi.nlm.nih.gov/pubmed/31955850
https://www.ncbi.nlm.nih.gov/pubmed/34038131
https://www.ncbi.nlm.nih.gov/pubmed/34038131
https://www.ncbi.nlm.nih.gov/pubmed/32494016
https://www.ncbi.nlm.nih.gov/pubmed/32494016
https://www.ncbi.nlm.nih.gov/pubmed/29153837
https://www.ncbi.nlm.nih.gov/pubmed/29153837
https://www.ncbi.nlm.nih.gov/pubmed/29581585
https://www.ncbi.nlm.nih.gov/pubmed/29581585
https://www.ncbi.nlm.nih.gov/pubmed/31200857
https://www.ncbi.nlm.nih.gov/pubmed/31606272
https://www.ncbi.nlm.nih.gov/pubmed/31606272
https://www.ncbi.nlm.nih.gov/pubmed/33767387
https://www.ncbi.nlm.nih.gov/pubmed/33767387
https://www.ncbi.nlm.nih.gov/pubmed/34239073
https://www.ncbi.nlm.nih.gov/pubmed/31859249
https://www.ncbi.nlm.nih.gov/pubmed/31859249
https://www.ncbi.nlm.nih.gov/pubmed/37380531
https://www.ncbi.nlm.nih.gov/pubmed/37380531
https://www.ncbi.nlm.nih.gov/pubmed/30936511

Hassan et al. J Exp Clin Cancer Res

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

(2024) 43:313

Lam JK, Chow MY, Zhang Y, Leung SW. siRNA versus miRNA as thera-
peutics for gene silencing. Mol Ther Nucleic Acids. 2015;4:€252. https://
www.ncbi.nlm.nih.gov/pubmed/26372022.

Shen X, Corey DR. Chemistry, mechanism and clinical status of
antisense oligonucleotides and duplex RNAs. Nucleic Acids Res.
2018,46:1584-600. https://www.ncbi.nlm.nih.gov/pubmed/29240946.
Zhao'Y, Shu R, Liu J. The development and improvement of ribonu-
cleic acid therapy strategies. Mol Ther Nucleic Acids. 2021;26:997-
1013. https://www.ncbi.nlm.nih.gov/pubmed/34540356.

Coan M, Haefliger S, Ounzain S, Johnson R. Targeting and engineering
long non-coding RNAs for cancer therapy. Nat Rev Genet. 2024;25:578-
95. https://www.ncbi.nlm.nih.gov/pubmed/38424237.

Burmistrz M, Krakowski K, Krawczyk-Balska A. RNA-targeting CRISPR-Cas
systems and their applications. Int J Mol Sci. 2020;21. https://www.ncbi.
nim.nih.gov/pubmed/32046217.

Judge A, Maclachlan I. Overcoming the innate immune response to
small interfering RNA. Hum Gene Ther. 2008;19:111-24. https://www.
ncbi.nlim.nih.gov/pubmed/18230025.

Haussecker D. Current issues of RNAi therapeutics delivery and devel-
opment. J Control Release. 2014;195:49-54. https://www.ncbi.nim.nih.
gov/pubmed/25111131.

Setten RL, Rossi JJ, Han SP. The current state and future directions of
RNAi-based therapeutics. Nat Rev Drug Discov. 2019;18:421-46. https://
www.ncbi.nlm.nih.gov/pubmed/30846871.

Eccleston A. A strategy for small-molecule RNA degraders. Nat Rev Drug
Discov. 2023;22:621. https://www.ncbi.nlm.nih.gov/pubmed/37407753.
Costales MG, Matsumoto Y, Velagapudi SP, Disney MD. Small mol-
ecule targeted recruitment of a nuclease to RNA. J Am Chem Soc.
2018;140:6741-4. https://www.ncbi.nlm.nih.gov/pubmed/29792692.
Dey SK, Jaffrey SR. RIBOTACs: Small molecules target RNA for degrada-
tion. Cell Chem Biol. 2019;26:1047-9. https://www.ncbi.nlm.nih.gov/
pubmed/31419417.

Mikutis S, Rebelo M, Yankova E, Gu M, Tang C, Coelho AR, et al.
Proximity-induced nucleic acid degrader (PINAD) approach to targeted
RNA degradation using small molecules. ACS Cent Sci. 2023;9:892-
904. https:.//www.ncbi.nlm.nih.gov/pubmed/37252343.

Costales MG, Suresh B, Vishnu K, Disney MD. Targeted degradation of

a hypoxia-associated non-coding RNA enhances the selectivity of a
small molecule interacting with RNA. Cell Chem Biol. 2019;26(1180-
6):e5. https//www.ncbi.nlm.nih.gov/pubmed/31130520.

Clark T, Waller MA, Loo L, Moreno CL, Denes CE, Neely GG. CRISPR
activation screens: navigating technologies and applications. Trends
Biotechnol. 2024;42:1017-34. https://www.ncbi.nlm.nih.gov/pubmed/
38493051.

Quambusch L, Depta L, Landel |, Lubeck M, Kirschner T, Nabert J,

et al. Cellular model system to dissect the isoform-selectivity of Akt
inhibitors. Nat Commun. 2021;12:5297. https://www.ncbi.nlm.nih.gov/
pubmed/34489430.

Quambusch L, Landel |, Depta L, Weisner J, Uhlenbrock N, Muller MP,

et al. Covalent-allosteric inhibitors to achieve Akt isoform-selectivity.
Angew Chem Int Ed Engl. 2019;58:18823-9. https://www.ncbi.nlm.nih.
gov/pubmed/31584233.

Ghavami S, Pandi A. CRISPR interference and its applications. Prog Mol Biol
Transl Sci. 2021;180:123-40. https://www.ncbi.nlm.nih.gov/pubmed/
33934834.

Wiechmann S, Ruprecht B, Siekmann T, Zheng R, Frejno M, Kunold E,

et al. Chemical phosphoproteomics sheds new light on the targets
and modes of action of AKT inhibitors. ACS Chem Biol. 2021;16:631—
41. https://www.ncbi.nlm.nih.gov/pubmed/33755436.

Merckaert T, Zwaenepoel O, Gevaert K, Gettemans J. Development and
characterization of protein kinase B/AKT isoform-specific nanobodies.
PLoS ONE. 2020;15:0240554. https://www.ncbi.nlm.nih.gov/pubmed/
33045011.

Merckaert T, Zwaenepoel O, Gevaert K, Gettemans J. An AKT2-specific
nanobody that targets the hydrophobic motif induces cell cycle arrest,
autophagy and loss of focal adhesions in MDA-MB-231 cells. Biomed
Pharmacother. 2021;133:111055. https://www.ncbi.nlm.nih.gov/pub-
med/33378961.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

Page 35 of 37

Dumaz N, Marais R. Protein kinase A blocks Raf-1 activity by stimulating
14-3-3 binding and blocking Raf-1 interaction with Ras. J Biol Chem.
2003;278:29819-23. https.//www.ncbi.nlm.nih.gov/pubmed/12801936.
Hutti JE, Jarrell ET, Chang JD, Abbott DW, Storz P, Toker A, et al. A rapid
method for determining protein kinase phosphorylation specificity. Nat
Methods. 2004;1:27-9. https://www.ncbi.nim.nih.gov/pubmed/15782149.
RomeoY, Zhang X, Roux PP. Regulation and function of the RSK family of
protein kinases. Biochem J. 2012;441:553-69. https.//www.ncbi.nlm.nih.
gov/pubmed/22187936.

Chen'Y, Qian J, He Q, Zhao H, Toral-Barza L, Shi C, et al. mTOR com-
plex-2 stimulates acetyl-CoA and de novo lipogenesis through ATP
citrate lyase in HER2/PIK3CA-hyperactive breast cancer. Oncotarget.
2016;7:25224-40. https://www.ncbi.nlm.nih.gov/pubmed/27015560.
Fox CJ, Hammerman PS, Cinalli RM, Master SR, Chodosh LA, Thompson
CB. The serine/threonine kinase Pim-2 is a transcriptionally regulated
apoptotic inhibitor. Genes Dev. 2003;17:1841-54. https.//www.ncbi.
nim.nih.gov/pubmed/12869584.

Ju X, Katiyar S, Wang C, Liu M, Jiao X, Li S, et al. Akt1 governs breast
cancer progression in vivo. Proc Natl Acad Sci U S A. 2007;104:7438-
43, https://www.ncbi.nlm.nih.gov/pubmed/17460049.

Potapova IA, El-Maghrabi MR, Doronin SV, Benjamin WB. Phosphoryla-
tion of recombinant human ATPcitrate lyase by cCAMP-dependent
protein kinase abolishes homotropic allosteric regulation of the
enzyme by citrate and increases the enzyme activity. Allosteric activa-
tion of ATPcitrate lyase by phosphorylated sugars. Biochemistry.
2000;39:1169-79. https://www.ncbi.nlm.nih.gov/pubmed/10653665.
White PJ, McGarrah RW, Grimsrud PA, Tso SC, Yang WH, Haldeman

JM, et al. The BCKDH kinase and phosphatase integrate BCAA and

lipid metabolism via regulation of ATP-citrate lyase. Cell Metab.
2018;27(1281-93):e7. https://www.ncbi.nlm.nih.gov/pubmed/29779
826.

Yan B, Zemskova M, Holder S, Chin V, Kraft A, Koskinen PJ, et al. The
PIM-2 kinase phosphorylates BAD on serine 112 and reverses BAD-
induced cell death. J Biol Chem. 2003;278:45358-67. https://www.ncbi.
nlm.nih.gov/pubmed/12954615.

Sanidas |, Polytarchou C, Hatziapostolou M, Ezell SA, Kottakis F, Hu

L, et al. Phosphoproteomics screen reveals akt isoform-specific

signals linking RNA processing to lung cancer. Mol Cell. 2014,53:577-
90. https://www.ncbi.nlm.nih.gov/pubmed/24462114.

Shiue H, Musch MW, Wang Y, Chang EB, Turner JR. Akt2 phosphoryl-
ates ezrin to trigger NHE3 translocation and activation. J Biol Chem.
2005;280:1688-95. https://www.ncbi.nlm.nih.gov/pubmed/15531580.
Peng XD, Xu PZ, Chen ML, Hahn-Windgassen A, Skeen J, Jacobs J, et al.
Dwarfism, impaired skin development, skeletal muscle atrophy, delayed
bone development, and impeded adipogenesis in mice lacking Akt1
and Akt2. Genes Dev. 2003;17:1352-65. https://www.ncbi.nlm.nih.gov/
pubmed/12782654.

Yang ZZ, Tschopp O, Di-Poi N, Bruder E, Baudry A, Dummler B, et al.
Dosage-dependent effects of Akt1/protein kinase Balpha (PKBalpha)
and Akt3/PKBgamma on thymus, skin, and cardiovascular and nervous
system development in mice. Mol Cell Biol. 2005;25:10407-18. https.//
www.ncbi.nlm.nih.gov/pubmed/16287854.

Zhou J, Rossi J. Aptamers as targeted therapeutics: current potential
and challenges. Nat Rev Drug Discov. 2017;16:181-202. https://www.
ncbi.nlm.nih.gov/pubmed/27807347.

Zhu G, Chen X. Aptamer-based targeted therapy. Adv Drug Deliv Rev.
2018;134:65-78. https://www.ncbi.nlm.nih.gov/pubmed/30125604.
Zhang L, Li L, Wang X, Liu H, Zhang Y, Xie T, et al. Development of a
novel PROTAC using the nucleic acid aptamer as a targeting ligand

for tumor selective degradation of nucleolin. Mol Ther Nucleic Acids.
2022;30:66-79. https:.//www.ncbi.nlm.nih.gov/pubmed/36250201.
Kimura S, Harashima H. On the mechanism of tissue-selective gene
delivery by lipid nanoparticles. J Control Release. 2023;362:797-

811. https.//www.ncbi.nlm.nih.gov/pubmed/37004796.

Xu J,Yu X, Martin TC, Bansal A, Cheung K, Lubin A, et al. AKT Degrada-
tion selectively inhibits the growth of PI3K/PTEN pathway-mutant
cancers with wild-type KRAS and BRAF by destabilizing aurora kinase B.
Cancer Discov. 2021;11:3064-89.


https://www.ncbi.nlm.nih.gov/pubmed/26372022
https://www.ncbi.nlm.nih.gov/pubmed/26372022
https://www.ncbi.nlm.nih.gov/pubmed/29240946
https://www.ncbi.nlm.nih.gov/pubmed/34540356
https://www.ncbi.nlm.nih.gov/pubmed/38424237
https://www.ncbi.nlm.nih.gov/pubmed/32046217
https://www.ncbi.nlm.nih.gov/pubmed/32046217
https://www.ncbi.nlm.nih.gov/pubmed/18230025
https://www.ncbi.nlm.nih.gov/pubmed/18230025
https://www.ncbi.nlm.nih.gov/pubmed/25111131
https://www.ncbi.nlm.nih.gov/pubmed/25111131
https://www.ncbi.nlm.nih.gov/pubmed/30846871
https://www.ncbi.nlm.nih.gov/pubmed/30846871
https://www.ncbi.nlm.nih.gov/pubmed/37407753
https://www.ncbi.nlm.nih.gov/pubmed/29792692
https://www.ncbi.nlm.nih.gov/pubmed/31419417
https://www.ncbi.nlm.nih.gov/pubmed/31419417
https://www.ncbi.nlm.nih.gov/pubmed/37252343
https://www.ncbi.nlm.nih.gov/pubmed/31130520
https://www.ncbi.nlm.nih.gov/pubmed/38493051
https://www.ncbi.nlm.nih.gov/pubmed/38493051
https://www.ncbi.nlm.nih.gov/pubmed/34489430
https://www.ncbi.nlm.nih.gov/pubmed/34489430
https://www.ncbi.nlm.nih.gov/pubmed/31584233
https://www.ncbi.nlm.nih.gov/pubmed/31584233
https://www.ncbi.nlm.nih.gov/pubmed/33934834
https://www.ncbi.nlm.nih.gov/pubmed/33934834
https://www.ncbi.nlm.nih.gov/pubmed/33755436
https://www.ncbi.nlm.nih.gov/pubmed/33045011
https://www.ncbi.nlm.nih.gov/pubmed/33045011
https://www.ncbi.nlm.nih.gov/pubmed/33378961
https://www.ncbi.nlm.nih.gov/pubmed/33378961
https://www.ncbi.nlm.nih.gov/pubmed/12801936
https://www.ncbi.nlm.nih.gov/pubmed/15782149
https://www.ncbi.nlm.nih.gov/pubmed/22187936
https://www.ncbi.nlm.nih.gov/pubmed/22187936
https://www.ncbi.nlm.nih.gov/pubmed/27015560
https://www.ncbi.nlm.nih.gov/pubmed/12869584
https://www.ncbi.nlm.nih.gov/pubmed/12869584
https://www.ncbi.nlm.nih.gov/pubmed/17460049
https://www.ncbi.nlm.nih.gov/pubmed/10653665
https://www.ncbi.nlm.nih.gov/pubmed/29779826
https://www.ncbi.nlm.nih.gov/pubmed/29779826
https://www.ncbi.nlm.nih.gov/pubmed/12954615
https://www.ncbi.nlm.nih.gov/pubmed/12954615
https://www.ncbi.nlm.nih.gov/pubmed/24462114
https://www.ncbi.nlm.nih.gov/pubmed/15531580
https://www.ncbi.nlm.nih.gov/pubmed/12782654
https://www.ncbi.nlm.nih.gov/pubmed/12782654
https://www.ncbi.nlm.nih.gov/pubmed/16287854
https://www.ncbi.nlm.nih.gov/pubmed/16287854
https://www.ncbi.nlm.nih.gov/pubmed/27807347
https://www.ncbi.nlm.nih.gov/pubmed/27807347
https://www.ncbi.nlm.nih.gov/pubmed/30125604
https://www.ncbi.nlm.nih.gov/pubmed/36250201
https://www.ncbi.nlm.nih.gov/pubmed/37004796

Hassan et al. J Exp Clin Cancer Res

409.

410.

411,

412.

413.

414.

415.

416.

417.

420.

421

422.

423.

424,

425.

426.

(2024) 43:313

Yu X, Xu J, Cahuzac KM, Xie L, Shen 'Y, Chen X, et al. Novel allosteric
inhibitor-derived AKT proteolysis targeting chimeras (PROTACs) enable
potent and selective AKT degradation in KRAS/BRAF mutant cells. J
Med Chem. 2022;65:14237-60.

Yu X, Xu J, Shen'Y, Cahuzac KM, Park KS, Dale B, et al. Discovery

of potent, selective, and in vivo efficacious AKT kinase protein
degraders via structure-activity relationship studies. J Med Chem.
2022,65(4):3644-66. https://pubmed.ncbi.nlm.nih.gov/35119851/.

Yu X, Xu J, Xie L, Wang L, Shen'Y, Cahuzac KM, et al. Design, synthe-

sis, and evaluation of potent, selective, and bioavailable AKT kinase
degraders. J Med Chem. 2021;64(24):18054-81. https://pubmed.ncbi.
nim.nih.gov/34855399/.

Zhu CL, Luo X, Tian T, Rao Z, Wang H, Zhou Z, et al. Structure-based
rational design enables efficient discovery of a new selective and
potent AKT PROTAC degrader. Eur J Med Chem. 2022,238:114459.
https://pubmed.ncbi.nlm.nih.gov/35635954/.

Jauslin WT, Schild M, Schaefer T, Borsari C, Orbegozo C, Bissegger

L, et al. A high affinity pan-PI3K binding module supports selective
targeted protein degradation of PI3Ka. Chem Sci. 2024;15:683-91.
Mustafa MI, Mohammed A. Nanobodies: A game-changer in cell-medi-
ated immunotherapy for cancer. SLAS Discov. 2023;28:358-64. https://
www.ncbi.nlm.nih.gov/pubmed/37634615.

Gavas S, Quazi S, Karpinski TM. Nanoparticles for cancer therapy: cur-
rent progress and challenges. Nanoscale Res Lett. 2021;16:173. https://
www.ncbi.nlm.nih.gov/pubmed/34866166.

Gonzalez-Valdivieso J, Garcia-Sampedro A, Hall AR, Girotti A, Arias FJ, Pereira
SP, et al. Smart nanoparticles as advanced anti-Akt Kinase delivery systems
for pancreatic cancer therapy. ACS Appl Mater Interfaces. 2021;13:55790~
805. https//www.ncbi.nlm.nih.gov/pubmed/34788541.

Patel. Doxorubicin-conjugated platinum theranostic nanoparticles
induce apoptosis via inhibition of a cell survival (PI3K/AKT) signaling
pathway in human breast cancer cells. ACS Applied Nano Materials.
2020;4:198-210.

Gonzalez-Valdivieso J, Vallejo R, Rodriguez-Rojo S, Santos M, Schnei-
der J, Arias FJ, et al. CD44-targeted nanoparticles for co-delivery of
docetaxel and an Akt inhibitor against colorectal cancer. Biomater Adv.
2023;154:213595. https:.//www.ncbi.nlm.nih.gov/pubmed/37639856.
Feng. The acidic tumor microenvironment: a target for smart cancer
nano-theranostics. Natl Sci Rev. 2017,5:269-86.

SahaT, Fojtu M, Nagar AV, Thurakkal L, Srinivasan BB, Mukherjee M, et al.
Antibody nanoparticle conjugate-based targeted immunotherapy for
non-small cell lung cancer. Sci Adv. 2024;10:eadi2046. https://www.
ncbi.nlm.nih.gov/pubmed/38875335.

Buckbinder L, St Jean DJ Jr, TieuT, Ladd B, Hilbert B, Wang W, et al. STX-
478, a mutant-selective, allosteric PI3Kalpha inhibitor spares metabolic
dysfunction and improves therapeutic response in PI3Kalpha-mutant
xenografts. Cancer Discov. 2023;13:2432-47. https://www.ncbi.nlm.nih.
gov/pubmed/37623743.

Schubert U, Anton LC, Gibbs J, Norbury CC, Yewdell JW, Bennink JR.
Rapid degradation of a large fraction of newly synthesized proteins by
proteasomes. Nature. 2000;404:770-4. https://www.ncbi.nlm.nih.gov/
pubmed/10783891.

Babagana M, Brown LR, Slabodkin HZ, Kichina JV, Kandel ES. Proteotoxic
stress as an exploitable vulnerability in cells with hyperactive AKT. Int J
Mol Sci. 2021;22. 22 https://www.ncbi.nlm.nih.gov/pubmed/34768807.
Brancolini C, luliano L. Proteotoxic stress and cell death in cancer cells.
Cancers (Basel). 2020;12. https://www.ncbi.nlm.nih.gov/pubmed/32842
524.

Fink EE, Moparthy S, Bagati A, Bianchi-Smiraglia A, Lipchick BC, Wolff
DW, et al. XBP1-KLF9 axis acts as a molecular rheostat to control the
transition from adaptive to cytotoxic unfolded protein response. Cell
Rep. 2018;25(212-23):e4. https://www.ncbi.nlm.nih.gov/pubmed/
30282030.

Calderwood SK, Xie Y, Wang X, Khaleque MA, Chou SD, Murshid A,

et al. Signal transduction pathways leading to heat shock transcription.
Sign Transduct Insights. 2010,2:13-24. https://www.ncbi.nlm.nih.gov/
pubmed/21687820.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440,

441,

442.

443,

444,

Page 36 of 37

Guang MHZ, Kavanagh EL, Dunne LP, Dowling P, Zhang L, Lindsay S,

et al. Targeting proteotoxic stress in cancer: A review of the role that
protein quality control pathways play in oncogenesis. Cancers (Basel).
2019;11. https://www.ncbi.nlm.nih.gov/pubmed/30634515.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBPT mRNA is
induced by ATF6 and spliced by IRET in response to ER stress to pro-
duce a highly active transcription factor. Cell. 2001;107:881-91. https://
www.ncbi.nlm.nih.gov/pubmed/11779464.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, et al. IRE1
couples endoplasmic reticulum load to secretory capacity by process-
ing the XBP-1 mRNA. Nature. 2002;415:92-6. https://www.ncbi.nlm.nih.
gov/pubmed/11780124.

Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset of endo-
plasmic reticulum resident chaperone genes in the unfolded protein
response. Mol Cell Biol. 2003;23:7448-59. https://www.ncbi.nlm.nih.
gov/pubmed/14559994.

Nogueira V, Patra KC, Hay N. Selective eradication of cancer display-
ing hyperactive Akt by exploiting the metabolic consequences of Akt
activation. Elife. 2018;7. https://www.ncbi.nlm.nih.gov/pubmed/29687
779.

Boya P, Gonzalez-Polo RA, Casares N, Perfettini JL, Dessen P, Larochette
N, et al. Inhibition of macroautophagy triggers apoptosis. Mol Cell Biol.
2005;25:1025-40. https://www.ncbi.nlm.nih.gov/pubmed/15657430.
Gonzalez-Polo RA, Boya P, Pauleau AL, Jalil A, Larochette N, Souquere

S, et al. The apoptosis/autophagy paradox: autophagic vacuolization
before apoptotic death. J Cell Sci. 2005;118:3091-102. https://www.
ncbi.nim.nih.gov/pubmed/15985464.

Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y, Kondo S. Role of
autophagy in temozolomide-induced cytotoxicity for malignant glioma
cells. Cell Death Differ. 2004;11:448-57. https://www.ncbi.nlm.nih.gov/
pubmed/14713959.

Kroemer G, Jaattela M. Lysosomes and autophagy in cell death control.
Nat Rev Cancer. 2005;5:886-97. https://www.ncbi.nlm.nih.gov/pub-
med/16239905.

Yu L, Wan F, Dutta S, Welsh S, Liu Z, Freundt E, et al. Autophagic pro-
grammed cell death by selective catalase degradation. Proc Natl Acad
Sci U S A. 2006;103:4952-7. https://www.ncbi.nlm.nih.gov/pubmed/
16547133,

Degtyarev M, De Maziere A, Klumperman J, Lin K. Autophagy, an Achil-
les'heel AKTing against cancer? Autophagy. 2009;5:415-8. https.//www.
ncbi.nlm.nih.gov/pubmed/19305139.

Degtyarev M, De Maziere A, Orr C, Lin J, Lee BB, Tien JY, et al. Akt
inhibition promotes autophagy and sensitizes PTEN-null tumors to
lysosomotropic agents. J Cell Biol. 2008;183:101-16. https://www.ncbi.
nlm.nih.gov/pubmed/18838554.

Mehnert JM, Kaveney AD, Malhotra J, Spencer K, Portal D, Goo-

din S, et al. A phase I trial of MK-2206 and hydroxychloroguine in
patients with advanced solid tumors. Cancer Chemother Pharmacol.
2019;84:899-907. https://www.ncbi.nlm.nih.gov/pubmed/31463691.
Basso AD, Solit DB, Chiosis G, Giri B, Tsichlis P, Rosen N. Akt forms an
intracellular complex with heat shock protein 90 (Hsp90) and Cdc37
and is destabilized by inhibitors of Hsp90 function. J Biol Chem.
2002;277:39858-66. https://www.ncbi.nlm.nih.gov/pubmed/12176997.
Li ZN, Luo Y. HSP90 inhibitors and cancer: Prospects for use in targeted
therapies (Review). Oncol Rep. 2023;49. https://www.ncbi.nlm.nih.gov/
pubmed/36367182.

Kalinsky K, Hong F, McCourt CK, Sachdev JC, Mitchell EP, Zwiebel JA,

et al. Effect of capivasertib in patients with an AKT1 E17K-mutated
tumor: NCI-MATCH subprotocol EAY131-Y nonrandomized trial. JAMA
Oncol. 2021;7:271-8. https://www.ncbi.nlm.nih.gov/pubmed/33377
972.

Wolf DM, Yau C, Wulfkuhle J, Brown-Swigart L, Gallagher RI, Magbanua
MJM, et al. Mechanism of action biomarkers predicting response to
AKT inhibition in the I-SPY 2 breast cancer trial. NPJ Breast Cancer.
2020;6:48. https://www.ncbi.nlm.nih.gov/pubmed/33083527.

Dent R, Oliveira M, Isakoff SJ, Im SA, Espie M, Blau S, et al. Final results of
the double-blind placebo-controlled randomized phase 2 LOTUS trial
of first-line ipatasertib plus paclitaxel for inoperable locally advanced/
metastatic triple-negative breast cancer. Breast Cancer Res Treat.
2021;189:377-86. https://www.ncbi.nlm.nih.gov/pubmed/34264439.


https://pubmed.ncbi.nlm.nih.gov/35119851/
https://pubmed.ncbi.nlm.nih.gov/34855399/
https://pubmed.ncbi.nlm.nih.gov/34855399/
https://pubmed.ncbi.nlm.nih.gov/35635954/
https://www.ncbi.nlm.nih.gov/pubmed/37634615
https://www.ncbi.nlm.nih.gov/pubmed/37634615
https://www.ncbi.nlm.nih.gov/pubmed/34866166
https://www.ncbi.nlm.nih.gov/pubmed/34866166
https://www.ncbi.nlm.nih.gov/pubmed/34788541
https://www.ncbi.nlm.nih.gov/pubmed/37639856
https://www.ncbi.nlm.nih.gov/pubmed/38875335
https://www.ncbi.nlm.nih.gov/pubmed/38875335
https://www.ncbi.nlm.nih.gov/pubmed/37623743
https://www.ncbi.nlm.nih.gov/pubmed/37623743
https://www.ncbi.nlm.nih.gov/pubmed/10783891
https://www.ncbi.nlm.nih.gov/pubmed/10783891
https://www.ncbi.nlm.nih.gov/pubmed/34768807
https://www.ncbi.nlm.nih.gov/pubmed/32842524
https://www.ncbi.nlm.nih.gov/pubmed/32842524
https://www.ncbi.nlm.nih.gov/pubmed/30282030
https://www.ncbi.nlm.nih.gov/pubmed/30282030
https://www.ncbi.nlm.nih.gov/pubmed/21687820
https://www.ncbi.nlm.nih.gov/pubmed/21687820
https://www.ncbi.nlm.nih.gov/pubmed/30634515
https://www.ncbi.nlm.nih.gov/pubmed/11779464
https://www.ncbi.nlm.nih.gov/pubmed/11779464
https://www.ncbi.nlm.nih.gov/pubmed/11780124
https://www.ncbi.nlm.nih.gov/pubmed/11780124
https://www.ncbi.nlm.nih.gov/pubmed/14559994
https://www.ncbi.nlm.nih.gov/pubmed/14559994
https://www.ncbi.nlm.nih.gov/pubmed/29687779
https://www.ncbi.nlm.nih.gov/pubmed/29687779
https://www.ncbi.nlm.nih.gov/pubmed/15657430
https://www.ncbi.nlm.nih.gov/pubmed/15985464
https://www.ncbi.nlm.nih.gov/pubmed/15985464
https://www.ncbi.nlm.nih.gov/pubmed/14713959
https://www.ncbi.nlm.nih.gov/pubmed/14713959
https://www.ncbi.nlm.nih.gov/pubmed/16239905
https://www.ncbi.nlm.nih.gov/pubmed/16239905
https://www.ncbi.nlm.nih.gov/pubmed/16547133
https://www.ncbi.nlm.nih.gov/pubmed/16547133
https://www.ncbi.nlm.nih.gov/pubmed/19305139
https://www.ncbi.nlm.nih.gov/pubmed/19305139
https://www.ncbi.nlm.nih.gov/pubmed/18838554
https://www.ncbi.nlm.nih.gov/pubmed/18838554
https://www.ncbi.nlm.nih.gov/pubmed/31463691
https://www.ncbi.nlm.nih.gov/pubmed/12176997
https://www.ncbi.nlm.nih.gov/pubmed/36367182
https://www.ncbi.nlm.nih.gov/pubmed/36367182
https://www.ncbi.nlm.nih.gov/pubmed/33377972
https://www.ncbi.nlm.nih.gov/pubmed/33377972
https://www.ncbi.nlm.nih.gov/pubmed/33083527
https://www.ncbi.nlm.nih.gov/pubmed/34264439

Hassan et al. J Exp Clin Cancer Res (2024) 43:313

445.

446.

447,

448.

Hyman DM, Smyth LM, Donoghue MTA, Westin SN, Bedard PL, Dean EJ,
et al. AKT inhibition in solid tumors with AKT1 mutations. J Clin Oncol.
2017;35:2251-9. https://www.ncbi.nlm.nih.gov/pubmed/28489509.
Shrestha Bhattarai T, Shamu T, Gorelick AN, Chang MT, Chakravarty D,
Gavrila El, et al. AKT mutant allele-specific activation dictates pharma-

cologic sensitivities. Nat Commun. 2022;13:2111. https://www.ncbi.nlm.

nih.gov/pubmed/35440569.

Martorana F, Motta G, Pavone G, Motta L, Stella S, Vitale SR, et al. AKT
Inhibitors: new weapons in the fight against breast cancer? Front Phar-
macol. 2021;12:662232. https://pubmed.ncbi.nlm.nih.gov/33995085/.
Craven GB, Chu H, Sun JD, Carelli JD, Coyne B, Chen H, et al. Mutant-
selective AKT inhibition through lysine targeting and neo-zinc chela-
tion. Nature. 2024. https://pubmed.ncbi.nlm.nih.gov/39506119/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 37 of 37


https://www.ncbi.nlm.nih.gov/pubmed/28489509
https://www.ncbi.nlm.nih.gov/pubmed/35440569
https://www.ncbi.nlm.nih.gov/pubmed/35440569
https://pubmed.ncbi.nlm.nih.gov/33995085/
https://pubmed.ncbi.nlm.nih.gov/39506119/

	AKT kinases as therapeutic targets
	Abstract 
	Introduction
	AKT structure, function & regulation
	PI3K-AKT pathway: crosstalk with other pathways
	Crosstalk with the MAPK pathway
	Crosstalk with NF-κB pathway
	Crosstalk with the Wntβ-catenin pathway
	Crosstalk with the JNK and p38 pathways
	Crosstalk with Other pathways

	Mechanisms of AKT deregulation in cancer & overgrowth syndromes
	AKT activation by viral (retroviral) infection
	AKT gene amplification (and overexpression)
	Epigenetic modes of AKT activation
	Activation by RNA methylation
	AKT activation by microRNAs
	Long non-coding RNA (lncRNA)-mediated activation

	AKT activation by post-translational modifications
	AKT activation by mutations
	Other factors leading to AKT activation

	Role of AKT isoforms in cancer-specific tumor initiation & progression
	Effect of AKT isoforms on the immune system: implications for inflammatory diseases, cancer prevention and treatment
	AKT inhibitors: clinical trials & current therapeutic challenges
	Increasing the therapeutic window of AKT inhibitors: future challenges and novel approaches to targeting AKT
	Biomarkers predicting sensitivity and response to AKT inhibitors
	Conclusions and future perspectives
	Acknowledgements
	References


