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Abstract

The serine/threonine kinase AKT, also known as protein kinase B (PKB), is the major substrate to
phosphoinositide 3-kinase (PI3K) and consists of three paralogs: AKT1 (PKBa), AKT2 (PKBB)
and AKT3 (PKBy). The PI3K/AKT pathway is normally activated by binding of ligands to
membrane-bound receptor tyrosine kinases (RTKSs) as well as downstream to G-protein coupled
receptors and integrin-linked kinase. Through multiple downstream substrates, activated AKT
controls a wide variety of cellular functions including cell proliferation, survival, metabolism, and
angiogenesis in both normal and malignant cells. In human cancers, the PI3BK/AKT pathway is
most frequently hyperactivated due to mutations and/or overexpression of upstream components.
Aberrant expression of RTKSs, gain of function mutations in PIK3CA, RAS, PDPK1, and AKT
itself, as well as loss of function mutation in AKT phosphatases are genetic lesions that confer
hyperactivation of AKT. Activated AKT stimulates DNA repair, e.g. double strand break repair
after radiotherapy. Likewise, AKT attenuates chemotherapy-induced apoptosis. These observations
suggest that a crucial link exists between AKT and DNA damage. Thus, AKT could be a major
predictive marker of conventional cancer therapy, molecularly targeted therapy, and
immunotherapy for solid tumors. In this review, we summarize the current understanding by which
activated AKT mediates resistance to cancer treatment modalities, /.e. radiotherapy, chemotherapy,
and RTK targeted therapy. Next, the effect of AKT on response of tumor cells to RTK targeted
strategies will be discussed. Finally, we will provide a brief summary on the clinical trials of AKT
inhibitors in combination with radiochemotherapy, RTK targeted therapy, and immunotherapy.
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1. Structure, activation and function of AKT

The AKT/protein kinase B (PKB) genes encode serine/threonine kinases of 57 kilodaltons
(kDa). There are three AKT paralogs, AKT1/PKBa, AKT2/PKB, and AKT3/PKB-y, that
are the products of distinct genes localized on chromosomes 14, 19 and 1, respectively. The
AKTL1, AKT2, and AKT3 genes belong to a class of genes known as oncogenes that when
altered via mutation, copy number, protein, or RNA, have the potential to cause normal cells
to become cancerous. AKT paralogs consist of an N-terminal pleckstrin homology (PH)
domain, a central kinase domain, and a C-terminal regulatory domain. The 100 amino acid
PH domain of AKT interacts with membrane lipid products such as phosphatidylinositol
4,5- bisphosphate (PIP2) and phosphatidylinositol (3,4,5)- trisphosphate (PIP3) for
recruitment to the cell membrane where activation occurs by phosphorylation at threonine
(T) and serine (S) residues. The PH domain of AKT is separated by 39 amino acids from
kinase domain [1]. The AKT kinase domain contains threonine residues for phosphorylation,
e.g. T308 on AKT1, T309 on AKT2, and T305 on AKT3. The C-terminal domain contains
the serine phosphorylation site of AKT, which is necessary for full AKT activity [2]. Serine
phosphorylation residues on AKT1, AKT2, and AKT3 are S473, S474, and S472,
respectively. As tested in non-small cell lung cancer cells (NSCLC), phosphorylation of
AKT at threonine but not serine residues correlates with AKT kinase activity [3].

AKT is activated by a variety of signaling cascades, but binding of natural ligands to
receptor tyrosine kinases (RTK) [4-7], G-protein coupled receptors (GPCR) [8-11], and
integrin-linked kinase (ILK) [12—15] are the major mechanisms by which AKT is recruited
to the cell membrane and activated by phosphorylation at serine and threonine residues.
GPCRs can also indirectly activate the PI3BK/AKT pathway by transactivating RTK and
integrin [16]. So far, RTKSs are the largest family of membrane-bound receptors that have
been identified, with 20 families and 58 transmembrane receptors [4]. Ligand binding to the
receptors results in activating phosphoinositide 3-kinase (PI3K), which contains regulatory
subunits for binding to the receptors and catalytic subunits for the generation of PIP3 by
phosphorylation of PIP2 [17]. PIP3 recruits AKT to the cell membrane followed by
conformational changes in its structure and phosphorylation at T308 by the PI3K-dependent
kinase-1 (PDK-1) [18]. For full activation, AKT needs to be phosphorylated at both
threonine and serine residues [2, 19, 20]. In contrast to the phosphorylation of threonine
residue by PDK1, so far no unique kinase has been discovered to be responsible for AKT
phosphorylation at serine residues. Rather, a variety of kinases have been demonstrated to
phosphorylate AKT at serine residues, downstream to PI3K. Among them are the PI3K-
related kinases, DNA-PKcs [21, 22], ATM [2], ILK [23, 24], and the rapamycin insensitive
companion of mammalian target of rapamycin (RICTOR) [25].
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There are conflicting results for the role of DNA-PKcs on AKT phosphorylation. The initial
studies for the role of DNA-PKcs were performed by employing the DNA-PKcs deficient
glioblastoma cell line MO59J and DNA-PKcs proficient MO59K cells [22]. According to
the results from our group and others, these cell lines have several other differences, e.g.
ATM expression that impact activation of AKT. We previously showed that S473
phosphorylation of AKT induced by ionizing radiation (IR) is impaired in MO59J cells [26].
However, neither IR-induced AKT phosphorylation nor epidermal growth factor receptor
(EGFR) ligand-induced phosphorylation of AKT at S473 were affected in DNA-PKcs
knockout HCT116 cells [26]. Since HCT116 cells are the only available isogenic cells for
DNA-PKcs, it is difficult to conclude if DNA-PKcs is a functional AKT-S473 kinase. Thus,
according to the existing reports on the role of DNA-PKcs on AKT phosphorylation and
conflicting reports on this issue, the best statement in this regard would be a cell line- and
context-dependent function of DNA-PKcs on serine phosphorylation. To date, studies on
phosphorylation of AKT have been centered on T308 and S473 on AKTL1. Currently, it is
unclear which pathways involved in AKT1 phosphorylation are applicable for
phosphorylating AKT2 and AKT3, a question that remains to be answered. AKT also
presents a PH domain-dependent, growth factor-independent activation step, which is
marked by constitutive phosphorylation of T50 and potentially S124 [27]. This
phosphorylation is most likely involved in stabilization of the AKT protein [28]. AKT is also
known to be phosphorylated at the T474 residue resulting in approximately 50% of AKT
activity in response to insulin growth factor-1 (IGF-1) [29] and epidermal growth factor
(EGF) [30]. In addition to phosphorylation of AKT, other post-translational modifications
such as ubiquitination, acetylation, glycosylation, oxidation, and SUMOylation might be
important for additional functions of AKT paralogs. Different AKT post-translational
modifications and their consequences for the AKT activity has been reviewed by Risso et al.
[31].

Following activation of AKT through upstream receptors, cells use protein phosphatases as
negative regulators to dephosphorylate AKT and turn off the AKT functions. Phosphatases
and tensin homolog deleted on chromosome 10 (PTEN) is one of the serine-threonine
phosphatases that deactivates AKT by dephosphorylating PIP3 [32]. PIP3 has also been
described to be the target of Inositol polyphosphate 4-phosphatase B (INPP4B). Thus, PTEN
and INPP4B, by reversing PIP3 to PIP2, interferes with accumulation of AKT and PDK1 to
the cell membrane and, likewise, leads to releasing inactive AKT from the membrane to the
cytoplasm. AKT signaling is also terminated after direct targeting by protein phosphatase
2A (PP2A) and PH domain leucine-rich repeat protein phosphatase (PHLPP) at T308 and
S473, respectively [33]. PHLPP consists of two isoforms, PHLPP1 and PHLPP2, which
selectively terminate AKT-signaling pathways through the inactivation of different AKT
paralogs, 7.e. modulating the phosphorylation of HDM2 and GSK-3 alpha through
dephosphorylating AKT2, and modulating the phosphorylation of p27 through
dephosphorylating AKT3 [34]. The specific impact of phosphatases on cell proliferation and
survival has been comprehensively reviewed by Narla ef a/. [35]. In addition to
phosphatases, phosphorylation of AKT is also regulated by AKT interacting proteins such as
CTMP, Trb3 and Keratin K10, which negatively regulate AKT activation [28]. AKT
paralogs regulate a wide variety of cellular responses, e.g. cell growth, proliferation,
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survival, metabolism, and angiogenesis. Details on the cellular functions of AKT have been
reviewed previously [36, 37].

2. AKT/PKB and its role in human cancers

2.1. Activation status of AKT in tumor cells from different origins

Various studies have reported that the overexpression of phosphorylated AKT (pAKT) is a
key defect in many types of solid tumors. pAKT is overexpressed due to an aberrant
activation of upstream of growth factor receptors via numerous mechanisms. Furthermore,
AKT is also an important signaling molecule with over 100 downstream target substrates
that are involved in cell survival and proliferation. Shao et a/. [38] recently showed that there
was a close correlation between AKT copy number variations and its gene expression in
human cancer cell lines and patient samples.

Breast cancer—It has been reported that pAKT overexpression is a negative prognostic
factor for breast cancer in terms of both overall survival (OS) and disease-free survival
(DFS) [39]. In 2018, Luo et al. [40] demonstrated that AKT was activated in 42.4% of breast
invasive ductal carcinoma (BIDC) by immunohistochemical analysis (IHC). There was
significantly higher expression of pAKT in BIDC compared with the noncancerous control
breast tissues (£=0.001). They also found that high expression of insulin receptor substrate
1 was significantly associated with positive expression of pAKT. Park et al. [41] reported
that pAKT expression was confined to the invasive tumor components, with no staining in
normal breast epithelial cells by IHC. In primary breast cancer tissues, 37 cases (29.1%) had
a high nuclear pAKT score and 46 cases (36.2%) exhibited a high cytoplasmic pAKT score.
These researchers also found that pAKT expression was significantly correlated with HER2
overexpression (p<0.001). Another study with 252 primary human breast carcinoma
specimens investigated the incidence of AKT activation and the relationships between AKT
activation and other tumor markers by IHC staining [42]. They observed that 33.3% of
primary breast cancers were positive for pAKT expression. In addition, they demonstrated
that AKT activation was significantly associated with resistance to endocrine therapy in 36
metastatic breast cancers. Collectively, these data revealed that pAKT might be a useful
predictor of resistance to endocrine therapy, and inhibition of AKT may increase the efficacy
of HER2 or endocrine therapy in breast cancer.

Lung cancer—The activation of AKT and its downstream effectors have been investigated
in non-small cell lung cancer (NSCLC) extensively. Either AKT-S473 or -T308 were
phosphorylated in most NSCLC specimens, but phosphorylation was detected rarely in
surrounding normal lung tissues. For example, Tsurutani et al. [43] showed that AKT
activation was specific for NSCLC tumors versus surrounding tissue (73.4% vs 0%;
F£<0.05). They also observed that AKT activation was more frequent in adenocarcinomas
than in squamous cell carcinomas of the lung (78.1% vs 68.5%; P=0.04) as well as being
associated with shorter OS for all stages of disease (log-rank £=0.04). In 2009, Yoshizawa et
al. [44] reported that pAKT was overexpressed in 78% of NSCLC. Once again, pAKT was
detected more frequently in adenocarcinomas (43%) than squamous cell carcinomas (36%),
but this observation did not reach statistical significance. The 5-year survival rate was
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significantly lower in patients with pAKT positive tumors. Jin ef a/. [45] examined 99
NSCLC patients for the relationship between the level of pAKT expression and the risk of
brain metastasis. The data showed that patients with high level expression of pAKT had
higher cumulative probabilities of developing brain metastases. Investigations by Daobashi
and colleagues [46] utilized 135 lung carcinomas to examine the incidence of pAKT
dysregulation and its correlation with EGFR alterations by IHC. They found that 35% of
cases exhibited increased copy number of the AKT gene. In addition, nuclear accumulation
of pAKT was more frequent in tumors with EGFR mutations. Based on these findings, they
concluded that a combination of AKT-targeted therapies with conventional treatments might
be required for improved therapy of NSCLC.

Head and Neck Squamous Cell Carcinoma—In 2007, Molinolo et a/. [47] established
a Head and Neck Squamous Cell Carcinoma (HNSCC) tissue microarray using 1300 cases.
They found that both AKT phosphorylated forms, pAKT-S473 and pAKT-T308, were
present in the cytoplasm. In addition, some nuclear pAKT-S473 expression was detected.
Cluster analysis using 327 HNSCC samples and 9 normal oral tissues showed that EGFR
activation was not closely related with the activation of AKT and its downstream target
mTOR. They also demonstrated that there was a significant correlation between pAKT-
T308, pAKT-S473, and pS6. The PI3K/AKT signaling pathway was also aberrantly
activated in HNSCC. Mutations of PIK3CA was one of the most common alterations in
HNSCC tumors. Mundi ef a/. [48] recently summarized the frequency of mutation in the
PI3K/AKT pathway genes such as PIK3CA, PTEN, PIK3R1, PIK3CG, and AKT1in
different type of cancers. Another study utilized 116 patients who were diagnosed with
advanced oropharyngeal SCC [49]. Molecular analysis showed 25% of patients had HPV16-
related tumors whereas 75% patients had non-HPV16-related tumors. Further analysis
revealed that pAKT-S473 was highly expressed in non-HPV16-related tumors (53%)
compared to HPV-related tumors (18%). This result showed a significant correlation
(p<0.02). Activation of AKT has also been correlated with poor prognosis in HNSCC. Islam
et al. [50] performed IHC and selected HNSCC biopsies that were positive for vascular
endothelial growth factor A (VEGFA). IHC analysis revealed that patients whose tumors
expressed both VEGFA and pAKT-S473 had a poor prognosis. These results suggested
further research is necessary to determine the most effective approaches for suppression of
PI3K/AKT signaling in HNSCCs.

Pancreatic cancer—KRAS is one of the major stimulators of PI3K/AKT pathways and is
mutated in about 90% of pancreatic cancers. Consequently, the PI3BK/AKT signaling is one
of the most commonly deregulated signaling pathways in pancreatic cancer [51]. Mao et al.
[52] utilized a pancreatic tissue microarray with 91 pancreatic cancer cases and 51 normal
pancreatic tissues to determine the expression of AKT by IHC. The results showed 59% of
tumor tissues exhibited AKT positive staining, while only 27% of normal pancreatic tissues
had AKT positive staining. They also evaluated inhibition of the PI3BK/AKT pathway with
LY294002 using the BXPC-3 xenograft model. Both the tumor volume and the weight were
inhibited by this PI3K inhibitor. In 2017, Massihnia et al. [53] investigated pAKT expression
levels in a pancreatic ductal adenocarcinoma (PDAC) tissue microarray with a cohort of
radically resected tumors (n=100). They found a significant correlation between high pAKT
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protein expression and both shorter OS and progression-free survival (PFS). In 2018,
Sinkala et al. [54] performed survival, clustering, and integrative pathway and network
analysis with 185 pancreatic ductal adenocarcinoma (PDAC) patients’ datasets from TCGA.
These datasets comprised clinical information of cellular transcription data, protein
expression data, genomic mutations, and copy number alterations. They found that
alterations in specific PI3K-AKT pathway genes were more apparent in one of the subtypes
called quasi-mesenchymal PDAC. They also demonstrated that AKT was altered in 27% of
all PDAC tumors.

Glioblastoma multiform—Glioblastoma multiform (GBM) exhibits very complex
pathogenesis that involves mutations as well as alterations of various cell signaling pathways
including PI3K/AKT. The occurrence of GBM is frequently associated with molecular
changes in EGFR and the PI3BK/AKT signaling pathway. Mizoguchi et al. [55] performed
IHC to explore the status of EGFR, AKT and other markers in a series of 55 GBMs and 27
anaplastic astrocytomas. AKT activation correlated significantly with positive EGFR IHC
staining (p=0.001). In 2013, Wuchty et al. [56] combined matched genomic alteration and
gene expression data from GBM patients. They used a nonlinear machine learning approach
to examine associations between genomic copy number alterations and gene expression of
signaling pathways. These results suggested that combination therapy with EGFR inhibitors
and drugs targeting the PI3BK/AKT/PTEN pathway would be a potentially useful approach
for GBM treatment. To determine if AKT signaling was altered in GBM cell lines, Gallia et
al. [57] used 16 established GBM cell lines to examine phoisphorylation levels of AKT.
They found moderate to very strong phosphorylation levels of AKT in most of GBM cell
lines. One of the PISK/AKT inhibitors, A-443654, resulted in reduced cell proliferation of
GBM cells. These results suggested that PI3BK/AKT pathway is important in GBM
pathogenesis.

2.2. Radiochemotherapy-induced AKT activation and its impact on treatment outcome

RTKSs are the major membrane bound receptors that stimulate AKT in cells treated with the
appropriate ligands. About 65% of these receptors are known to be dysregulated in different
human cancers [4], which leads to stimulating AKT activation. Among these receptors,
erbB/EGFR, platelet-derived growth factor receptor (PDFGR), vascular endothelial growth
factor receptor (VEGFR), fibroblast growth factor receptor (FGFR) are those families with
the most frequent mutations and dysregulations. The other components of the PI3K/AKT
pathway are also frequently mutated in human cancers and lead to enhanced
phosphorylation of AKT. These include gain of function mutations in P/K3CA encoding the
p110a protein in the catalytic subunit of PI3K, RAS isoforms (KRAS, HRAS and NRAS),
as well as loss of function mutations in AKT phosphatases PTEN and PHLPP. Constitutive
activation of AKT is achieved by the mutation in AKT paralogs as well. For example, the
E17K mutation in AKTI gene causes permanent AKT1 kinase activity and phosphorylation
at T308 and S473, in association with its membrane localization. This results in constitutive
activation of AKT substrates independent of upstream membrane-bound receptors, as
reported for tumors from different origin, e.g. lung, breast, bladder, endometrial and
colorectal [58-61]. The E17K mutation has also been reported in AK73gene that results in
full AKT3 activity by phosphorylation at S472 and T305 [62].
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Besides upregulation and hyperactivation of AKT in tumor cells as well as activation of
AKT induced by ligands, conventional cancer treatment modalities, /.e. radiotherapy and
chemotherapy, induce activation of AKT. Exposure to IR in the range of clinically relevant
doses induces a ligand independent immediate phosphorylation of AKT that occurs within 0
to 60 minutes after irradiation [63—72]. It is also known that IR stimulates autocrine release
of EGFR ligand, /.e. transforming growth factor a (TGFa) that stimulates EGFR and,
consequently, EGFR-dependent activation of mitogen-activated protein kinase (MAPK)/
extracellular regulated kinase (ERK1/2) within 2 to 24 hours [73, 74]. According to this
report, the delayed activation of EGFR can result in a second phase of activation of AKT, in
a ligand-dependent manner, as shown for example at 6 hours after irradiation in NSCLC cell
line A549 [75]. IR induces phosphorylation of AKT through PI3K [64, 69, 76], and the level
of phosphorylation is radiation-dose independent [75]. Almost all of the investigation related
to IR and phosphorylation of AKT have been performed using antibodies against phospho-
AKT1 S473 and T308. Thus, further investigation will be necessary to study
phosphorylation status of AKT2 and AKT3 after irradiation.

Chemotherapy agents also induce phosphorylation of AKT. Cisplatin is an effective DNA-
damaging antitumor agent for treating variety of human cancers that is known to induce
AKT phosphorylation in tumor cells from different entities [72, 77, 78]. Activation of AKT
by cisplatin leads to cisplatin-resistance, as downregulation of AKT and targeting PI3K
reverses platinum resistance of human ovarian cancer cells [79] and triple negative breast
cancer (TNBC) cells [80], respectively. Likewise, it was shown that the specific AKT
paralogs AKT2 and AKT3 might be involved in chemoresistance to cisplatin in uterine
cancers [81]. In a different study, Girouard et a/. demonstrated that AKT1 and AKT2 but not
AKT3 are the molecular mechanisms that govern chemoresistance of endometrial
carcinomas [82]. AKT inhibitor MK2206 that is in clinical trials was shown to improve
cisplatin’s effect in gastric cancer cells [83]. Together, it seems that the activation of the
AKT pathway is one of the major mechanisms involved in intrinsic and acquired resistance
to chemotherapy agents. Due to the well-described function of AKT in cell survival, protein
synthesis, and proliferation, AKT activity can evade the cytotoxic effect of chemotherapeutic
agents, leading to chemoresistance. This is mainly due to protecting cells from drug-induced
apoptosis [77] through the apoptosis intrinsic pathway, e.g. by inactivating proapoptotic
proteins BAD and caspase 9 and stimulating anti-apoptotic proteins MCI-1, or through
upregulation of survivin as an inhibitor of apoptosis. Details on inhibition of apoptosis by
AKT activity after chemotherapy have been reviewed by Huang and Hung [84].

Following radiotherapy, cells use a complex network of signal transduction known as DNA
damage response (DDR) to protect themselves against the effects of IR. As an initial step in
DDR, cells are transiently arrested in different cell cycles, 7.e. G1/S and G2/M checkpoints.
Following cell-cycle arrest, cells employ different repair mechanisms such as nucleotide
excision repair, base excision repair, mismatch repair, and double strand breaks (DSBs)
repair pathways to fix DNA damage. DSBs are the major cause of IR-induced cell death in
radiotherapy, and clinical data exists indicating prognostic value of pAKT1-S473 for
radiotherapy response such as in HNSCC and cervical cancer [85, 86]. IR-induced DSBs are
repaired by either homologous recombination (HR) during G2/M phase or non-homologous
end-joining (NHEJ) through the entire cell cycle [87]. Details of DSB repair pathways have
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been comprehensively discussed and reviewed previously by other investigators [88—90].
Activated AKT stimulates repair of radiation-induced DSBs [6, 7, 91, 92]. In this context,
DNA-PKcs is the major component in NHEJ repair of DSB that directly interacts with the
C-terminal domain of AKT1 [93, 94]. In this complex, activation of AKT1 phosphorylates
DNA-PKGcs and stimulates function of DNA-PKcs in DSB repair. As a consequence to the
complex formation of AKT with DNA-PKGcs, it is expected that hyperactivation of AKT, e.g.
due to deregulation of RTKs, PI3K, AKT, RAS, and PTEN, leads to efficient DSB repair and
radiotherapy resistance as reported before from different laboratories [68, 94-97]. Among
different RTK members, the role of EGFR in DSB repair has been well investigated [98].
EGFR, through phosphorylating ATM at tyrosine (Y) site Y370, induces Chk2 activity [99],
which leads to G1 cell cycle arrest, a prerequisite for NHEJ and HR, which are also
stimulated by EGFR. EGFR activates DNA-PKcs [98, 100], which is involved in NHEJ and
forms a complex with BRCAL to facilitate HR [101]. Additionally, EGFR tyrosine kinase
activity stimulates PCNA phosphorylation at Y211, which is necessary for the stabilization
of the chromatin-bound PCNA protein and its function [102]. Y72 phosphorylation of
histone 4 (H4), which accelerates DNA synthesis and repair, is also partially dependent on
EGFR [103]. IGF1R is the second well-studied RTK that was shown to be expressed in the
nucleus and mediates radioresistance through stimulating DSB repair [104, 105]. A very
recent publication by Chalmers’ group showed that VEGFR also activates DNA repair via
AKT and DNA-PKcs in 3D conditions [106]. Further studies support the link between the
PI3K/AKT activity and radiation resistance in different tumor entities both in preclinical /n
vitroand in vivo studies [64, 67, 70, 96, 97, 107-110]. AKT1 is involved in Rad51 protein
expression as well [111]. AKT1 knockdown leads to reduced Rad51 foci formation after
irradiation and enhanced frequency of residual BRCA1 foci as an indication for deficient
HR [111]. Regarding the role of AKT in HR, similar data was reported in PTEN-mutated
P13K-hyperactivated cells [112], so activation of AKT seems to be necessary for Rad51
protein expression. This issue needs to be further investigated in more detail. In addition to
the well-described function of AKT, especially the AKT1 paralog, in repair of DSBs through
NHEJ and HR, a recent report by Villafafiez and colleagues showed that AKT inhibition
impairs translesion DNA synthesis activation and replication fork processes. This finding
was remarkable when the combination of UV irradiation and AKT inhibition led to robust
synthetic lethal induction in HR-deficient cells [113], indicating two parallel mechanisms
stimulating post-irradiation cell survival. In terms of applicability of this finding to cancer
therapy, it can be suggested that combining AKT inhibitors with replication stress inducing
chemotherapy agents such as cisplatin may improve treatment outcome. In support of this
conclusion, Nagel et al. showed that inhibition of the replication stress response machinery,
such as by using Chk1 and ATM inhibitors, acts synergistically in combination with
cisplatin chemotherapy. [114].

To function as a DNA repair stimulus, AKT needs to be expressed in the nucleus
immediately after irradiation. So far, there is no solid data supporting nuclear translocation
of AKT after irradiation or stimulation with growth factor receptor ligands. In a previous
report, we could show that exposure to IR or stimulation with EGF induces phosphorylation
of AKT1 at S473 in the cytoplasmic and nuclear fractions of NSCLC A549 cells. However,
careful analysis of AKT1 expression revealed that neither IR nor EGF induce nuclear

Mutat Res. Author manuscript; available in PMC 2021 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

lida et al.

Page 9

translocation of AKT [26]. Radiation-induced phosphorylation of nuclear AKT depends on
HER2 [26, 66] as the major heterodimerization partner for other erbB members, EGFR,
HER3, and HER4. However, IR does induce nuclear translocation of HER2 in NSCLC cells
[26]. Thus, it can be concluded that nuclear AKT is directly phosphorylated in the nucleus
independent of the cytoplasmic fraction. In line with this conclusion, Nneguen et a/. [115]
reported that treatment with nerve growth factor induces strong phosphorylation of nuclear
AKT at S473, which, to us, makes it clear that the level of phosphorylation of AKT in the
nuclear fraction does not correlate to the level of translocated AKT. Phosphorylation of
AKT1 at T308 depends on PI3K and PDK1. Both of the kinases are found in the nucleus
[116, 117]. Additionally, the kinases involved in AKT1 phosphorylation at S473, 7.e. DNA-
PKcs [21, 22] and ATM [2] are mainly localized in the nucleus. Thus, as outlined in Fig. 1,
in principle cell nuclei contain all necessary components to initiate phosphorylation of AKT
in the nucleus. In this regard, Rubio et a/. [118] showed the presence of a nuclear-associated
signaling cascade involving PI3K and PDK that presumably influences activation of nuclear
AKT, independent of the cytoplasmic fraction. The idea of direct phosphorylation of AKT in
the nucleus is also supported by the fact that in order for AKT to stimulate the NHEJ repair
pathway, it needs to be translocated to the nucleus immediately after irradiation. This
observation is not supported by literature, and our unpublished data also indicates that
stimulation of AKT by neither IR nor by receptor ligands can induce nuclear accumulation
of AKT within 24 hours after stimulation.

2.3. Reactivation of AKT after RTK targeted therapies

In the last few decades, molecular targeting of RTKs have been applied as treatment for
various solid tumors. There are two major avenues of RTK targeted therapies — monoclonal
antibodies (mAbs) and small-molecule inhibitors. Specific mAbs bind to unique epitopes on
the RTK whereas small molecule inhibitors block the kinase domain and prevent the
phosphorylation of the RTKSs.

Despite great progress in cancer treatment resulting from RTK molecular targeting therapies,
acquired resistance occurs frequently due to the various types of feedback mechanisms
including reactivation of AKT. Yoon et a/. [12] inhibited the mTOR pathway in melanoma
cells and found that pAKT-S473 was upregulated after 48 hours. Jacobsen et a/. [119]
showed that AKT pathway activation is a convergent feature in EGFR-mutant PC9 NSCLC
cells with acquired resistance to EGFR tyrosine kinase inhibitors (TKIs, such as gefitinib
and erlotinib). They found that combining an EGFR TKI with an AKT inhibitor induced
significant growth inhibition /n vitroand in vivo. They also examined clinical samples and
found that pAKT was increased in the majority of EGFR-mutant patients after progression
on EGFR TKiIs. Furthermore, the high levels of pAKT in patients prior to EGFR-TKI
treatment correlates with significantly worse PFS and OS after first-line EGFR-TKI
treatment. In 2013, Lee and colleagues [120] investigated possible mechanisms responsible
for acquired resistance to HER2-tageted therapy in gastric cancer. They applied Ingenuity
Pathway Analysis to explore the extent to which activation of signaling pathways contributes
to resistance to EGFR/HER2-targeted therapy. They found that lapatinib (dual EGFR and
HER2 TKI)-resistant HER2-positive gastric cancer cells upregulated phosphorylation of
EGFR/HER2, and MET appeared to be closely related to activation of PI3K/AKT and
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ERKZ1/2. Stuhlmiller et al. [121] sought to understand the bypass mechanisms toward HER2
inhibition using lapatinib-induced kinome adaptation in a panel of HER2-positive breast
cancer cell lines. They found that activation of AKT was inhibited at 4 hours by lapatinib but
became reactivated over 72 hours in SKBR-3 and BT474 luminal HER2-positive breast
cancer cells. Our laboratory established a series of cetuximab-resistant cells /in vitro
following long-term exposure to cetuximab in NSCLC cells [122]. We found that total
protein levels and activation of EGFR were upregulated in cetuximab-resistant cells.
Furthermore, AKT has increased activity in cetuximab-resistant cells. In addition, the
heightened activation of AKT substrates including c-jun, GsK3p, elF4e, rps6, IKKa, IRs-1
and Rafl was observed in cetuximab-resistant cells compared to cetuximab-sensitive
parental control cells [123]. Gilles et al. [124] reported that acquired erlotinib-resistant
HNSCC cells had reduced EGFR/pEGFR expression levels and increased AKT/pAKT
expression levels. They also found increased AXL/pAXL expression levels by phospho-RTK
array analysis in erlotinib-resistant HNSCC cells. Using glioblastoma cells, Martinho et al.
[125] assessed AXL inhibition in two glioblastoma cell lines with distinct AXL levels using
sunitinib or cediranib (pan-RTK inhibitors). They found that AXL inhibition by shRNA
induced a cellular rewiring of several growth signaling pathways through activation of
EGFR and AKT pathway in these glioblastoma cells. These data suggested that deregulation
of one signaling pathway can sometimes alleviate or bypass the “oncogene addiction” in
another pathway.

3. Targeting AKT/PKB
3.1. Targeting AKT/PKB in combination with radiochemotherapy

AKT is frequently hyperactivated in tumors from different entities. As discussed above,
activated AKT stimulates DSB repair and blocks apoptosis after radiochemotherapy. Thus,
targeting AKT will hamper DSB repair and enhance DNA damage-mediated mitotic
catastrophe and apoptosis [126, 127]. Consequently, molecular targeting of AKT may be a
promising strategy to treat cancers. This approach can be effective especially in those tumors
with resistance to RTK antagonists or tumors with mutations in the components of
PI3K/AKT pathway such as in genes encoding PI3K, AKT phosphatases, or AKT itself.
Targeting AKT is achieved using either ATP competitive inhibitors that target the ATP
binding pocket or allosteric inhibitors that function by blocking the kinase activity of AKT
and preventing phosphorylation and activation of AKT by PDK1 and PDK2 [128].

Several AKT inhibitors such as AZD5363, GDC-0068 (ipatasertib), and MK-2206 have
been tested in early phases of clinical trials as monotherapies or in combination therapies. A
partial response to the catalytic AKT inhibitor AZD5363 that inhibits all AKT paralogs
[129] was observed in patients with metastasized breast and ovarian cancer with tumors
containing the AKT1-E17K mutation following monotherapy in phase I clinical trials [130].
In the same study, the modest monotherapy activity of AZD5363 was reported in the MGH-
U3 bladder cancer model with an activating mutation in FGFR3 [130]. From this study, it
was concluded that hyperactivation of AKT, e.g. due to the E17K mutation, may predict
clinical response to AZD5363. This conclusion was further supported by the effect of
AZD5363 in Japanese patients with advanced solid tumors [131]. Likewise, in a phase 1l
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trial, effectiveness of AZD5363 was shown in PIK3CA-mutated breast and gynecologic
cancers [132]. Importance of hyperactivation of AKT as predictive marker for response to
AKT inhibitors is confirmed in patients with solid tumors treated with AKT inhibitor
GDC-0068. The marked effect, tested by metabolic PET response after treatment with
GDC-0068, was observed in those patients with hyperactivation of the PI3BK/AKT pathway
due to decreased PTEN expression, PIK3CA mutations, and AK 71 mutation [133]. Since
the majority of the AKT inhibitors were applied as monotherapy in patients without
selection for mutations in the AKT pathway, often a limited anti-tumor activity by the AKT
inhibitors was reported. Therefore, the investigations on AKT inhibitors have focused on the
combination of the inhibitors with standard cancer therapy approaches. MK-2206 is an
allosteric AKT inhibitor that has been investigated in several early phase I clinical trials to
test toxicity and the anti-tumor activity in combination with the traditional therapeutic
approaches (Table 1). In some studies, AKT inhibitors were applied with other molecular
targeting approaches as well. KRAS mutation leads to the activation of the MAPK and
PI3K/AKT pathways. In this regard, it has been shown that combination of MK-2206 with
MEK inhibition may be a therapeutic strategy in KRAS-mutated solid tumors [134]. There
are also studies that reported no advantage of the combination of MK-2206 with other
targeting approaches. In this context, in a phase Il trial of the combination of MK-2206 with
the aromatase inhibitor anastrozole, MK-2206 did not add to the efficacy of anastrozole
alone in PIK3CA-mutant ER* breast cancer [135]. In this study, a lack of effect of MK-2206
on AKT substrate PRAS40 was shown [135]. This might be due to the compensatory
activation of AKT substrates through alternative parallel pathways. Overlapping toxicities in
combination therapies is often a limiting factor to achieve clinical activity. This issue has
been also addressed in a phase Il trial of the combination of AKT inhibitor MK-2206 with
MEK inhibitor selumetinib that led to no objective responses in CRC patients stratified for
KRAS mutation [136].

Besides these well-described AKT kinase and allosteric inhibitors, there are compounds that
are known to block AKT activity. Perifosine is one of those compounds in that its partial
activity is AKT-dependent by targeting the PH domain of AKT, thereby preventing AKT
accumulation to the plasma membrane [137]. Perifosine as a monotherapy was well
tolerated in neuroblastoma in phase | studies [138, 139] and with efficacy demonstrated in
ovarian cancer patients with PIK3CA mutations and endometrial cancer patients with
PIK3CA wild-type [140]. Absence of PTEN expression was supposed to be predictive of
clinical efficacy of perifosine in monotherapy [140]. So far, the results obtained from
combinational studies with radiotherapy in a phase | trial and with chemotherapy in a phase
Il trial are promising (Table 1) [141, 142]. Similar to the AKT kinase or allosteric inhibitors,
these class of compounds have also been investigated in combination with other molecular
targeting approaches. Basal AKT activity as well as reactivation of AKT after targeting
mammalian target of rapamycin (MTOR) is one of the mechanisms involved in limited
efficacy of mTOR targeting strategies. Thus, as suggested by Holler et al. [143], co-targeting
of AKT and mTOR might be an efficient approach to improve effect of DNA damaging
cancer treatment strategies. To this aim, the combination of perifosine with mTOR inhibitor
temsirolimus in a phase | clinical trial for recurrent pediatric solid tumors was shown to be
safe and feasible [144]. A recent phase |1 trial by Kaley et a/. [145] demonstrated that
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perifosine is tolerable but ineffective as monotherapy for glioblastoma multiform (GBM).
Based on preclinical data, these authors suggested the combination of perifosine with other
therapeutic approaches [145]. Nelfinavir as a human immunodeficiency virus protease
inhibitor has been described to be an effective compound to block AKT dependent survival
pathway and induce radiosensitization [146]. Acceptable toxicity and promising activity of
nelfinavir in the combination with radiochemotherapy of NSCLC, rectal cancers, and
pancreatic cancers has been reported [147-151] (Table 1).

Altogether, the so far obtained results from preclinical investigations as well as early-phase
clinical trials support the rationale for targeting AKT only in combination with other cancer
treatment approaches.

3.2. Targeting AKT in combination with RTK targeted therapies or immunotherapy

It has been reported that inhibition of the PI3K/AKT pathway with RTK inhibitors may be
an effective strategy for cancer therapy in the setting of acquired resistance [158]. In a pre-
clinical study with cetuximab-resistant cells, the combination of cetuximab with the
allosteric AKT inhibitor MK-2206 resulted in further decreases in proliferation than either
drug alone [123]. Stuhlmiller et al. [121] showed that the combination treatment with JQ1,
an inhibitor of BET family bromodomains (major epigenetic regulators), plus lapatinib was
required to substantially suppress transcription of many adaptive response RTKs implicated
in resistance including HER2, HER3, DDR1, FGFR2, IGF1R, and MET. They also showed
that this drug combination prevented reactivation of AKT/p70-S6K signaling. Using 3
different pharmacological inhibitors of growth factor receptors, Yoon et a/. [12] found that
inhibition of IGF1R/IR, but not EGFR or PDGFR, blocked AKT re-phosphorylation that is
mediated by mTOR inhibition. Song et al. [159] explored the drug resistance mechanisms of
the KRAS or BRAF mutant colorectal cancer (CRC) cells. They found that inhibition of
AKT increased the phosphorylation of RTKs in KRAS/BRAF mutant CRC cells. The
combination of AKT inhibitor (MK2206) and RTK inhibitors (Lapatinib, OSI-906 or
jnj38877605) showed a synergistic effect in KRAS/BRAF mutant CRC cells. Feng et al.
[160] found increased FGFR signaling in advanced prostate cancer. Their studies
demonstrate additive effects on cell proliferation by AZD4547 (FGF receptor kinase
inhibitor) and AZD5363 (AKT kinase inhibitor) in prostate cancer cell lines in vitroand in
vivo. Another in vivo study that was conducted by Crafter ef a/. [161] demonstrated that the
effects of the combination of an AKT inhibitor (AZD5363) and a novel EGFR/HER2/HER3
signaling inhibitor (AZD8931) in the HCC1954 breast cancer xenograft model. HCC1954
cells are a HER2-amplified, PIK3CA mutant cell line that is resistant to therapy with the
anti-HER?2 therapeutic antibody trastuzumab. Monotherapy with AZD5363 or AZD8931
inhibited tumor growth by 42% and 39% respectively, compared with vehicle controls. The
combination of AZD5363 and AZD8931 was well tolerated and caused pronounced tumor
regression that was sustained for the duration of the dosing period.

We identified 17 clinical trials focused on the treatment of solid malignancies evaluating
PI3K/AKT inhibitors in combination with RTK inhibitors or immunotherapy (Table 2,
https://clinicaltrials.gov). Cancer immunotherapy, specifically, the development of anti-
programmed cell death 1 (PD-1) and anti-programmed cell death 1 ligand 1 (PD-L1)
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antibodies as immune-checkpoint inhibitors, has recently become a viable option for the
treatment of many advanced cancer types. In 2019, Larkin et al. [162] reported that 5-year
OS was 52% for advanced melanoma patients who received anti-CTLA-4 and anti-PD-1
combination therapy. This was a landmark study because a decade ago only 5% these
patients were still alive after five years. Some of the targeted therapies actually inhibit not
only tumor cells, but also directly modulate immune cells [163] [164] [165] [166]. Recently,
Kashikara et al. [164] showed that expression of TAM (Tyro3, AXL, MerTK) family
receptors in MCF10A normal breast epithelial cells induces chemoresistance, proliferation,
and AKT activation. Furthermore, they examined the effect of treating TNBC cells with a
TAM inhibitor (BMS-777607) plus an anti-PD-1 mAb [163]. Combinatorial BMS-777607
and anti-PD-1 mAb treatment showed enhanced antitumor effects compared with
monotherapy (P<0.0001), as well as reduced lung metastatic nodules /n vivo (P<0.01).
Using lung cancer models, Lastwika et a/. [167] revealed a strong association between PD-
L1 expression and activation of the AKT/mTOR pathway in lung cancer. They showed that
inhibitors of PI3K (LY294002), AKT (TCN-P), or mTOR (rapamycin) decreased PD-L1
expression in NSCLC cell lines. In addition, rapamycin decreased PD-L1 expression levels
in lung tumor /n vivo models. Despite the impressive developments of immunotherapy in the
treatment of patients with metastatic cancer, the majority of patients still relapsed,
demonstrating that like RTK targeted therapies, acquired resistance to immunotherapies
frequently occur [168] [169] [170]. A further understanding of the effect of targeted therapy
on tumor cells and immune cells may provide valuable insights to help design new strategies
for combination therapies.

4. Perspective and Conclusions

In this review, we discussed the role of AKT in human cancer, mechanisms of resistance to
therapy, and ongoing strategies that target AKT in combination with other treatments to
improve clinical outcomes. So far, tremendous effort has been devoted to targeting upstream
stimulators of PISBK/AKT pathway such as RTKs in combination with DNA damage-
inducing therapies, e.g. radiotherapy and chemotherapy. Despite some promising long-term
responses, many of the tumors that initially respond to treatment eventually manifest
resistance. The PI3K/AKT pathway is a central signaling hub that is crucial for tumor cell
survival. Successful inhibition of PI3K/AKT in tumors is likely to provide a significant
clinical benefit for cancer patients. Therefore, approaches that simultaneously target AKT in
combination with radiochemotherapy or other molecularly targeted strategies including
immunotherapy may provide a more effective approach to improve cancer treatment
outcomes for the future.
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Fig. 1.
Activation of AKT mediates therapy resistance in solid tumors. lonizing radiation,

chemotherapy agents, and ligand-induced activation of membrane-bound receptors induce
activation of AKT. AKT activity stimulates DNA repair leading to inhibition of apoptosis
(induced by chemotherapy) and preventing mitotic catastrophe (induced by irradiation). IR-
induced AKT activation in nuclear fraction is independent of AKT phosphorylation in
cytoplasmic fraction. Please see the text for more details on the depicted signaling pathways.
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Clinical trials of the AKT antagonists in combination with other treatment approaches in patients with solid

tumors.
Drug Combination Tumor type Outcome Reference
AZD5363, KI | CT/phase 1 mCRPC RP2D: 320 mg BID [152]
Ipatasertib, KI | HAT-abiraterone / phase 2 mCRPC Superior antitumor activity to HT [153]
CT / phase 11 mTNBC Longer PFS [154]
MK-2206, Al MEK inhibitor / phase 1 KRAS-mutated solid tumors | Durable response [134]
CT / phase 1 advanced solid tumors Well-tolerated, antitumor activity [155]
CT / phase 1 breast cancer Antitumor activity [156]
Anastrozole (aromatase ER+ breast cancer Well-tolerated [157]
inhibitor) / phase 1
Anastrozole (aromatase PIKCA-Mutant ER+/HER2- No advantage of the combination [135]
inhibitor) / phase 2 Breast Cancer
Selumetinib (MEK inhibitor) CRC No objective response [136]
Perifosine RT / phase 1 NSCLC, prostate, Recommended phase |1, 150 mg/day, [141]
oesophageal, colon and started one week prior to RT
bladder cancer
mTOR inhbitior / phase 1 recurrent pediatric solid Well-tolerated [144]
tumors.
CT / phase 2 mCRC Promising clinical activity [142]
Nelfinavir RT / Phase 1 rectal cancer Well tolerated and good tumor [148]
regression
CRT / Phase 1 rectal cancer Nelfinavir 750 mg recommended phase [149]
1
CRT / Phase 1 NSCLC Acceptable toxicity and promising [150]
activity
CRT / Phase 1 pancreatic cancer Acceptable toxicity and promising [151]
activity
CRT / Phase 2 pancreatic cancer Acceptable toxicity and promising [147]

activity

CT: chemotherapy CRT: chemoradiotherapy; RT: radiotherapy; HT: hormone therapy; NSCLC: Non-small cell lung cancer; RP2D: recommended
phase Il dose; mCRPC: metastatic castration resistant prostate cancer; mTNBC: metastatic triple-negative breast cancer; PFS: progression-free
survival; Kl: kinase inhibitor; Al: allosteric inhibitor; CRC: colorectal cancer; mCRC: metastatic colorectal cancer
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Table 2.
Clinical trials: PI3K/AKT inhibitors in combination with RTK inhibitors or immunotherapy
Clinical trial .
number Study Title Drug Cancer Phase
Adenocarcinoma of the
gastroesophageal junction,
HER2-positive breast cancer,
Akt Inhibitor MK22086, lapatinib male breast cancer, recurrent
ditosylate, and trastuzumab in treating : o breast cancer, recurrent
- ' MK-2206 in combination ;
patients with Locally advanced or p esophageal cancer, recurrent
NCT01705340 metastatic HER2-positive breast, gastric, \I/;lt;ltit;?gtuzumab & gastric cancer, stage 111C breast Phase 1
or gastroesophageal cancer that cannot be P cancer, stage I11C esophageal
removed by surgery cancer, stage I11C gastric cancer,
stage IV breast cancer, stage IV
esophageal cancer, stage 1V
gastric cancer

MK-22086, paclitaxel and trastuzumab in MK2206+ weekly

NCT01235897 | treating patients with HER2- paclitaxel with or Advanced solid tumors Phase 1

overexpressing solid tumor malignancies without trastuzumab
MSC236331 8A, a dual
First-in-human dose escalation trial in p70S6K/Akt inhibitor .
NCT01971515 subjects with advanced malignancies plus trastuzumab or Solid tumor Phase 1
tamoxifen
Lapatinib ditosylate and Akt inhibitor . . .

NCTO01281163 | MK2206 in treating women with MK-2206 + lapatinib Patients with HER2 positive Phase 1
metastatic breast cancer
it lapatind ditoaylats iy patient wih | Refracton solid tumors

NCT01245205 advanced or metastatic solid tumors or MK-2206 + lapatinib followed by dose-expansion, Phase 1
breast cancer advanced HER2+ breast cancer
Dose defining study for MK-2206 } L NSCLC population enriched

A combined with gefitinib in NSCLC MK-2206 -+ gefitinib with EGFR mutation Phase 1
Phase Ib/I1 trial of copanlisib in Conanlisib + Pretreated recurrent or

NCT02705859 combination with trastuzumab in HER2- trasptuzumab metastatic HER2-positive breast Phase 1
positive breast cancer. (Panther Study) cancer
Pembrolizumab combined with itacitinib
(INCB039110) and/or pembrolizumab Pembrolizumab + INCB :

NCT02646748 combined with INCB050465in advanced combinations Advanced solid tumors Phase 1
solid tumors
Safety and efficacy of BKM120 and HER2+/PI13K-activated,

NCT01589861 lapatinib in HER2+/PI13K-activated, Oral BKM120 + trastuzumab-resistant locally Phase 1,
trastuzumab-resistant advanced breast lapatinib advanced, recurrent and Phase 2
cancer metastatic breast cancer.

Phase | study of AZD5363 + Olaparib + :
NCT03772561 durvalumab in patients with advanced or éﬁsgﬁlﬁ;bmapanb * Solid tumor, adult Engzz ;
metastatic solid tumor malignancies
durvalumab + paclitaxel,
durvalumab + paclitaxel
A study of novel anti-cancer agents in + capivasertib Phase 1
NCT03742102 patients with metastatic triple negative durvalumab + paclitaxel Triple negative breast cancer Phase 2’
breast cancer. + danvatirsen
durvalumab + paclitaxel
+ oleclumab
PI3K inhibitor BKM120 and cetuximab in Pan-class | PI3K - :

NCT01816984 treating patients with recurrent or inhibitor NVP-BKM120 z"’g;ggtt;;'g'rt]r;;gcaunrger?;ék cancer Eﬂgzg ;
metastatic head and neck cancer + cetuximab
Copanlisib in association with cetuximab . . Patients with recurrent and/or

NCT02822482 in patients with recurrent and/or metastatic g%pér}lr:ﬁli%it%rseilectlve metastatic HNSCC harboring a Phase 1,
HNSCC harboring a PI3KCA mutation/ PI3KCA mutation/amplification Phase 2

amplification and/or a PTEN loss

cetuximab

and/or a PTEN loss.
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l%';'g:: trial Study Title Drug Cancer Phase
Safety and efficacy of INC280 and INC280 (c-MET : :
NCT01870726 | buparlisib (BKM120) in patients with Innibitor) + buparlisip | Patients with recurrent phase 1
recurrent glioblastoma (BKM120) 9
Trial of erlotinib and BKM120 in patients . :
NCT01487265 | with advanced NSCLC previously Erlotinib & BKM120 patients With advanced NSCLC | phase 2
sensitive to erlotinib previously sensitive to erlotini
MK2206 and erlotinib hydrochloride in \Ij’vag:)eﬂgsvgl’l)trogcrigsir;%egﬁl\érscLC
NCT01294306 &%ag'ﬁgvza;'r%gtrse\s’\égg g?t\é?r;)‘:reegigll?SCLC MK-2206 + erlotinib previous response (including Phase 2
response to erlotinib hydrochloride therapy stable disease) with erlotinib
therapy
NeoPHOEBE: neoadjuvant trastuzumab + - .
. P - HERZ2-positive primary breast
BKM120 in combination with weekly BKM120 + trastuzumab ; Ll
NCT01816594 paclitaxel in HER2-positive primary breast | & paclitaxel cancer prior to definitive surgery | Phase 2

cancer

(neo-adjuvant setting)
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