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Abstract

The cellular genome is frequently subjected to abundant endogenous and exogenous
factors that induce DNA damage. Most of the Phosphatidylinositol 3-kinase-related
kinases (PIKKs) family members are activated in response to DNA damage and are
the most important DNA damage response (DDR) proteins. The DDR system pro-
tects the cells against the wrecking effects of these genotoxicants and repairs the
DNA damage caused by them. If the DNA damage is severe, such as when DNA is
the goal of chemo-radiotherapy, the DDR drives cells toward cell cycle arrest and
apoptosis. Some intracellular pathways, such as PI3K/Akt, which is overactivated in
most cancers, could stimulate the DDR process and failure of chemo-radiotherapy
with the increasing repair of damaged DNA. This signaling pathway induces DNA
repair through the regulation of proteins that are involved in DDR like BRCA1,
HMGB1, and P53. In this review, we will focus on the crosstalk of the PISK/Akt and
PIKKs involved in DDR and then discuss current achievements in the sensitization of
cancer cells to chemo-radiotherapy by PI3K/Akt inhibitors.
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signaling network to identify the damage in DNA structure and recruit

repair factors to the damaged site to initiate repair pathways (Tian

On a daily basis, endogenous and exogenous stresses cause damage like
single-strand breaks (SSB) and double-strand breaks (DSB) in the human
DNA structure of body cells (Basu, 2018). Cells implement different
strategies to identify and repair the damaged sites to maintain genome
stability. Therefore, after a DNA lesion, DNA damage response (DDR) as

a multicomplex repair mechanism is activated by a kinase-based

et al., 2015). There are several repair pathways depend on the type of
damage: Homologous recombination (HR), Nonhomologous end joining
(NHEJ), Base excision repair, nucleotide excision repair (NER), and DNA
mismatch repair (Majidinia & Yousefi, 2017).

Phosphoinositide 3-kinase (PI3K) is responsible for initiating
the PI3K/Akt/mammalian target of rapamycin (mTOR) prosurvival
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pathway, and its overactivation cause increases cancerous behavior
in different cells. More importantly, this complex pathway has a
significant role in the regulation of cell-cycle checkpoints and the
tumor microenvironment (Wanigasooriya et al., 2020). Also, multiple
studies have reported the expression of the PI3K/Akt signaling
pathway has significant effects on the repair of DNA damage through
the regulation of proteins that are involved in the DDR process like
BRCA1, HMGB1, and P53 (Lange et al., 2008; Naderali et al., 2019;
J. Wu et al,, 2010). Furthermore, PI3K/Akt signaling inhibitors have
become the center of attention in recent decades and open new
avenues in offering combinational therapies with conventional
chemotherapy regimens for cancer patients.

The PI3K-related kinase (PIKK) family is a large serine/threonine
kinase family, with sequence similarity to PI3K, and phosphorylates
proteins responsible for vital cellular processes such as cell cycle
progression, DNA repair, apoptosis, and cellular senescence. The
PIKK family consists of six members, including ataxia-telangiectasia
mutated (ATM), ataxia- and Rad3-related (ATR), DNA-dependent
protein kinase catalytic subunit (DNA-PKcs), mTOR, suppressor of

morphogenesis in genitalia (SMG-1) and transformation/transcription

domain-associated protein (TRRAP) (Lempidinen & Halazonetis,
2009). These proteins as intracellular signal transducer enzymes have
been proven to play a major role in the occurrence of the
DDR process, cell cycle progression, and apoptosis (Lovejoy &
Cortez, 2009). Here, we will bring a brief introduction to the PIKK
family members and how they contribute to the DDR process. Then,
we summarize the current understanding of the roles of the PI3K/Akt
signaling cascade in DNA damage elimination, which causes the
failure of DNA damage-based chemotherapies. Finally, we outline a
recent understanding of targeting PI3K/Akt signaling as a new

strategy to enhance chemotherapy and radiotherapy.

2 | PIKK FAMILY MEMBERS ARE
ACTIVATED IN RESPONSE TO DNA
DAMAGE

Members of the PIKK family (Table 1), including ATM, ATR, DNA-
PKcs, mTOR, and SMG1, have a similar structure in the PI3K kinase
domain (Shaik & Kirubakaran, 2020). In the N-terminal a-helical,

TABLE 1 PIKK family members and their roles in DNA damage/repair
Member(s) Role Reference(s)
ATM e Regulation of cancer development and repair system upon DNA (M. H. Jin & D.-Y. Oh, 2019; Tanya T. Paull, 2015)
break
e Phosphorylates hnRNP K and dissociates it from HDM2
e Enhancing RNAPII ubiquitination
e Inhibitory effects on cell apoptosis
e Contributes in chromatin remodeling
ATR o Specifically recognize DNA damage (Karlene A. Cimprich & David Cortez, 2008; Alexandre
o Mediates phosphorylation of TopBP1, RPA, Rad17, and CHK1, Maréchal & Lee Zou, 2013; Miiko Sokka, Sinikka Parkkinen,
to function in regulation of fork progression, cell-cycle Helmut Pospiech, & Juhani E. Syvioja, 2010)
transitions, and DNA repair
e ATR/CHK1 pathway inactivates CDC25 phosphatases function
and also enhances G2/M cell cycle checkpoint
o Inhibitory effects on cell apoptosis
DNA-PKcs e Expression regulation of immune effectors, tumor suppressors (Andrew N. Blackford & Stephen P. Jackson, 2017; Jonathan F.
and hormone receptors Goodwin & Karen E. Knudsen, 2014; Medova et al., 2020)
e NHEJ mediators phosphorylation
e As a tether for end site of the damage has important role in
ligation of the broken ends of DSB site of DNA to suppress
further degradation
mTOR e Cell growth and survival in response to genotoxic stress (Sricharan Bandhakavi et al., 2010; Changxian Shen, Lancaster,
e mTORC1 signaling requires for G4 transition to S phase in et al., 2007; Stephan Waullschleger, Robbie Loewith, &
progression of cell-cycle and replication fork Michael N. Hall, 2006)
e mTOR has the capability to regulate p53/p21 pathway
e Involves in DDR events in a FANCD2-dependent manner
SMG1 e Regulate the G1/S checkpoint (Jennifer S. Gewandter, Bambara & O'Reilly, 2011; Evgenia

Enhances stabilization of p53 and suppresses p53 proteasomal
degradation

Executes tumor-suppressive role through the regulation of
CDK2 and Cdc25A

Responds to mRNA splicing errors through NMD facilitation

Gubanova, Natalia Issaeva, Camilla Gokturk, Tatjana
Djureinovic, & Thomas Helleday, 2013)

Abbreviations: ATM, ataxia-telangiectasia mutated; CDK, cyclin-dependent kinase; DNA-PKcs, DNA-dependent protein kinase catalytic subunit;
mRNA, messenger RNA; mTOR, mammalian target of rapamycin; SMG-1, suppressor of morphogenesis in genitalia.
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these kinases have a different structure in size and shape that enable
them to interact with related DNA binding co-activator complexes,
which are recruited to binding to the damaged site (Lovejoy &
Cortez, 2009; Menolfi & Zha, 2020).

Most of the PIKKs exert their effect on the DDR pathway
through P53 mediation. P53 is the most important tumor suppressor
of the cell, which normally has multiple functions, including inducing
cell death or senescence, cell cycle arrest, and DNA repair. Upon
stress response, p53 is activated and halts the cell cycle to removes
the DNA damage by initiating the DDR pathway, which finally sup-
presses cancer progression (Green & Kroemer, 2009; Malakoti
et al., 2021). However, mutations, which occur regularly in most
cancer cells, disturb the core DNA binding domain of p53, and in-
activate this protein. Therefore, p53 loss of function enables cancer
cells to escape cell cycle arrest, cell death and also increase genomic
instability as well as induction of oncogenic pathways, which overall
results in cancer progression and cell survival (Blagih et al., 2020).
One of the vital genes that p53 activates its transcriptional status is
p21. P21 is a cyclin-dependent kinase (CDK) inhibitor that has a
significant role in the DDR process through different mechanisms,
like cell arrest at the G1-phase by inhibiting cyclin/CDK complexes
and inhibition of DNA replication through direct interaction and
suppression of PCNA (Cazzalini et al., 2010).

2.1 | mTOR and SMG-1
mTOR as one of the PIKKs is a downstream kinase of the insulin/IGF-
1-PI3K-Akt pathway that responds to environmental changes like
nutrient and growth factor signals, cell growth, survival, and meta-
bolism (Serej et al., 2018; Wullschleger et al., 2006). mTOR signaling
is required for G1 transition to S phase and cell survival in response
to genotoxic stress (Shen et al., 2007). Studies revealed that mTOR
can regulate the p53/p21 pathway as an essential player in the DDR
process (Jung et al., 2019). Analyses have shown that mTOR inhibi-
tion by rapamycin increases ATM activation and 53BP1/p53 inter-
action conducing DDR activation and reduces functional proteins
responsible for chromosomal integrity (S. Bandhakavi et al., 2010).
SMG-1 is another member of the PIKK family (suppressor with a
morphogenetic effect on genitalia), which can regulate the G1/S
checkpoint in the p53-dependent or p53-independent pathway.
SMG-1 enhances stabilization of p53 and suppresses p53 proteaso-
mal degradation by its phosphorylation on Ser15 residue, which has a
compromised role in G1/S checkpoint regulation during ionizing ra-
diation (IR) exposure therapy (Gewandter et al., 2011). Experimental
analysis shows that CDK2 as an oncogene provokes replication ac-
tivity and enhances tumor growth. In the same way, cell division cycle
25 homolog A (Cdc25A), a common overexpressed component of
cancerous cells, associated with poor prognosis. SMG-1 executes a
p53-independent tumor-suppressive role through the regulation of
CDK2 and Cdc25A. SMG-1 can phosphorylate and then inactivate
CDK2 by implementing kinase activity. In contrast to this, Cdc25A
phosphatase removes the inhibitory phosphate of CDK2 and
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facilitates the transition to the S phase and cell-cycle progression.
To prevail Cdc25A phosphatase function, SMG-1 enables to phos-
phorylate and inhibit Cdc25A activation. Taken together, SMG-1
maintains genomic stability through inhibition of CDK2 and Cdc25A,
conducing cell-cycle arrest (Gubanova et al., 2013). Meanwhile, there
is a surveillance process in cells named nonsense-mediated messen-
ger RNA (mRNA) decay (NMD), which is responsible for deleting
potentially harmful transcripts. Upon genotoxic stress, SMG1
responds to mMmRNA splicing errors through NMD facilitation
(Mcllwain et al., 2010).

2.2 | ATM, ATR, and DNA-PKcs

HR and NHEJ are the two most essential repair pathways cells take
to eliminate DNA lesions (Majidinia & Yousefi, 2017). PIKKs, includ-
ing ATM, ATR, and DNA-PKGcs, specifically recognize DNA damage,
then orchestrate the kinase cascade, leading to DSB or SSB signaling
amplification and DDR pathway facilitation (Jin & Oh, 2019).

ATM monomerization and autophosphorylation on Serine 1981
are two essential alterations for its activation. The MRN complex
(Mre11, Rad50, and Nbs1) is one of the key components in DNA
damage recognition and subsequently regulates HR or NHEJ repair
pathways by activation of ATM (Qiu & Huang, 2021). Following DNA
damage, the MRN complex monomerizes the inactive form of dimeric
ATM and increases ATM's monomeric active form. Not only the MRN
complex but also severe DNA breaks can monomerize and provoke
ATM activation (T. T. Paull, 2015). Then, ATM plays specific roles in
DDR cascade initiation and regulation of all phases of the cell cycle
through phosphorylation and regulation of DDR main components,
including histone H2AX, p53, checkpoint kinase 2 (CHK2), and
BRCAZ1 (Bartek & Lukas, 2007; Maréchal & Zou, 2013; Shiloh, 2003).
Phosphorylated-H2AX is responsible for recruiting DDR components
like NBS1, 53BP1, and TopBP1to the damaged site (Sokka,
Parkkinen, Pospiech, Syvdoja 2010). CHK2 and p53 phosphorylation
are vital for p53 stabilization at the nucleus to regulate the expres-
sion of genes involving in the DDR process in response to cell cycle
arrest or apoptosis, depending on the severity of the damage
(Vogelstein et al., 2000). HDM2 is a nonredundant paralogous pro-
tein, which downregulates p53 under normal cellular conditions. In
addition, it has the capability to inhibit p53 activity by ubiquitination.
During the DDR, ATM phosphorylates HDM2 and allow p53 acti-
vation by removing p53 inhibition (Medina-Medina et al., 2018).

ATR as a holoenzyme consists of two ATR and two ATRIP
(ATR-interacting proteins). ATR mediates phosphorylation of some
important proteins, including topoisomerase IIB-binding protein
1 (TopBP1), replication protein A (RPA), Rad17, and CHK1, to func-
tion in the regulation of fork progression, cell-cycle transitions, and
DNA repair. TopBP1 is introduced as a vital protein in protecting the
stability of the genome (Sokka et al. 2010). In detail, TopBP1 as a
protein scaffold is recruited by RAD9-RAD1-HUS1 (911) to enhance
the interaction of ATR holoenzyme with other substrates through its
ATR-activating domain (Maréchal & Zou, 2013). Additionally, RPA is
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essential for recruiting and activating ATR on single-strand DNA by
binding to the ATRIP subunit (Zou & Elledge, 2003). CHK1 improves
cell cycle checkpoints and consequently causes cell cycle arrest that
prepares cells to repair DNA damage. Also, it is confirmed that ATR
phosphorylates its downstream substrate, CHK1. ATR/CHK1 path-
way inactivates CDC25 phosphatases function and conduces cell to
suppression of cell cycle progression, which gives cells time to incur
repair process (Cimprich & Cortez, 2008; Dai & Grant, 2010).

Notably, ATM and ATR have a vulnerable crosstalk in the pre-
sence of DNA lesions. On this basis, experimental data revealed that
ATM and ATR appear to phosphorylate each other and also posi-
tively influence activation and localization of each other at the site
of the lesion (Jin & Oh, 2019). Not only ATM and ATR phosphor-
ylate p53 at Ser15, but also they can phosphorylate and activate
Chk2 and Chk1, which consequently phosphorylates p53 in Ser20.
These phosphorylations are vital for p53 stabilization and activation
(Enari et al., 2017).

DNA-PKcs, the largest member of PIKK (460kD), participated in
different cellular paths by expression regulation of immune effectors,
suppressors, receptors (Blackford &
Jackson, 2017; Goodwin & Knudsen, 2014). DNA-PKcs in association
with Ku70/Ku80 complex makes the active form of the DNA-PK
holoenzyme complex. Upon DSBs, two Ku70/80 complexes recruit

tumor and hormone

two units of DNA-PKcs at the site of damage, the catalytic function
of DNA-PK holoenzyme activates, leading to intermolecular auto-
phosphorylation and subsequently NHEJ mediators phosphorylation.
Moreover, DNA-PKcs as a tether for the end site of the damage has
an important role in ligation of the broken ends of the DSB site of
DNA to suppress further degradation (Goodwin & Knudsen, 2014).

DNA-PKcs not only involves in NHEJ but also functions in the
HR process. P53-RPA interaction has been proven to function in the
efficiency of HR repair (Serrano et al., 2013). Indeed, in response to
inaccurate spontaneous HR pathway, DNA-PKcs mediates RPA32
hyperphosphorylation at Ser4/Ser8 residues, and also ATM/ATR is
directly causing a rise in p53 phosphorylation. These two phos-
phorylation statuses improve dissociation of the p53-RPA complex,
resulting in HR repression and G2/M arrest (Ashley et al., 2014;
Serrano et al., 2013). In this regard, DNA-PKcs require restraining
accumulation of DNA damage in post-mitotic cells (Enriquez-Rios
et al., 2017). It is not surprising that the loss of DNA-PKcs aberrantly
impairs DNA repair and enhances cell cycle progression (Ashley &
Kemp, 2018).

3 | PI3k/Akt SIGNALING ROLES IN DNA
DAMAGE REPAIR

PI3k/Akt signaling pathway has critical roles in cellular processes
such as cell growth, survival, etc. (Rodon et al., 2013), and its reg-
ulating effects in DDR (Karimian et al., 2019) attracts the attention of
researchers in this field. This pathway also is one of the main signaling
pathways involved in tumorigenesis (Jiang et al., 2020). Its compo-
nents and regulators (e.g., phosphatase and tensin homolog [PTEN])

are mutated or epigenetically modified in many human cancers, and
thereby we observe aberrant functions of this pathway in cancer cells
(Engelman et al., 2006). PI3K, accompanied by its main lipid product,
PIP3, is responsible for Akt activation as a downstream substrate. In
detail, after stimulation of receptor tyrosine kinases or G protein-
coupled receptors or cellular stress, PI3K is recruited and activated in
the plasma membrane, and then, it produces some lipid products like
PIP5 After that, PIP3 initiates Akt activation directly and indirectly
through phosphorylation (Manning & Toker, 2017).

This activated-Akt has different functions in the cell. Akt plays an
antiapoptotic role by suppressing apoptosis mediators like the Bcl-2
family and forkhead box (FOX) family. Bcl-2 family is essential to cell
fate. This family has both antiapoptotic and proapoptotic members.
To prepare cells for apoptosis, proapoptotic members of the Bcl-2
family, Bax, and Bak induce caspases activation, mitochondrial outer
membrane permeabilization, and also cytochrome c secretion con-
ducting to cell-dead (Tsujimoto, 1998). Also, there is a superfamily
named FOX that has a compromised role in the regulation of apop-
tosis and cell cycle modulation at both G1/S and G2/M transition
phases (J. Wang et al., 2018).

Cyclin/CDKs play an imperative role in phosphorylation and
activation of essential components involved in cycle progression. P21
and p27 as CDK inhibitors appear to suppress the different types of
cyclin/CDKs. Akt also induces phosphorylation of p21 and p27 at
different Ser and Thr residues to export them from the nucleus to the
cytoplasm to inhibit their function in cell cycle arrest (Xu et al., 2012).
Besides this, P21 and p27 expression are positively regulated by the
FOX family. The PI3K/Akt pathway inactivates FOX that leads to
inhibition of p21 and p27 and subsequently cell cycle progression
(Van der Vos & Coffer, 2011).

Furthermore, Mdm2 (murine double minute 2) as an oncoprotein
binds to p53 and facilitates p53 ubiquitination and degradation to
inhibit p53 function in DDR. Akt mediates activation of Mdm2 by
phosphorylation of Serl66 and Ser186. Thus, it has been proposed
that Akt has prosurvival properties. On this basis, after stress, ATM,
ATR, and DNA-PKcs induce Akt activation. Akt has a remarkable
positive effect on activation of DNA-PKcs and consequently NHEJ
repair. In opposition to this, Akt impairs the HR signaling pathway by
inhibition of HR major components like RPA, BRCA1, Rad51, CtIP,
and CHK1 (Xu et al., 2012).

A set of studies has suggested a close relation between hypoxia
and epidermal growth factor receptor (EGFR) and PI3K/Akt/mTOR
signaling cascade. Trans-membrane protein EGFR in both physiolo-
gical and pathophysiological conditions stimulates the PI3K-Akt-
mTOR signaling pathway, which is responsible for the modulation of
proliferation, differentiation, migration, and inflammation. Moreover,
activation and translocation of EGFR into the nucleus enhances
DNA-PKcs functional activity and subsequently DDR process pro-
gression (Horn et al., 2015). Hypoxic cells show more resistance to
radiation compares with normal somatic cells. Hypoxia and EGFR
stimulate expression of transcriptional activator hypoxia-inducible
factor 1 (HIF-1), which enhances expression and activation of
vascular endothelial growth factor (VEGF) and PI3K/Akt signaling.
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More importantly, PI3K/Akt signaling amplifies VEGF overexpression
by HIF-1. As a result, HIF-1 and VEGF contribute to tumor-
angiogenesis, aggressiveness, and radio-resistance in a PI3K/Akt-
dependent manner (Chang et al., 2015).

Many cancer treatment procedures such as chemotherapeutic
drugs and radiotherapy focused on DNA damage as a mechanism of
action. Several studies reported that DNA damage activates the
PI3K/Akt pathway in cancer cells, and diverse effects such as DNA
repair regulation and apoptosis prevention provide a form of cancer
cells that are resistant to treatment (Q. Liu et al., 2014). It is also
reported that abnormally hyperactivated Akt participates in DNA
damage accumulation because it impairs nonhomologous end-joining
repair in cancer cells (P. Liu et al., 2015). In normal cells such as
animal-derived oocytes, inhibition of PTEN (as the main inhibitor of
the PI3K/Akt pathway) elevates DNA damage and diminishes DDR
protein expression (Maidarti et al., 2019). These reports generally
indicate that dysregulated PI3K/Akt pathway in association with

Journalof: 5
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DNA damage adversely affects the cells. Downstream proteins of the
PI3K/Akt signaling pathway and their regulators interact with various
factors such as DDR proteins and cell cycle checkpoints when the
cells undergo DNA damage (Figure 1). These interactions affect tu-
morigenesis and may influence the efficiency of cancer therapeutic
approaches. However, the research findings in this context may be
contradictory, but we should consider the sophisticated nature of
the pathway and its different interactions with other molecules. In
the following, we will discuss the main ones of such interactions and

their roles in DDR and cancer.

3.1 | PTEN
PTEN as a phosphatase can reverse the activity of PI3K on phos-
phatidylinositol 4,5 bisphosphate and therefore inhibits the whole

pathway activation (Martini et al., 2014). PTEN also has a

DNA Damage Response
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FIGURE 1 A schematic diagram depicting the effect of PI3K signaling on the DNA damage response. DSBR sys, double-strand break repair
system; ICLR, interstrand cross-link repair; NER, nucleotide excision repair
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SUMOylated form that can translocate into the nucleus and protect
cells against DNA damage, especially by influencing the HR repair
system. The fact that PTEN deficient cells are much sensitive to DNA
damage, gives rise to the idea of the combination of the chemo-
radiotherapy and PI3K inhibitors for more effective cancer treatment
(Bassi et al., 2013). Furthermore, it is reported that PTEN phos-
phorylation is essential for it to interact with chromatin and trig-
ger DNA repair through RAD51 recruitment when cells are subjected
to IR (J. Ma et al., 2019). Although the PTEN has a critical role in DNA
repair, loss of PTEN diminishes DNA repair and induces genomic
instability that leads to deteriorated cancer treatment (Ming &
He, 2012). PTEN is involved in many genomic repair systems as it can
regulate Rad51 expression, the key protein of the DSB repair system
(Shen et al., 2007), also it regulates XPC expression, the important
protein of the NER system (Ming et al., 2011). PTEN has a genomic
protecting role not only in interphase but also in other cell cycle
phases. For example, in the S phase, PTEN interacts (directly or
with  DNA replication MCM2
(Minichromosome Maintenance Complex Component 2) (J. Feng
et al., 2015), and RPA1 (G. Wang et al., 2015) and checkpoint pro-
teins such as CHK1 (Puc et al., 2005), and provides an efficient and

indirectly) proteins such as

authentic DNA replication and prevents genomic instability caused

by replication stress (Hou et al., 2017).

3.2 | BRCA1

BRCA1 is a tumor suppressor that is involved in many DNA damage
repair systems and regulates a variety of cell cycle checkpoints.
Mutation and loss of function of BRCA1 observed in many cancers
(especially breast and ovarian cancers) may indicate that BRCA1
deficiency leads to DNA damage accumulation and tumorigenesis
(Chiou et al., 2010; B. Ma et al., 2020). BRCA1 can translocate to
DNA damage sites and interact with DNA repair proteins (e.g.,
RAD51) (Scully et al, 1997). BRCA1 phosphorylation and nuclear
localization are regulated by PI3k/Akt pathway. Phosphorylation of

BRCA1 by Akt prevents BRCA1 proteasomal degradation, and also
Akt cooperates with BRCA1 to reduce DNA damage susceptibility
(Nelson et al., 2010). Phosphorylation of BRCA1 by other regulators
such as CHK2 is important to BRCA1 functions for selectively
enhancing the HR system than the non-homologous one (J. Zhang
et al., 2004). BRCA1 deficiency makes cells susceptible to DNA
damage accumulation when cells are subjected to external stimuli
(such as hormones) and triggers ATM and nuclear factor kappa B
(NF-kB) signaling that induces aberrant proliferation (Sau et al., 2016).
Furthermore, it has been proven that there is a close relation be-
tween three molecules, NF-kB, FANCD2 (Fanconi anemia group D2
protein), and mTOR at the DDR process. In this regard, in the cyto-
plasm, inhibitor kB (IkB) binds to NF-kB and inhibits its activity. IKK
(IkB kinase) is a protein kinase complex that phosphorylates and re-
moves IkB inhibitory effect on NF-kB, leading to NF-«kB activation
and nucleus localization (Aliyari et al., 2015; Grondona et al., 2018).
Also, FANCD2 was introduced as an essential protein for the main-
tenance of chromosomal stability and DNA repair. Activated-
FANCD2 protein is in association with BRCA1 and BRCA2. In fact,
NF-kB binds to four binding sites on the promoter region of the
FANCD2 gene and suppresses its gene expression. On the other
hand, mTOR deactivates the IKKa subunit of the IKK complex, which
causes to decrease NF-kB active form and leads to the removal of the
negative regulatory effect of NF-kB in FANCD2 gene expression.
Thereby, mTOR involves in DDR events in a FANCD2-dependent
manner (Garcia-Higuera et al., 2001; F. Guo et al., 2013) (Figure 2).
BRCA also interacts with other proteins such as RAP80
(Receptor-associated protein 80) and CCDC98 (Coiled-coil domain-
containing protein 98) to localize DNA damage sites and control the
G2/M checkpoint (H. Kim, Chen, et al., 2007; Z. Liu et al., 2007). The
recruitment of BRCA1 in DNA damage sites is through the ubiquitin-
interacting motif of RAP80 when it interacts with ubiquitinated
histones. In case of inhibition of histone ubiquitination, BRCA1 re-
cruitment is diminished, and DNA damage may be increased (J. Wu
et al., 2009). BRCA1 not only participates in the regulation of HR
DNA repair proteins (e.g., RAD51) but also regulates the NER system
by enhancing its related gene expression, such as XPC (Hartman &
Ford, 2002). BRCA1 and DDR factors have functioned more than
in DNA repair because it is reported that BRCA1 enhances DDR
factors such as ATR and TOPBP1 accumulation on sexual un-
synapsed chromosomes leading to proper morphogenesis of these
chromosomes and meiosis progression (Broering et al., 2014).

3.3 | HMGB1

HMGB1 is a DNA binding protein with vast effects such as induction
of cell proliferation and cell cycle proteins (e.g., cyclin D1) by inter-
acting with NF-KB and PI3K/Akt pathways (X.-J. Feng et al., 2014). In
a cell line study, it is reported that when HMGB1 is knocked down,
the DNA damage increased, and DNA damage repair proteins such as
RAD51 decreased in the presence of chemotherapeutic agents
(X. Guo et al, 2018). HMGB1 is a critical protein in chromatin
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structural remodeling and can recruit the NER system proteins such
as XPA, RPA, and R23P to the damaged sites. In the case of HMGB1
omission, the risk of mutagenesis and the sensitivity to ultraviolet
irradiation-induced DNA damage elevated (Lange et al., 2008).
However, HMGB1 is an important molecule in the induction of DDR
pathways, but cancer cells lacking HMGB1 showed resistance to
chemotherapeutic agents. This phenomenon may be explained by the
fact that in DNA damage, HMGB1 and its associated proteins such as
HMGB2 drive DDR and also trigger P53 phosphorylation that may
induce apoptosis (Krynetskaia et al., 2009). Another cooperation
between HMGB1 and XPA is observed in DNA interstrand crosslinks
repair. In lacking both HMGB1 and XPA, the mutagenesis induced
by DNA interstrand crosslinks is enhanced (A. Mukherjee &
Vasquez, 2016). Nuclear HMGB1 has a regulatory effect on DDR as it
is recently reported that overexpression of HMGB1 reduced DNA
damage and also DDR because it inhibits ATM activation and sub-
sequent induction of extracellular signal-regulated kinase 1/2 (ERK 1/
2) and NF-kB signaling pathways and therefore diminishes heart
failure pathogenesis (Takahashi et al., 2019). Posttranslational mod-
ifications such as phosphorylation and acylation in HMGB1 enhance
interaction with chemotherapeutic agents-induced DNA damage
sites and with DDR proteins such as P53 that may drive cells to DNA
damage repair or apoptosis (He et al., 2015).

3.4 | PI3K/Akt pathway triggers p19ARF/p53/
p21WAF1

p19ARF/p53/p21WAF1 is a signaling pathway that has been known
for its roles in tumor suppression, apoptosis, and cell cycle arrest that
causes senescence (Sugihara et al, 2001; Symonds et al., 1994).
When cells are subjected to IR, the p19ARF/p53/p21WAF1 pathway
elevates, which may be acting in cell cycle arrest. Although, it is
reported that the resistance of hepatic cancer cells toward senes-
cence is independent of the deficiency in p19ARF/p53/p21WAF1
pathway (Obata et al., 2001). p19ARF, the upstream regulator of the
p53/p21WAF1 pathway, has a role in sustained (but not acute) DDR
and senescence induction (Bieging-Rolett et al., 2016). p19ARF/p53/
p21WAF1 pathway is involved in cell responses to genotoxic agents,
and each factor of this pathway interacts with other elements in a
precise and complicated manner. In this context, it is reported that
p21WAF1 has positive feedback on the transcription and induction
of P53 in response to DNA damage (Pang et al., 2011). P53, by its
critical functions, prevents the proliferation of cells harboring DNA
damage that may develop cancers. P53 levels in cells are reversed by
MDM2, the oncogenic protein that ubiquitinated P53 and subjected
it to proteasome degradation (Moll & Petrenko, 2003). PI3K/Akt
pathway phosphorylates MDM2 that is required for its nuclear lo-
calization and subsequent degradation of P53. Hence, upregulated
PI3K/Akt pathway decreased the P53 level and its tumor suppres-
siveness activity in the cells (Mayo & Donner, 2001). PI3K/Akt
pathway inhibition upregulates P53, and on the other hand causes
upregulation and phosphorylation of PTEN, which has a positive
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effect on P53 level elevation through stabilizing it (Naderali
et al, 2019). This evidence and others that reported the over-
expression of PTEN causes P53 overexpression (Li et al, 2019)
indicates the positive correlation between the two tumor suppressors
in protection against cancer development. However, it is reported
that inhibition of the PI3K/Akt pathway, reduced P53 activation and
disrupted DNA damage-induced apoptosis (Bar et al., 2005). How-
ever in some reports, it is shown that PTEN inactivation, just like
PI3K/Akt pathway activation leads to P53 and its target genes up-
regulation, but this may be due to the P53 balancing effect in reg-
ulating cell proliferation and countering oncogenic PI3K/Akt pathway
hyperactivation (J.-S. Kim, Lee, et al., 2007). The complicated re-
lationship between the PI3K/Akt pathway and p19ARF/p53/
p21WAF1 pathway that are both important signaling pathways in cell
cycle, cell proliferation, and other main cellular events and also the
results obtained from different cell models and different conditions,

may help interpret the variance between reports in this field.

3.5 | Epigenetic, PI3K, and DNA damage/repair
PI3K/Akt pathway-dependent epigenetic effects participate in on-
cogenesis. Phosphorylation of many substrates by Akt noticeably
activates transcription processes and promotes oncogenesis through
precise mechanisms such as DNA hypomethylation induction and
histone acetylation enhancement. So that, developing new cancer
therapies according to these effects of the PI3K/Akt pathway on the
epigenome seems to be worthwhile (Spangle et al., 2017). In hepa-
tocellular carcinoma (HCC), the formiminotransferase cyclodeami-
nase gene is downregulated by its promoter hypermethylation, and
when it is overexpressed in the HCC cells, it leads to PI3K/Akt
pathway suppression and induces DNA damage and apoptosis
(J. Chen et al., 2019). Dual inhibition of histone deacetylases and
PI3K favorably sensitizes glioma cells to radiation by inducing cell
cycle arrest and impairing DDR through diminishing the activity of
DDR-related factors such as NF-kB and FOXM1 (Pal et al., 2018). It is
recently reported that aberrant hypermethylation of GADD45A
(Growth arrest and DNA-damage-inducible protein 45 alpha), a gene
related to DDR, is mediated by PI3K/Akt pathway, which leads to
radioresistance in cervical cancer (Lou et al., 2021).

3.6 | PI3K/Akt pathway, MAPKs, and DNA
damage/repair

The PI3K/Akt pathway interacts with other signaling cascades such
as MAPK (mitogen-activated protein kinase) to regulate cellular
events such as proliferation and apoptosis. ERK1/2, one of the
known MAPK, which positively correlated with DNA damage-
induced apoptosis, could be suppressed by activated Akt (Lee
et al., 2006). P53-induced heparin-binding EGF-like growth factor
upregulation protects cells from apoptosis by activation of both
MAPK and PI3K/Akt pathways. When these pathways are inhibited,
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the overall cell survival diminished markedly following DNA damage
(Fang et al., 2001). A study on the mechanism of the dual inhibition of
MAP/ERK kinase and PI3K on the melanoma cells cytotoxicity
revealed that many proteins especially those related to DDR, sig-
nificantly phosphorylated and when DDR kinases such as ATM and
PRKDC (protein kinase, DNA-activated, catalytic subunit) were in-
hibited, the cytotoxicity mediated by dual inhibition of the pathways
enhanced (Kirkpatrick et al., 2013).

3.7 | Importance of other DNA damage-related
molecules crosstalk with Pi3K pathway

Expression of X-ray repair cross-complementing group 1 (XRCC1), a
protein involved in DNA-damage repair, especially base excision and
DSB repair, is regulated by signaling pathways such as MAP/ERK1/2
kinases and PI3K/Akt pathways in human cancer cells (Toulany
2008). The PI3K/Akt pathway significantly participated in an
immunomodulator-induced XRCC1 upregulation, and this phenom-

et al.,

enon may involve chemotherapeutic resistance in colorectal cancer
(CRC). When this pathway is blocked, the CRC cells become more
2017). In
regards to y-H2AX (the indicator of DSB and essential protein in the
DDR), it is reported that PI3K/Akt pathway inhibition promotes un-

repaired DNA damage after irradiation as inferred by the persistence

sensitive to DNA damage and cell death (P. Zhang et al.,

of y-H2AX foci in the glioma cells. These results are useful for studies
on enhancing the efficiency of irradiation therapy of cancer (Kao
2007). A recent study revealed that the PI3K/Akt pathway
inhibition increased y-H2AX level and decreased RAD51 level and its

et al.,

colocalization with y-H2AX foci. Consequently, these events led to
impaired DDR and enhanced the cytotoxicity of chemotherapeutic

agents in several cancer cells (Boichuk et al., 2020).

4 | TARGETING THE PI3k/Akt SIGNALING
AND DDR AS A THERAPEUTIC STRATEGY

Radiotherapy remains a neo-adjuvant, adjuvant, or palliative ther-
apeutic strategy for multiple kinds of cancers like head and neck
squamous cell carcinoma (HNSCC), HCC, glioblastoma, prostate
cancer. IR is the main cause of highly toxic DNA damage production
or stimulation of reactive oxygen species in target cancer cells, and
then free radicals interact with oxygen molecules and lead to stabi-
lization of DNA damage. Now, depending on the severity of the
damage, target cells can choose between repair pathways and cell
apoptosis. Radio-resistant malignant cells escape the apoptosis
strategy (Ashley & Kemp, 2018; Brown & Wilson, 2004). As a result,
radio-resistance (intrinsic or acquired) is a major obstacle in today's
cancer therapy.

On this basis, evidence shows that during radiation, the PI3K/Akt
pathway activates and frequently expresses in malignant cells, which
conduces to initiation of repair response of radiation-induced DSBs
and subsequently radio-resistance development in various types of
cancer cells (Park et al., 2017). In other words, DSB repair inhibition
improves the accumulation of DNA damage leading to radio-
sensitization. A considerable number of studies have proven that
targeting the PI3K/Akt pathway by specific repressors in association
with radiation appears to enhance radiosensitization (Wanigasooriya
2020) (Figure 3). Inhibition of PI3K signaling induces DNA
damage by dysregulation of HR and NHEJ pathways and depleting

et al,

deoxynucleoside triphosphates (dNTP). It has been proposed that
dNTP as a survival factor helps cells to repair broken DNA (Juvekar
2016; Y. Ma et al,
demonstrated that a dual combination of PARP and PI3K inhibitors

induce synthetic lethality in breast, prostate, and ovarian cancer cells

et al, 2018). In vitro and in vivo investigations

and represents a promising preclinical antitumor effect. The United
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States Food and Drug Administration has approved Several PI3K
pathway inhibitors, such as buparlisib (BKM120), for various cancers.
Investigations showed that BKM120 leads to the appearance of DNA
damage (significantly increased) and attenuated HR repair by down-
regulating BRCA2 or RAD51 (Huang et al., 2020; Landry et al., 2020;
Pons-Tostivint et al., 2017).

Chromatin remodeling gene ARID1A (AT-rich interactive
domain-containing protein 1A), which plays a cell-cycle regulatory
function through modulation of three transcriptional factors E2F1,
CCNE1, and c-MYC, has been reported to be frequently mutated in
cancer cells. Mechanistically, ARID1A depletion increases the radio-
resistance behavior of cancer cells due to apoptosis suppression, cell-
cycle progression, DDR development, and PI3K/Akt signaling sti-
mulation of activation. It has been suggested that implementing
LY294002 as a PI3K repressor or MK-2206 as an Akt repressor
sensitizes ARID1A-depleted-pancreatic cancer cells to radiotherapy
(Yang et al., 2018). As such, another in-vitro and in-vivo study re-
leased the same results for ARID1A-depleted gastric cancer (GC) cell
sensitization to radiotherapy (Q. Zhang et al., 2016).

More importantly, experimental in vivo and in vitro studies de-
monstrated that NVP-BEZ235 not only inhibits PI3K (ICso=4-75
nM) and mTOR (ICso =20 nM) (Maira et al., 2008) but also has an
inhibitory effect on two chief components of DNA repair, including
DNA-PKcs and ATM because of homology in the catalytic domain
between them (B. Mukherjee et al., 2012). Irradiation in mouse
models shows that DSB load in tumor areas was more than normal
areas, which opens a new therapeutic window in combinational
therapy. It is noteworthy that NVP-BEZ235 can cross the blood-brain
barrier and plays a role in anti-DDR activity leading to radio-
sensitization in intracranial tumors (Gil del Alcazar et al., 2014). In a
recent study, 50nM of BEZ235 (Dactolisib) appears to abrogate
phosphorylation and activation of Akt in both endogenous and exo-
genous stimuli and also suppresses irradiation-induced DNA-PKcs
activation, which overall impairs both repair pathways, resulting in
improvement of radiosensitivity of HNSCC cells in-dependent to
human papillomavirus status (Schétz et al., 2020).

Hexokinase Il (HKII) has promising roles in aerobic glycolysis and
ATP production, which provides energy for the DNA damage repair
process. Thereby, it has been illustrated that HKIl overexpression in
multiple myeloma cell lines is correlated with genotoxic stress re-
sistance and cell survival (Pedersen et al., 2002; Pelicano et al., 2006).
The co-treatment of Akt and PI3K/mTOR inhibitors, including
MK-2206 and BEZ235, with topoisomerase inhibitors (doxorubicin,
etoposide, topotecan) disturbs HKII functional activity and synergis-
tically decrease glucose metabolism, and potentially increases apop-
tosis in multiple myeloma cells (Demel et al., 2015). Indeed, there is
evidence to show that topoisomerase activates the PI3K/Akt/mTOR
signaling pathway, and in this way, promotes cancer cell growth and
invasiveness (Lyu et al., 2020). Furthermore, topoisomerase inhibitors
could induce p-Akt downregulation at early time points after treat-
ment (Miyata et al., 2015).

Polymer nanoparticles (NPs) are an ideal approach to deliver

drugs accompanied by less toxic side effects (Alemi et al., 2020).
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NP-BEZ235-Ab improves the y-ray effect on DNA and reduces the
expression level of the pDNA-PKcs enzyme, subsequently inhibits
DDR process and conducts cell to apoptosis more efficiently than
single-drug BEZ235 (Tang et al., 2020).

Moreover, EGFRmAb-AuUNPs + NIR as a new strategy for hy-
popharyngeal carcinoma treatment upregulates mRNA expression
level of DSB factors ATM, and BRCA1 indicating loss of genomic
integrity, and downregulates the PI3K/Akt/mTOR pathway, which
overall provokes apoptosis (Y. Zhang et al., 2018). Although pacli-
taxel (PTX) is one of the primary drug choices for advanced GC,
acquired resistance to PTX happens in different ways, including
drug efflux, microtubule dynamics, and epithelial-mesenchymal
transition as well as activation of PI3K/Akt/mTOR and MAPK sig-
naling cascade (Duran et al., 2017; Kavallaris, 2010). Dual blocking
of PI3K/Akt/mTOR signaling by BEZ235 is one of the validated
strategies to improve the antitumor effectiveness of PTX in GC
patients (D. Chen et al., 2018). Twenty four hours after im-
plementing oxaliplatin therapy for HCC patients, the PI3K/Akt/
mTOR pathway activates and leads to oxaliplatin resistance and
consequently reduces HCC patient survival rate. In this regard, PKI-
587 inactivates upregulation of PI3K/Akt/mTOR pathway and
suppresses both DNA repair pathways, which sensitizes cell to
oxaliplatin-caused-DNA damage and then leads to cell cycle arrest
at GO/G1 state and finally cell death. Recent in vivo experimental
data have shown that PI3BK/mTOR inhibition by PKI-587 in asso-
ciation with oxaliplatin decreases >55% of xenograft tumor size
compared to solo oxaliplatin therapy. However, Y. Zhang et al.
(2019) demonstrated that implementing PKI-587 alone did not have
a remarkable effect on the reduction of tumor size.

Caspases are known as the main mediators of apoptosis. The
cooperation between caspase-8 and pro-caspase 3 leads to caspase-
3 activation and mediation of programmed cell death. This process
can be inhibited by antiapoptotic members of the Bcl-2 family
(Hengartner, 2000). A study revealed that the combination of PI3K/
Akt repressor and Bcl2 family repressor activate caspase-8 and
-3, and also PARP, resulting in cell-death in glioma cell lines in-
dependent to PTEN status (Jane et al., 2014).

Maturation of Akt and survivin as oncogenic proteins depends on
heat shock protein 90 that can be inhibited by BIIBO21 (CNF2024)
(Lundgren et al., 2009; Pearl & Prodromou, 2006). Additionally,
Triptolide is used for treating inflammatory diseases (B. J.
Chen, 2001). Taken collectively, using these two drugs together play
a cytotoxic role in thyroid carcinoma cells depending on alteration in
some cellular mechanisms like suppression of PI3K/Akt/mTOR and
NF-kB signaling pathways and also a significant reduction in the level
of survivin, xIAP (X-linked inhibitor of apoptosis protein) and clAP
(cellular inhibitor of apoptosis protein) and finally enhancement of
p-p53, and cleaved caspase-3 (S. H. Kim et al., 2016).

Everolimus (Eve) and PTX are widely used alone to treat different
kinds of neoplasms like breast cancer (Houghton, 2010; Scripture
et al., 2006). Additionally, a study evaluated the co-treatment effect
of these two drugs on cervical cancer. In this study, evidence shows
that Eve and PTX synergistically inhibit the PI3K/Akt/mTOR pathway
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that conduces cervical cancer cells apoptosis and suppression cell
proliferation (Dong et al., 2018).

As we mentioned before, damage activates the DDR process to
save cells and maintain genome integrity, but a high level of damage
is associated with growth arrest, cell death, and suppression of
tumorigenesis in different cancers like breast cancer. Cyclin E as an
oncoprotein is frequently overexpressed in cancers and mediates
resistance of cancer cells to the treatment (Chu et al., 2021). Cyclin E
provokes DNA damage and inhibits Akt-mTOR at transcriptional and
posttranslational levels, leading to suppression of tumor progression
and cell death (Bhardwaj et al., 2014).

It is demonstrated that metformin, as an oral drug that is widely
prescribed for diabetes treatment, targets mTORC1 (mTOR complex
1). Thus, metformin plays a tumor-suppressive role in cervical cancer
by upregulation of p53 signaling and downregulation of PISK/Akt
pathway (Xia et al., 2020). This signaling cascade has an essential role
in the glucose and lipid metabolism function of IGF1. Thus, knock-
down of PIBK/Akt/mTOR signaling by inhibitors raises the risk of
hyperglycemia in patients, specifically by diabetes mellitus back-
ground. A study has reported that mTOR inhibition, in addition to
PI3K suppression, can enhance insulin signaling through its effect on
the phosphorylation status of insulin receptor substrate-1, while
another study has investigated that dual repression of PI3K and
mTOR increases hyperglycemia (Khan et al., 2016; Um et al., 2006).
Therefore, targeting the PI3K/Akt/mTOR signaling pathway in com-
bination with chemo-radiotherapy is an attractive strategy in the

development of tumor therapy (Table 2) (Asati et al., 2016).

5 | CONCLUSION

The PI3K pathway plays a crucial role in cell growth and survival, and
its overactivation is one of the most important reasons for cancer
occurrence. ATM, ATR, DNA-PKcs, mTOR, and SMG1 are members
of the PIKK family, which are involved in DDR signaling mostly with
P53 mediatory. PI3K/Akt pathway phosphorylates MDM2 that sub-
sequently destroys P53, and upregulation of this pathway decreases
the tumor-suppressive activity of the cells by P53 level decline.
Overactivation of DDR is one of the well-known obstacles in chemo-
radiotherapy success due to repairing the damage done to DNA by
these treatments. Studies show PI3K signaling overactivation in
cancer cells has diverse effects such as DNA repair activation and
apoptosis prevention, which provides a form of cancer cells that are
resistant to treatment. As radiotherapy activates the PI3K/Akt
pathway and initiates repair response of radiation-induced DSBs and
subsequently radio-resistance development in cancer cells, targeting
this pathway is considered as a complementary treatment approach.
BKM120, LY294002, BEZ235, and PKI-587 are some of the recent
inhibitors of PI3K, of which their combinations with chemo-
radiotherapy have shown promising results in conducing cancer cells
to apoptosis. Despite efforts to inhibit PI3K and DDR pathways to

increase the sensitivity of cancer cells to treatment, more studies are
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needed to pave the way for clinical use of PI3K inhibitors in combi-

nation with chemo-radiotherapy in the near future.
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