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ARTICLE INFO ABSTRACT

Keywords: Nowadays, lung cancer is the most common cause of cancer-related deaths in both men and women globally.
Lung cancer Despite the development of extremely efficient targeted agents, lung cancer progression and drug resistance
FOXOI_ . remain serious clinical issues. Increasing knowledge of the molecular mechanisms underlying progression and
;rgl;;r;ptmn factors drug resistance will enable the development of novel therapeutic methods. It has been revealed that transcription

factors (TF) dysregulation, which results in considerable expression modifications of genes, is a generally
prevalent phenomenon regarding human malignancies. The forkhead box O1 (FOXO1), a member of the fork-
head transcription factor family with crucial roles in cell fate decisions, is suggested to play a pivotal role as a
tumor suppressor in a variety of malignancies, especially in lung cancer. FOXO1 is involved in diverse cellular
processes and also has clinical significance consisting of cell cycle arrest, apoptosis, DNA repair, oxidative stress,
cancer prevention, treatment, and chemo/radioresistance. Based on the critical role of FOXO1, this transcription
factor appears to be an appropriate target for future drug discovery in lung cancers. This review focused on the
signaling pathways, and molecular mechanisms involved in FOXO1 regulation in lung cancer. We also discuss
pharmacological compounds that are currently being administered for lung cancer treatment by affecting FOXO1
and also point out the essential role of FOXO1 in drug resistance. Future preclinical research should assess
combination drug strategies to stimulate FOXO1 and its upstream regulators as potential strategies to treat
resistant or advanced lung cancers.

Signaling pathways

1. Introduction

Lung cancer is the second most frequently diagnosed cancer, and its
mortality and prevalence have risen significantly in the last few years.
According to the recent reports, 2.1 million new lung cancer cases are
identified each year and 1.8 million patients die from lung cancer
globally [1]. Despite significant improvements in diagnostic and treat-
ment procedures, the 5-year survival rate of lung cancer patients is
approximately 23% [2]. Lung cancer is histologically classified into
small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC),
in which NSCLC accounts for more than 80% of all cases [3]. Currently,

the conventional therapy of NSCLC, chemotherapy, and surgical resec-
tion have shown to be helpful against earlier stages of lung cancer, and
the co-administration of radiotherapy with chemotherapy has been
regarded as the preferred approach for therapy of locally advanced,
incurable NSCLC patients [4]. Additionally, despite the latest advance-
ments in novel treatments including molecular targeted therapy,
immunotherapy, genomic corrections, and gene therapy, the overall
survival rate of patients has not risen considerably in clinical settings,
due to the high rate of regional recurrence, metastasis, and acquired or
innate drug resistance [5,6]. Therefore, to improve the effectiveness of
currently available therapies, subtle knowledge of the molecular
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Table 1
PI3K/AKT and FOXO1 in lung cancer.
Upstream regulator Cancer Axis Model Description
type
purified plum NSCLC |PI3K/|AKT tFOX01/1 In vitro . “PPP had a considerable ability to limit A549 cell proliferation by causing [12]
polyphenols (PPP) Bcl-2 and cleaved caspase- apoptosis, as seen by an elevation in the Bax/Bcl-2 ratio.”

3 . “PPP causing the apoptosis of the A549 NSCLC cells via inhibition of the PI3K/AKT
pathway, and upregulation the FOXO1 and its downstream targets Bcl-2 and cleaved
caspase-3 level”

Cellular retinol-binding NSCLC |AKT/1FOXO1 In vitro “Reduced proliferation and cell viability caused by the restoration of CRBP-1 [43]

protein-1 (CRBP-1)

WTIP NSCLC JAKT/1FOXO1 In vitro and
in vivo

SEMA4B NSCLC | PIBK/AKT tFOXO1 In vitro and
in vivo

expression in H460 NSCLC cell line was correlated with down-regulation of AKT-

related gene”

“WTIP impairs AKT phosphorylation and enhances the transcriptional activity of [40]
FOXO1 and further increases p27Kip1 and p21Cip1 which leads to cell cycle arrest”
“SEMA4B inhibits PI3K/AKT which not only increases the nuclear accumulation of [42]
FOXO1

to induce apoptosis, but also regulates MMP9 to control metastasis”

mechanisms underlying lung cancer development, progression, drug
resistance, and invasion still needs to be elaborated in detail.

Transcription factors (TFs) are critical for a number of essential
physiological functions that regulate the DNA transcription into mRNA
by adhering to specific DNA sequences and they are either suppressed or
activated to control gene expression. TF dysregulation is frequently
observed in lung cancer and can result in the emergence of tumor-
related features [7]. Different expressed TFs and their downstream
target genes could be employed for therapeutic purposes [8]. Forkhead
box (FOX) proteins are an important family of transcription factors with
a specific winged-helix DNA binding domain [9]. The FOXO, a subgroup
of FOX proteins, is composed of four members including FOXO1,
FOXO03, FOX04, and FOX06, which control particular genes to govern
cell-cycle arrest, apoptosis, DNA damage repair, and cell growth [10].
FOXO proteins regulate gene transcription in quiescent or growth
factor-deficient cells where they typically are located in the nucleus. In
the presence of growth factors’ cellular survival drive, FOXO proteins
transmit to the cytosol and are eventually degraded by the
ubiquitin-proteasome signaling pathway. On the contrary, in the
absence of cell growth factors, FOXO proteins translocate to the nucleus
and modulate a number of target genes that are involved in cell cycle
arrest, apoptosis, and malignancy [11]. FOXO1, the most widely studied
subtype, has attracted much more attention due to its important role in
lung cancer. Except for growth factors, various signaling pathways and
upstream protein regulators such as PI3K/AKT, SIRTs, reactive oxygen
species (ROS), and non-coding RNAs (ncRNAs) may positively or
negatively modulate FOXO1 function [12-15]. Although most of the
recent studies support the hypothesis that FOXO1 is a genuine anti-
cancer agent the underlying mechanisms, signaling pathways and up-
stream regulators may reverse its tumor suppressor function. Moreover,
it has been established that FOXO1 has a controversial role in the
development of tumors. For instance, high FOXO1 expression in breast
cancer has been associated with the upregulation of matrix metal-
loproteinase (MMP), facilitated cancer cell metastasis [16] and its in-
hibition potentiates cancer cell death [17]. Conversely, FOXO1 is
downregulated in NSCLC and FOXOL1 silencing is correlated with the
invasive stage of cancer progression [18]. These conflicting findings
reflect that the role of FOXO1 may alter based on the type of cancer cells
and specific circumstances in malignancies.

In this review, we focus on the surprising role of FOXO1 in the
development of lung cancer and summarize the molecular mechanisms,
pathways, and non-coding RNAs (ncRNAs), which underlie the anti-
neoplastic role of FOXO1. Finally, we will discuss the therapeutic
approach of FOXO1 and its emerging role in the chemo/radio-resistance
of lung cancer.

1.1. Structure and regulation FOXO1

The term "forkhead" was given to the two spiked-head structures

found in the fetuses of the Drosophila melanogaster forkhead variant,
which were linked to the development of the Drosophila fetus intestine
[19]. 50 mammalian FOX proteins and 19 subfamilies (FOX stands for
’Forkhead Box’ A to S) have been discovered so far and they are cate-
gorized based on their winged-helix sequence homology and other
functional domains [20]. The FOX winged-helix structure resembles
butterfly wings and comprises three N-terminal a-helices, two loops, and
three B-strands [21,22]. Considering this distinctive structural charac-
teristic, the FOX proteins control gene expression by detecting the
cis-regulatory region in their target genes to directly influence gene
expression [20].

FOXO1, a subtype of highly conserved FOXO proteins, contains
approximately 110 amino acids in its domain and integrates different
signals to positively or negatively modulate cellular activities such as
anti-oxidative enzymes, apoptosis, development, autophagy, and im-
mune regulators [23,24]. Gene expression and the nucleocytoplasmic
cycling of FOXO1 are regulated by a nuclear localization signal, a
forkhead DNA-binding domain, a transactivation domain, and a nuclear
export sequence [25]. Furthermore, A variety of posttranscriptional
modifications, including ubiquitination, acetylation, deacetylation,
arginine methylation, and phosphorylation, are involved in FOXO1
regulation [23].

Some protein kinases target the phosphorylation of FOXO1 and
modify various sites on FOXO1 to change their cellular location, tran-
scriptional activity, and DNA binding affinity [26]. PI3K pathway, in-
sulin signaling substrates 1 and 2, and AKT/SGK protein kinases are
important regulators of FOXO1 which facilitates FOXO1 binding to
14-3-3 proteins, phosphorylate FOXO1 and enhance the translocation
of FOXO1 from the nucleus to cytoplasm resulting in its transcriptional
inactivation [27]. Conversely, some Other protein kinases such as JNK,
AMPK, p38, macrophage stimulating 1, and cyclin-dependent kinase 1
disrupt FOXO1 binding to 14-3-3 proteins, decrease FOXO1 phos-
phorylation, and promote its nuclear localization [28].

Similar to phosphorylation, acetylation has been demonstrated to
mediate multiple biological functions of FOXO1 and may both boost and
reduce FOXO1 transcriptional activity. The enzymes histone deacety-
lases and histone acetyltransferase regulate the impact of acetylation on
FOXOL1. It has also been noted that FOXO1’s acetylation at K222, K245,
K248, K265, K274, and K294 controls both its sensitivity to AKT phos-
phorylation and DNA-binding affinity. In more detail, acetylation of
FOXO1 reduces its DNA binding affinity and thereby promotes its
transcriptional activity, furthermore, this mechanism could be reversed
by its deacetylation [29,30].

Ubiquitination has a dual role in FOXO1 regulation. Similar to other
proteins, FOXO1 could be targeted for proteasome degradation via
polyubiquitination. Some ubiquitin E3 ligases are required for the
FOXO1 ubiquitination, which causes FOXO1 degradation. Mono-
ubiquitination of FOXO1 exerts the opposite effect and enhances FOXO1
nuclear localization [27,30]. Even though mostly FOXO1 serves as a
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tumor suppressor in most malignancies, there are shreds of evidence that
it can also exhibit oncogenic effects via maintaining cancer stem cells
[31], reactivation of the PI3K-AKT pathway via negative feedback [32]
and mediating drug resistance [33]. Therefore, more investigation into
its structure and controlling its posttranscriptional modifications could
help to determine the specific role of FOXO1 in tumorigenesis.

2. Molecular mechanisms of FOXO1 regulation in lung cancer
2.1. PI3K/AKT

Phosphoinositide 3-kinases (PI3Ks), a large group of signaling lipid
enzymes are involved in various biological processes, including differ-
entiation, cell growth, and cell cycle progression. Protein kinase B or
Akt, a serine/threonine kinase, is a typical downstream target of the
PI3K signaling pathway [34]. It’s well established that FOXO1 tad-
minister its function through interaction and regulating various kind of
signaling pathways and axis; FOXO1 is an outstanding target for
P13K/AKT signaling that has been stimulated (Table 1) [35,36]. Acti-
vation of PI3K leads to translocation of AKT to the cytoplasm and nu-
cleus, causing phosphorylation of a variety of genes; Phosphorylation of
target proteins by Akt could be inhibitory or stimulatory, reducing or
boosting their function. Phosphorylation induced by Akt results in the
suppression of FOXO1, which reverses the tumor suppressor role of
FOXO1; thus, stimulating the P13K/AKT axis may result in a tumori-
genesis condition [37,38]. Furthermore, considering AKT/FOXO1
function, activation or inhibition of other signaling pathways or up-
stream regulators should be taken into account to influence this pathway
in therapeutic approaches. WTl-interacting protein (WTIP), a cor-
egulator of the Wilms tumor gene (WT1), acts as a tumor suppressor via
increasing the expression of p21Cip1 and p27Kip1, the cyclin-dependent
kinase (CDK) inhibitors, and downregulating cyclin D1 and p-Rb levels
in NSCLC without any inhibitory effects on WT1 [39]. A recent study has
reported that the AKT/FOXO1 pathway has an interplay role in
WTIP-induced cell cycle arrest. WTIP significantly augments nuclear
FOXOL1 retention by decreasing phosphorylated AKT. In more detail,
Activated FOXO1 promotes the expression of CDK inhibitors p21Cipl
and p27Kipl resulting in G1/S arrest of NSCLC [40]. The PI3K/AKT/-
FOXO1 signaling pathway has received more attention in recent years
due to its importance in lung cancer, and recent studies have uncovered
various upstream regulators that modulate this axis; Sema domain of
semaphorin 4B (SEMA4B), a subtype of semaphorins protein, is new one
that has a crucial role in the tumorigenesis of NSCLC [41] and also en-
hances nuclear vs. cytoplasmic FOXO1 levels via suppression of the
PI3K/AKT signaling pathway. This action leads to the inhibition of
tumor cell development through the binding of FOXO1 to the promoter
of cell-cycle-inhibitor p21, which inhibits tumor cell proliferation [42].
Similarly, another study has revealed that the anti-proliferative features
of natural polyphenolic compound purified from plum on A549 lung
cancer cells are exerted through inhibition of the PI3K/AKT and trans-
location of FOXO1 to the nucleus which executes its transcriptional
functions and consequently stimulates pro-apoptotic Bcl2-like protein
11 downstream apoptosis pathway [12].

The interplay between FOXO1 and AKT pathway could be a probable
factor in the induction of pro or anti-apoptotic effects and considering
that influencing direct phosphorylation of AKT is a difficult process,
thus, targeting AKT/FOXO1 alone is not enough to control FOXO1
expression. Other upstream regulators such as WTIP [40] and SEMA4B
[42] are needed to be detected to exert the instinctive anticancer ability
of FOXO1 on lung cancer cells.

2.2. SIRTs
Sirtuins (SIRTs), a subgroup of NAD+ -dependent deacetylases, are

highly preserved from primitive organisms to human beings and are
thought to be important in lung cancer development. SIRTs regulate a
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Table 2
SIRT1 and FOXO1 in lung cancer.
Upstream Cancer Axis Model Description
regulator type
GSNO Lung TAMPK In vitro “GSNO causes [13]
cancer /1 and in accumulation of
SIRT1/ vivo endogenous H,0, via
1FOX01 suppression of Prdx2.
Endogenous H,02
provokes AMPK
activity which leads to
inhibition of SIRT1
and stimulation of
FOXO1 ”
NQO1 NSCLC JSIRT1/ In vitro “NQO1 triggered [48]
1FOXO01 and in oxidative stress
vivo induces proapoptotic
condition through
phosphorylation of
SIRT1 and

enhancement of the
nuclear accumulation
of FOXO1

variety of considerable physiologic mechanisms including cell division,
embryonic differentiation, aging, and metabolism [44,45]. An overview
of the literature revealed that there is a correlation between SIRT and
FOXO1; SIRT1 may have a role in cellular survival and apoptotic pro-
cesses through deacetylating FOXO transcription factors (Table 2) [46].
Zhang et al. have found that S-nitrosoglutathione (GSNO), a nitric
oxide-derived molecule, induces lung cancer cells apoptosis through
nitrosylating peroxiredoxin-2 (Prdx2); nitrosylated Prdx2 disturbs the
Prdx2s formation and suppresses the antioxidant activity of Prdx2 which
leads to AMP-activated protein kinase (AMPK) activation. They further
noticed that activated AMPK induces SIRT1 phosphorylation, increases
the acetylation of FOXO1, and promotes nuclear translocation of FOXO1
which finally causes apoptosis in NCI-H1299 cells of lung cancer [13].
There are other shreds of evidence that repressing SIRT, induces
FOXO1-mediated apoptosis. Quinone oxidoreductase 1 (NQO1), a
eukaryotic flavin protease enzyme, is overexpressed in cancer cell tu-
mors compared to normal tissues [47]. In line with this, a well-known
study by Liu et al. turned out that activation of NQO1 triggered by
oxidative stress suppresses SIRT1, and this leads to the nuclear accu-
mulation of acetylated FOXO1, which facilitates apoptotic signaling
[48].

2.3. DNA damage

DNA damage is a well-recognized factor in the initiation and devel-
opment of malignancies. Exogenous threats, consisting of chemical
agents, irradiation, and endogenous mechanisms increase reactive ox-
ygen species (ROS), create nucleotide fragments or aberrant nucleotides
causing diverse damage in chains of the DNA strand [49]. DNA damage
raises the possibility of mutations and genomic instability is one of the
most significant variables contributing to tumorigenesis. By occurring
DNA damage there is a requirement for a process to maintain genome
stability. The induction of several repair mechanisms with the main goal
of restoring DNA integrity refers to DNA damage response (DDR) [50].
DDR motivate checkpoints to identify DNA damage site and trigger
repair pathways to induce DDR-mediated apoptosis [51].

Recent studies have focused on the interplay role of FOXO1 in DDR.
A study by Ju et al. on H1299 lung cancer cells has shown that FOXO1
expression upon DNA damage caused by alkylating agents can vary
depending on the severity of cell injury. While mild DNA damage can
overexpress FOXO1, severe cell stress can exert a positive effect. Upon
DDR activation, FOXO1 promotes apoptotic genes such as p27Kipl,
GADD45, and Bim in H1299 lung cancer cells, causing cell cycle arrest.
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Table 3
Oxidative stress and FOXO1 in lung cancer.
Upstream regulator Cancer Axis Model Description
type
JNK NSCLC 1FOX01/1p27 In vitro “JNK facilitates nuclear translocation of FOXO1 and enhances FOXO1-depend repair [52]
(Kip1)-Bim-GADD45 response during DNA damage.”
UBE2T NSCLC 1|FOXO1 In vitro and “UBE2T enhances epithelial-mesenchymal transition (EMT) dependent radioresistance [53]
in vivo through FOXO1 degradation and activation of Wnt/p-catenin signaling pathway.”
Isovalerylspiramycin I NSCLC |PI3K/AKT/1FOXO01 In vitro and “Excessive ROS accumulation caused by ISP-I enhances FOXO1 expression via inhibition ~ [14]
(ISP-I) in vivo of PI3K/AKT pathway and stimulates consequent apoptosis and G2/M arrest”
A-485 NSCLC 1FOX01 In vitro “ROS production enhances FOXO1 expression and induces autophagy leading to growth  [55]
arrest commitment”
NQO1 NSCLC |SIRT1/1FOXO01 In vitro and “NQO1 triggered oxidative stress induces proapoptotic condition through [48]

in vivo

phosphorylation of SIRT1 and enhancement of the nuclear accumulation of FOXO1

C-Jun N-terminal kinases (JNK) is another protein kinase involves in
DNA damage and positively regulates FOXO1 transcriptional activity
and its target genes. Therefore, reinforcing JNK expression can be
considered a strategy to induce FOXO1 nuclear translocation effectively
[52].

Another regulator of FOXO1 during DNA damage which acts upside
down of JNK is the ubiquitin-conjugating enzyme E2T (UBE2T). UBE2T
is an overexpressed oncogene in lung cancer cells that protects tumors
from ionizing radiation by inducing proteasomal degradation of FOXO1

and subsequent activation of the Wnt/p-catenin pathway, a strong
regulator of Epithelial-to-mesenchymal transition (EMT) [53]. More
investigation has implicated the impressive role of SIRT1/FOXO1 and
PIBK/AKT/FOXO1 cascades in oxidative stress-induced DDR [48].
During NQO1 activation-triggered oxidative stress, the cellular level of
NAD™, as a co-substrate for SIRT1, was reduced and led to consequent
inhibition of SIRT1 enzyme activity [54]. Under high levels of oxidative
stress and inhibited SIRT1, inappropriately prolonged FOXO1 activation
stimulates apoptosis downstream target gene of FOXO1 and causes

Table 4
Reciprocal interplay between FOXO1 and ncRNAs in lung cancer.
ncRNA Cell line Downstream Role of Upstream Function Ref
FOXO1 (this can be a drug
even!)

miR-1269a A549 and H1975/NSCLC |FOXO0O1 TS Increased proliferation, migration, and [88]
(Oncogene) invasiveness

miR-421 A549/NSCLC JFOXO01 TS Promoted the viability of A549 lung cancer [76]
(Oncogenic)

miR-629 BEAS-2B H1299, and H460/ |FOXO01 TS Enhanced proliferation, migration, and invasion [77]
(Oncogenic) NSCLC

Circ_0000353 A549 cells, H226 cells, H23 93 |1miR-411-5p/ TS Impeded the proliferation, migration, and [871
(Tumor cells, H838 cells, and H226/ tFOXO01 invasion
suppressor) NSCLC

Circ_0002483 A549, H1299, H358, and PC9/ |miR-182-5p/ TS Inhibited NSCLC progression, increased the [86]
(Tumor NSCLC tFOXO01 sensitivity of NSCLC cells to Taxol
suppressor)

miR-122-3p A549/NSCLC 1FOXO TS Abrogated cell proliferation and promoted cell [69]
(Tumor apoptosis
suppressor)

miR-486 H1299 and H1792/ 1FOX01 TS Propofol induced the Induced cell apoptosis and suppressed lung [70]
(Tumor expression of miR-486 cancer cell viability
suppressor)

miR-9 A549, Calu-1, H157, H460 and 1FOXO01 TS Erlotinib Erlotinib downregulated miR-9 expression to [75]
(Oncogenic) HCC827/NSCLC induce FOXO1 expression and inhibit tumor cell

growth

miR-411 H1299, and H1792/NSCLC |FOX01 TS Promoted cell proliferation [89]
(Oncogenic)

miR-183 A549/NSCLC IFOX01 TS Increased NSCLC growth [74]
(Oncogenic)

ANCR IncRNA A549/NSCLC |FOX01 TS Induced the proliferative ability of A549 cells [80]
(Oncogenic)

IncRNA SOX2-OT A549/NSCLC | miR-122-3p/ TS Reduced apoptosis, cell cycle arrest, and [81]
(Oncogenic) |FOXO01 potentiated migration

LncRNA A549 and SPC-Al |1miR-1269a/ TS Inhibited lung cancer progression, growth, [82]
LINC00261 1FOXO01 metastasis, and promoted apoptosis
(Tumor
suppressor)

miR-96 A549 and PC-9/NSCLC |FOXO1 and TS Improved migration, invasion, and proliferation [78]
(Oncogenic) DUSP1

miR-3188 A549 and H1299/NSCLC TS FOXO1 Negatively regulated tumor growth [71]
(Tumor
suppressor)

miR-155 (H1299, H1650, H460, A549/ |FOX01/ROS TS Promoted NSCLC cell proliferation [90]
(Oncogenic) NSCLC

miR-183-5p A549, SPCA-1, PC-9, and 95-D/ |FOX01 TS Facilitated the migration, proliferation, EMT, and [91]
(Oncogenic) NSCLC invasion
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programmed cell death in A549 lung cancer cells [48]. Additionally, a
recent study on NSCLC cell lines showed that ROS accumulation could
significantly suppress the PI3K/AKT signaling pathway, which in turn
upregulates FOXO1 expression to induce its apoptosis and cell cycle
arrest-related downstream genes [14]. Except for ROS-mediated
apoptosis, some other research has authenticated that ROS accumula-
tion could also regulate autophagy in cancerous cells by affecting
FOXO1 function. The spiro oxazolidinedione compound indicated as
A-485 is a histone acetyltransferase inhibitor that exhibits antitumor
effects in tumorigenesis, especially through modulating autophagy.
Ansari et al. have realized that in response to A-485 treatment of A549
and H1299 lung cancer cells, intracellular ROS accumulation was
increased dose-dependently. They further showed that ROS production
could enhance the transcriptional activity of FOXO1 which may facili-
tate ROS-induced autophagy [55]. A large body of evidence showed that
FOXO1 has a tumor suppressor role in response to DDR. Therefore,
finding a mechanism to affect upstream regulators of FOXO1 during
DDR may elucidate FOXO1's future therapeutic aspect in malignancies
(Table 3).

2.4. STYK1

EMT, a mechanism in which epithelial cells become spindle-like
mesenchymal cells, plays a key role in cancer progression and aug-
ments migratory and invasive properties [56]. In this respect, FOXO1
has become the center of a debate regarding whether suppresses the
EMT process or, conversely, exhibits pro-metastatic functions via facil-
itating EMT. Lai and colleagues have conducted a study to clarify the
role of FOXO1 in human lung cancer cell lines and found that serine
threonine tyrosine kinase 1 (STYK1)/FOXO1 pathway has a crucial role
in this process [57]. STYK1, a novel oncogene member of the receptor
protein tyrosine kinases (RPTK) family, is overexpressed in NSCLC.
Elevated expression of STYK1 is associated with cancer cell invasion
through downregulating the E-cadherin expression and consequent in-
duction of EMT [58,59]. Lai et al. have highlighted the interplay role of
FOXO1 in STYK1l-mediated EMT activation. The phosphorylation of
FOXO1 and subsequent suppression of FOXO1 occurred concurrently
with the stimulatory effects of STYK1 on migratory characteristics. In
more detail, the amount of FOXO1 phosphorylation, which is negatively
associated with the FOXO1 activity, was assessed by measuring the ratio
of phosphorylated-FOXO1 (p-FOXO1) to FOXO1; and expression of
STYK1 positively correlated with p-FOXO1. As a result, STYK1 has an
appositive effect on cell migration, invasion, and promotes EMT by
blocking the tumor suppressor effect of FOXO1 [57].

3. The reciprocal interplay between FOXO1 and ncRNAs
3.1. ncRNAs

It has been well established that our body’s proteins are transcripted
by a small portion of the human genome, and a considerable part of
other genes are encoded into ncRNAs [60]. NcRNAs could be catego-
rized according to the length of nucleotides into short ncRNAs and long
ncRNAs (IncRNAs). Essential short ncRNAs typically consist of micro-
RNAs (miRNAs), and circular RNAs (circRNAs) [61]. Emerging studies
indicate that non-coding ncRNAs are tightly correlated to tumor onset,
development, progression, and drug resistance or may reverse these
actions in lung cancer [62,63].

3.2. miRNAs

MiRNAs belong to short ncRNAs with sizes ranging from 18 to 25
nucleotides long, and they play a role in a variety of metabolic and
physiological pathways, particularly those that control cell growth,
maturation, and survival. However, they have complicated expression
patterns, which lead to improper expression of them in approximately

Biomedicine & Pharmacotherapy 169 (2023) 115900

all types of cancers and challenge their classification as tumor sup-
pressors or oncogenes [64,65]. Under specific conditions, miRNA can
restrict or stimulate mRNA translation, promote mRNA degradation,
and modulate mRNA transcription [66]. As seen in the Table 4 most of
the ncRNAs which have a role in the pathogenesis or alleviation of tumor
cells in lung cancer are miRNAs. And the majority of mentioned miRNAs
that interact with FOXO1 in lung cancer have an oncogenic role, except
miR-486, and miR-122-3p which both of them upregulates the expres-
sion of FOXO1 and miR-3188 as probable downstream target of FOXO1.
MiR-486 and miR-122-3p exhibit their antitumor ability through
similar molecular mechanisms. It has been identified that the expression
level of miR-486 was reduced in lung tumors compared with uninvolved
lung tissues [67]. In addition, miR-122-3p is downregulated in some
types of malignancies [68]. The elevated level of miR-486 and
miR-122-3p increases apoptosis-related proteins such as bim and acti-
vated caspase-3 by directly targeting and upregulating FOXO1 [69,70].
In contrast to the mentioned miRNAs, which both them directly target
FOXO01; miR-3188 coordinates with FOXO1 via PI3K/AKT/c-JUN axis to
exert antitumor effects. In more detail, miR-3188 organizes a negative
feedback loop by regulation of the mTOR-p-PI3K/AKT-c-JUN signaling
pathway [71]. The transcription factor c-JUN has been reputed as a key
player in tumorigenesis and the mammalian target of rapamycin
(mTOR) is an oncogene protein kinase that constitutively stimulates
PI3K/AKT [72,73]. MiR-3188 inactivates the PI3K/AKT pathway by
direct suppression of mTOR, which results in consequent c-JUN and
p-mTOR downregulation. Similar to miR-3188, FOXO1 also suppresses
PI3K/AKT/c-JUN to inhibit NSCLC cell proliferation. Surprisingly,
miR-3188 failed to increase the FOXO1 expression, indicating that
miR-3188 could be a possible downstream molecule of FOXO1 [71].
Recently, it has been acknowledged that the 3' UTR region of FOXO1
is targeted by oncogenic microRNAs, such as miR-183 [74] and miR-9
[75] that their expression is enhanced in NSCLC cell lines (Table 4).
More importantly, in terms of cell migration, some oncogenic miRNAs
can increase cancer cell viability and invasion by inhibition of FOXO1.
For example, transwell and MTT assays on NSCLC cell lines revealed that
miR-421 and miR-629 have been found to promote lung cancer cell
viability and metastasis by direct downregulation of FOXO1 [76,77].
Alongside with direct effect of these two mentioned miRNAs on FOXO1
some other signaling pathways and downstream target genes are
involved in exerting the oncogenic role of miR-421 and miR-629. Upon
FOXO1 inhibition mediated by miR-421, activated AKT/ Glycogen
synthase kinase-3 3 (GSK-3p) pathway upregulates the protein expres-
sion of p-AKT, p-GSK-3, cyclin D1, and p-Rb which is strongly associ-
ated with diminished apoptosis and cell cycle progression in A549 cells
[76]. Concomitant with the direct effect of miR-629 on FOXO1, sur-
prisingly miR-629 activates the PI3K/AKT pathway which may poten-
tiate its negative effect on FOXO1 [77]. MiR-96 is another one that
exhibits its metastatic role by targeting FOXO1 and Dual-specificity
phosphatase 1 (DUSP1), a key negative regulator gene in cell invasion.
Ding et al. showed that Overexpressed MiR-96 in NSCLC cell lines
downregulates DUSP1 expression by sponging FOXO1 [78].

3.3. IncRNAs

LncRNAs are RNA molecules that have more than 200 nucleotides
and lower stability compared to short ncRNAs [61]. LncRNAs have
previously been suggested to be malfunctioning or dysregulated in
malignancies, with pro- or antitumor capability, especially in lung
cancer [79]. For example, IncRNA anti-differentiation noncoding RNA
(ANCR) and SOX2 overlapping transcript (SOX2-OT) are involved in
lung cancer tumorigenesis by modulating FOXO1 expression [80,81]. It
was demonstrated that IncRNA ANCR can directly bind FOXO1 protein
and suppress its expression. IncRNA ANCR-related inhibition of FOXO1
facilitates the expressions of Bcl-2 and cyclin D1 but inhibits those of
P27 and Bax, therefore alleviating the apoptosis and cell cycle arrest in
lung cancer cells [80]. SOX2-OT is another oncogenic IncRNA that
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Table 5
FOXO1 and treatment opportunities in lung cancer.
Treatment Cancer type Drug type axis genes Model Description Ref.
CNB NSCLC Natural 1G9a/1FOX01/ In vitro/ “CNB can significantly increase FOXO1 expression in A549 cell apoptosis [95]
compound | CK8 in vivo causing induction of Bax, PUMA, PARP, and cleaved caspase3/8 and
|PCNA, suppression Bcl-2
1Ki67 “ CNB enhances FOXO1 expression by inhibiting the expression of G9a and
tcleaved caspase3/8 consequently suppresses the invasion-related protein, CK8, and proliferative
|Bcl-2 related protein PCNA
1Bax
1PUMA
1 PARP
Cisplatin NSCLC Alkylating 1FOX01 In vitro/ “Cisplatin promotes the expression of FOXO1 and FOXO3a and induces [92]
agent 1tFOX03a in vivo apoptosis in NCSLC. In addition, LY294002, an inhibitor of the PI3K/AKT
axis, increases the cytotoxicity of cisplatin via upregulation of FOXO1 and
FOXO3a ”
Hyperoside NSCLC Natural 1FOX01 In vitro/ “Hyperoside decreased NSCLC cell growth and promoted apoptosis by [105]
compound |CCAT1 in vivo upregulating FOXO1 expression and downregulating the amount of colon
cancer-associated transcript 1 (CCAT1) in EGFR-TKI resistance NSCLC
cells.”
Glucosamine Lung Natural |PISK/AKT In vitro “Glucosamine modulated A549 cell proliferation, via O-GlcNAc [94]
adenocarcinoma compound IMAPK/ERK modification-induced downregulation of the MAPK/ERK and PI3K/AKT
1FOXO1 and inhibited the phosphorylation of ERK and AKT which respectively may
1FOX03 result in activation of FOXO3 and FOXO1"
Erlotinib NSCLC Kinase 1FOX01 In vitro “Oncogenic miR-9 targets FOXO1 and reduces its expression to promote [75]
inhibitor proliferation and erlotinib operates its inhibitory effect through
downregulation of miR-9/FOXO1 axis.”
Depsipeptide ~ Human lung HDAC 1FOX01/1Bim In vitro “Depsipeptide, a novel HDAC inhibitor, induces apoptosis and cell cycle [93]
cancer inhibitor arrest in cancer cells via activation of Bim which is directly associated with
increased acetylation of FOX01.”
L7 Mice lung cancer Cytokine 1PI3K-AKT-mTOR/ In vitro/ “IL7 stimulates the PI3K-AKT-mTOR pathway to enhance the histone [101]
1p300/1FOX01/ IL- in vivo acetyltransferase p300. Activated p300 dephosphorylates FOXO1 to trigger
91 the production of IL-9 protein and provide the antitumor ability of TH9
cells.”
IFN-y Mice lung cancer Cytokine 1FOXO01/1IL-27 In vitro/ “IFN-y inhibits mice lung cancer metastasis through FOXO1-mediated [103]
in vivo induction of IL-27 and NK cell expansion.”

influences FOXO1 activity by regulation of another miRNA. IncRNA
SOX2-0T transfection of lung cancerous A549 cell line inhibits FOXO1
by downregulation of miR-122-3p leading to enhanced migration,
reduced apoptosis, and cell cycle arrest compared to untreated cells
[81].

In contrast to the mentioned oncogene IncRNA, LINC00261 is a
tumor suppressor that positively affects FOXO1 expression. IncRNA
LINCO00261 upregulates FOXO1 by sponging miR-1269a which is asso-
ciated with promoted proliferation and metastasis of lung cancer cells
[82]. As seen in Table 4 FOXO1 acts as a tumor suppressor in investi-
gated IncRNAs.

3.4. circRNAs

In contrast to IncRNAs and miRNAs, circRNAs have a continuous
closed loop. Because of circRNAs’ covalently closed formations, they are
more persistent than IncRNAs and miRNAs [83]. CircRNAs have
received much attention as an independent biomarker in the prognosis,
diagnosis, and therapeutic targeting of lung cancer and their dysregu-
lation influences various aspects of cancer progression, consisting of
invasion, occurrence, and recurrence [84]. CircRNAs regulate the
expression of genes involved in migration, tumorigenesis, and apoptosis
by affecting signaling pathways, transcription factors, or other ncRNAs
that specify their oncogenic or tumor suppressor role [85]. Similar to
other ncRNAs, circRNAs have a key role in lung cancer tumorigenesis
through post-transcriptional regulation of FOXO1. Circ-0000353 and
circ-0002483 are two of circRNAs with tumor suppressor roles that
affect FOXO1 expression [86,87]. Li et al. have shown that circ_0002483
is downregulated in NSCLC cell lines and patients with a lower level of
circ_0002483 expression represent a worse prognosis compared to the
control group. Overexpression of circ_ 0002483 in A549 and H1299 cells
led to remarkable upregulation of FOXO1 by sponging miR-182-5p.
More importantly, circ_ 0002483-related activation of FOXO1 enhances

the sensitivity of NSCLC to Taxol, a diterpenoid alkaloid with anti-tumor
properties [86]. Consisting with the mentioned study, circ_0000353 is
another circRNA which positively regulates FOXO1 by suppressing
miR-411-5p. Furthermore, upregulated FOXO1 caused by circ_0000353
attenuates proliferation and migration in NSCLC cell lines [87].

3.5. FOXO1 as a therapeutic target

Given that most of the research conducted until now supports the
tumor suppressor property of FOXO1, it seems that restoring its
expression may reverse lung tumorigenesis in the early stages. An
increasing number of studies have shown that restoration of FOXO1
could enhance the therapeutic efficacy of anticancer drugs such as
cisplatin [92] and depsipeptide, a novel HDAC inhibitor [93].
Depsipeptide-mediated acetylation of FOXO1 is a specific modification
that triggers the Bim expression and elicits cancer cell death [93].
Conversely, FOXO1-related apoptosis of NSCLC cell lines induced by
cisplatin was independent of Bim expression [92]. This revealed that
despite the similar anticancer mechanism induced by FOXO1 activation,
the downstream target gene of FOXO1 could be different depending on
the administered pharmacological compound. In addition, some of these
anticancer drugs target upstream agents of FOXO1 to stimulate its
function. Glucosamine, a natural compound found in cartilage, abro-
gates FOXO1 phosphorylation and facilitates its nuclear translocation by
inhibiting PI3K/AKT pathway. Nuclear accumulation of FOXO1 upre-
gulates the protein expression of Fas ligand (FasL) and Bim, which are
involved in apoptosis, and p21cipl and p27kip1, which have a key role
in cell cycle arrest [94]. Cinobufagin (CNB) is another anticancer natural
compound extracted from Chansu, an herbal traditional Chinese medi-
cine, which indirectly affects FOXO1 expression and suppresses A549
cells proliferation, invasion, and migration in a time- and
dose-dependent manner [95]. G9a is a histone methyltransferase with
oncogenic features and its overexpression is associated with poor prognosis in
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downregulate FOXO1 expression. In the nucleus, FOXO1 can transcriptionally regulate the expression of target genes via binding to their promoter. Altogether, the
mechanisms leading to transcriptional activation of FOXO1 increase apoptosis, cell cycle arrest, and palliate proliferation, invasion, and drug resistance in lung

cancer cells.

most malignancies [96]. In vivo and in vitro experiments of Zhang et al.
showed that CNB potentiates FOXO1 expression by inhibiting the
expression of G9a leading to the suppression of proliferating cell nuclear
antigen (PCNA), CK8, a migration-related protein, and increasing the
expression of pro-apoptotic protein such as Bim, PUMA, Bcl-2, PARP,
Caspase3/8 [95].

It also has been recognized that FOXO1 is associated with the anti-
cancer mechanism of well-known chemo drugs such as EGFR-TKIs,
which are mostly considered as first-line therapy in NSCLC patients
[75,97]. EGFR-TKIs such as erlotinib function through the inactivation
of two significant signaling pathways in cancer; Ras/MAPK and
PI3K/Akt pathway which FOXO1 could be upregulated mostly through
inhibited PI3K/Akt pathway [98]. The latest research finding has
noticed that except for the PI3K/Akt pathway, some other regulators like
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miRNA could be responsible for EGFR-TKI-related FOXO1 expression. In
this regard, miR-9 is an overexpressed oncogenic ncRNA in lung cancer
tissues, which directly binds to its 3-UTR region of FOXO1 and nega-
tively regulates FOXO1 translation. It has been implicated that erlotinib
may downregulate miR-9 expression through DNA methylation which
further facilitates the FOXO1 expression [75].

Except for chemotherapy, radiotherapy and surgical resection as
conventional therapeutic methods, immunotherapy has revolutionized
lung cancer treatment efficacy and considerably increased overall pa-
tient survival, particularly for advanced patients [99,100]. Fascinat-
ingly, novel approaches have ascertained that FOXO1 can regulate the
immune system components and may provide a possible target in lung
cancer immunotherapy. A well-known study on mice lung cancer hy-
pothesized that the enhanced tumor suppressor ability of tumor-specific
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Table 6
FOXO1 and radio/chemoresistance in lung cancer.

Upstream Cancer type Axis Model Description

regulator

FUT4 NSCLC EGFR/PI3K/AKT/ In vitro “FUT4 silencing sensitizes tumor cells to cisplatin through suppressing EGFR/PI3K/ [110]
|FOX01 AKT signaling and decrease in phosphorylation of FOXO1.”

Prx1 NSCLC AKT/|FOXO1 Invitro/in  “Prx1 knockdown activates the caspase cascade and induces FOXO1 apoptosis via [111]

vivo inhibition of docetaxel-induced phosphorylation of Akt and FOXO1.
mTORC2 NSCLC AKT/|FOXO1 Invitro/in ~ “mTORC2 negatively regulates AKT and enhances the phosphorylation of FOXO1. ” [109]
vivo

Fenofibrate NSCLC TPPAR« Invitro/in  “lipid-lowering drug fenofibrate alleviates acquired resistance to gefitinib in NSCLC [119]
TLXRa vivo By inducing apoptosis via the PPAR/AMPK/AKT/FoxO1 pathway”.
1ABCA1 “Enhance the expression of PPARx, ABCA1, and LXR« leading to increase the ant
TAMPK proliferative effects of gefitinib via reduction of the intracellular cholesterol levels.”
|AKT
1FOX01

YC-1 NSCLC 1FOX01 In vitro YC-1 abrogates autophagy induced by gefitinib via inhibition of HIF-1a. [121]

“YC-1 enhances the pro-apoptotic effect of gefitinib via overexpression of FOX01.”
AKBA Radioresistance lung tmaspin/|AKT/ Invitro/in ~ AKBA decreases methylation of maspin and enhances its inhibitory effect on AKT [125]
cancer cells 1FOX01/1p21 vivo leading to nuclear translocation of FOXO1

CD4™" T helper 9 (Ty9) cells might be FOXO1-dependent [101]. Ty9, a
highly potent effector T cell subset used in cancer immunotherapy, is
differentiated from naive CD4" T cells upon antigen stimulation in the
presence of specific cytokines to mediate numerous immune responses
[102]. Among these cytokines, interleukin-7 (IL-7) has been found to
facilitate the differentiation of naive CD4" T cells into Ty9 cells and
augment their anticancer property. To be more specific, activated
STAT5 and PI3K-AKT-mTOR pathways mediated by IL7 enhance the
histone acetyltransferase p300 abundance which serves as a co-activator
for FOXO01, induces its nuclear translocation, to bind to the 119 promoter
and as a consequence upregulates the protein expression of IL-9 to
eventually promote differentiation and antitumor function of IL-7-Ty9
cells in mice lung tumor tissues [101]. Even more, FOXO1 has been
reported to attenuate the lung metastatic burden of mice by recruiting
IL-27 in the intermediate monocytes (IMo) [103]. Based on surface
markers, circulating monocytes can be classified as a functionally
diversified and heterogeneous cell population composed of classical
monocytes (CMo), IMo, and non-CMo/patrolling monocyte (PMo) sub-
sets. Although some debate persists, it is generally accepted that under
physiological settings, IMo is a transitory stage in the differentiation of
CMo to PMo [104]. IFN-y, an inflammatory cytokine in the regulation of
IMo/PMo differentiation, induced IMo expansion and hampered the
metastasis of lung cancer by triggering natural killer (NK) cell expan-
sion. In fact, it has been observed that IFN-y provokes the transcriptional
activity of FOXO1 in IMO to induce IL-27 expression and substantial NK
cell expansion [103]. Altogether, most of the pharmacological com-
pounds and immunologic responses, which influence FOXO1 were
shown to enhance its expression in lung cancer (Table 5). Therefore,
finding a novel mechanism to affect FOXO1 or its regulators could open
up new horizons in chemotherapy, immunotherapy, and other thera-
peutic strategies to fight against lung malignancies. .

3.6. FOXO1 and radio/chemoresistance

Drug resistance is a significant factor in the treatment failure of
NSCLC that results in cancer recurrence and its progression. Drug
transporter expression alterations, pro-survival and anti-apoptotic
cascade stimulation, and non-intrinsic effects of the tumor microenvi-
ronment are several instances of cell-intrinsic resistance mechanisms
[106-108]. Different signaling pathways are involved in the
chemo/radio-resistance of NSCLC; on top of them, there are EGFR,
PI3K/AKT, and the mammalian target of rapamycin Complex 2
(mTORC2)/AKT, interestingly, most of these pathways interact with the
master regulator, FOXO1 [109,110]. Therefore, it seems that targeting
FOXO1 and its modification could be efficient in sensitizing resistant
tumor cells during chemo/radio-resistance (Table 6)..

FOXO1 phosphorylation during lung cancer chemotherapy has
attracted much more attention as one of the most important causes of
tumor cell resistance. Not only FOXO1 but also its upstream regulators
have a crucial role in drug resistance. Fucosyltransferase IV (FUT4) and
peroxiredoxin 1 (Prx1) are two of these regulators which drive chemo-
resistance in lung cancer cells via influencing FOXO1 and AKT phos-
phorylation [110,111]. Prx1, a thiol-specific antioxidant protein, is a
major member of the 2-Cys peroxiredoxin family and its level is
frequently promoted in several cancers, especially lung cancer [112].
It’s well established that Prxl overexpression is associated with
apoptosis inhibition during chemo or radiotherapy. Prx1 augments the
phosphorylation of AKT and its substrates FOXO1l to exhibit
anti-apoptotic features. More importantly docetaxel, a widely used
chemo drug of NSCLC, independently inhibits FOXO1 by induction of
AKT phosphorylation and resulting A549 resistance. Hwang et al.
revealed that Prx1 knockdown also enhanced the sensitivity of A549
lung cancer cells to docetaxel by suppressing docetaxel-induced phos-
phorylation of AKT and FOXO1 leading to caspase-8 activation [111].
Similarly, fucosyltransferase IV (FUT4), a catalyzer enzyme in the
biosynthesis of fucosylated polysaccharides, is another negative regu-
lator of FOXO1 which has been overexpressed in lung cancer [110,113].
Recent reports have shown that FUT4 is involved in drug resistance of
various cancers through the induction of PI3K/AKT signaling [114].
More investigations highlighted the interplay role of FOXO1l in
FUT4-related chemoresistance. In A431 lung cancer cells, FUT4 inhibi-
ted FOXO1-induced apoptosis by activation of PI3K/AKT signaling via
EGFR phosphorylation and more importantly attenuated the sensitivity
of A431 cancer cells to cisplatin, a frequent anticancer drug applied in
NSCLC [110].

Since FOXO1 is involved in cell cycle arrest and apoptosis, it plays an
essential role in driving transcriptional response against chemotherapy
in lung cancer. As aforementioned FOXO1 regulates NSCLC cell viability
and apoptosis according to its modification; phosphorylation of FOXO1
results in cell growth, and its acetylation stimulates apoptosis [11,115].
A recent study by Xu et al. has indicated the effective role of FOXO1 in
preventing and overcoming epidermal growth factor receptor tyrosine
kinase inhibitors (EGFR-TKIs) resistance in NSCLC patients [109]. TKIs
have been extensively utilized in clinical treatments with significant
advantages for advanced NSCLC patients. But after receiving TKI drugs
for 6-12 months, cancer cells acquire resistance to TKI [116,117]. Given
that the mechanistic/mammalian target of rapamycin (mTOR)/AKT
pathway is stimulated in cancers [118] and is closely associated with
FOXO1 function, controlling its expression can serve as an indirect
strategy for targeting FOXO1 as well. Xu and colleagues noticed that the
mTORC2-AKT-FOXO1 signaling pathway was dysregulated in
TKI-resistant NSCLC cells, and FOXO1 is highly phosphorylated. More
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Fig. 2. A summary of FOXO1 in lung cancer treatment and its role in drug resistance. A) Administration of EGFR-TKIs such as erlotinib in cancerous cells could
reverse the inhibitory effect of EGFR/PI3K/AKT axis on FOXO1 and augment its nuclear translocation. On the other hand, erlotinib inactivates oncogenic ncRNAs
such as miR-9 to induces FOXO1 function. Other therapeutic compound such depsipeptide facilities FOXO1 acetylation by inhibition HDACs. Natural compound
including CNB and glucosamine has been reputed to enhance the transcriptional activity of FOXO1. B) During chemotherapy of lung cancer, some upstream reg-
ulators of FOXO1 such as Prx1, FUT4, and mTOR diversely influence EGFR/PI3K/AKT cascade to inhibit FOXO1 function and increase the resistance of tumor cells.
Moreover, some chemo drugs such as gefitinib increase fatty acid consumption and diminish the intracellular ATP levels by downregulation of PPARa expression.
Decreased ATP level caused by fatty acid consumption inactivates AMPK and results in FOXO1 inhibition. Radiotherapy in lung cancer suppresses the inhibitory

effect of maspin on AKT and decreases the nuclear translocation of FOXO1.

interestingly, they mentioned that to achieve a better antitumor effect
and overcome TKI resistance, both mTORC2/AKT and PI3K/AKT should
be inhibited together to acetylate FOXO1 and influence its downstream
pro-apoptotic and antiproliferative genes which haven’t been elucidated
in this study [109].

The importance of the AKT/FOXO1 complex even gets bolder when
fenofibrate, a PPAR« agonist lipid-lowering drug, was confirmed to be
involved in the sensitization of EGFR-TKIs resistance NSCLC cell lines by
targeting this complex. Gefitinib, a widely used EGFR-TKI, dysregulates
the cholesterol efflux pathway by downregulation of peroxisome
proliferator-activated receptor o (PPAR«) expression, which is a ligand-
activated transcription factor with a key role in lipid metabolism.

Downregulated PPARa enhanced intracellular cholesterol levels in
gefitinib-resistant cell lines compared to gefitinib-sensitive cell lines
[119]. Upon fenofibrate-related activation of PPARa, the fatty acid
oxidation machinery is also likely to be transcriptionally activated,
shifting energy metabolism to fatty acids consumption instead of glucose
utilization [120]. As a result, PPAR« activation decreased the ATP levels
and enhanced the phosphorylation of AMPK. Activated AMPK sup-
pressed AKT phosphorylation and induced FOXO1 expression to initiate
the intrinsic apoptotic pathway [119]. Newer investigations have sug-
gested that autophagy is responsible for EGFR-TKIs resistance of NSCLC
cell lines with an interplay role of FOXO1 [121]. Autophagy is a
conserved transport pathway that maintains cellular homeostasis by
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modulating a lysosome-dependent degradative mechanism [122]. It is
well established that autophagy is a crucial kinase-independent function
of EGFR. EGFR signaling contributes to autophagy suppression therefore
EGFR-TKI treatment of cancer cells augments autophagy which results
in tumor cell survival and chemoresistance [123,124]. The study of Hu
and colleagues showed that inhibition of autophagy by 3-(5-Hydrox-
ymethyl-2-furyl)— 1-benzyl indazole (YC-1), an activator of soluble
guanylyl cyclase with antitumor property, dramatically blocks
gefitinib-induced autophagy via interrupting the junction of autopha-
gosomes and lysosomes, hence boosting gefitinib’s pro-apoptotic impact
in resistant cancer cells. Intriguingly, they noticed that this phenomenon
was linked to higher FOXO1 transcriptional activity, and suppressed
autophagy may enhance the FOXO1 expression to exert apoptotic fea-
tures in gefitinib-resistant cancer cells [121].

Apart from the impressive role of the AKT/FOXO1 pathway in
mediating chemoresistance in cancer cells, this pathway has drawn
much attention at the onset of radioresistance in lung cancer cells.
Phosphorylation of AKT and FOXO1 may induce resistance in lung
cancer cells during radiotherapy. A recent study suggested a key role for
mammary serine protease inhibitor (maspin) as an upstream regulator of
AKT/FOXOL1 in the radioresistance A549 lung cancer cell line [125].
Maspin, a serpin protease inhibitor, functions as a tumor suppressor
gene in various kinds of malignancies [126]. Furthermore, it has been
reported that maspin is hypermethylated in radioresistant lung cancer
cells, and its inhibition enhances the resistance of tumor cells to radio-
therapy [127]. It seems that methylated maspin phosphorylates AKT and
leads to the inhibition of FOXO1 in the radioresistance cancer cell. Upon
maspin demethylation caused by Acetyl-keto-b-boswellic acid (AKBA), a
well-known anti-tumor compound isolated from a Chinese natural plant
inhibited AKT facilitates the nuclear translocation of FOXO1 which re-
sults in cell cycle arrests via increment of the p21 expression, a
cyclin-dependent kinase inhibitor [125].

4. Conclusion and prospective

According to the evidence collected, a picture emerges in which
FOXO1’s action in lung cancer is more positive than previously believed.
Studies demonstrating a tumor-supportive ability for FOXO1 provide an
emerging approach that can be utilized for new insights into lung
carcinogenesis and the role of its regulators in this mechanism. Addi-
tionally, while targeting the PI3K/AKT pathway has an important
impact on restoring FOXO1 activity, other transcription factors and
proteins are involved in its regulation. Protein kinases such as AMPK and
JNK positively regulate FOXO1 and conversely, AKT and STYK1 exert a
negative effect on FOXO1 expression in lung cancer. Notably, FOXO1
exhibits its tumor-suppressive role by developing a reciprocal interplay
with regulators of the cell cycle like Cyclins and CDKs and pro-apoptotic
proteins including Bim, PUMA, PARP, Bcl-2, and Caspase3/8. The
accelerating growth of tumor cells mostly exposes them to hypoxic
conditions which facilitate ROS production, oxidative stress, and DDR.
More investigation on lung cancer highlighted the impressive role of
excessive ROS production as an upstream regulator of FOXO1 which
inhibits SIRT1 and PI3K/AKT and enhances the transcriptional activity
of FOXOL1. Intriguingly, the majority of FOXO1’s upstream regulators
are ncRNAs that target the 3' UTR region of the FOXO1, and analysis of
their outcomes potentiates the tumor-suppressor role of FOXO1 in lung
malignancies. The mechanisms of action of conventional lung cancer
chemotherapeutics such as erlotinib, depsipeptide, and cisplatin are
inevitably associated with the FOXO1 transcription factor. Furthermore,
restoring FOXO1 expression could be administered in the sensitization
of lung cancer cells to docetaxel, gefitinib, or cisplatin.

However, a large amount of research on FOXO1 functions in lung
cancer metabolism has been conducted in cancer cell lines. The creation
of appropriate animal models should be considered for future research in
order to better understand the regulatory function of FOXO1 in vivo.
Elucidating the effect of FOXO1l transcriptional function in the
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metabolic characteristics of malignant and normal cells allows us to
identify possible vulnerabilities that could be addressed by appropriate
therapeutic strategies. Apart from the mentioned agents that influence
FOXOL1 activity, more investigation is required to identify other regu-
lators and signaling pathways involved in FOXO1 modification. Even
though some studies have authenticated the beneficial effects of FOXO1
in lung cancers, pharmacological tools that efficiently impact FOXO1
activity are still under development. Fundamental knowledge of mech-
anisms underlying FOXO1 regulations and how they provide particular
transcriptional output will make it possible to develop medications that
target FOXO1 and prepare the way for possible combination therapies
and overcoming drug resistance in lung cancer.
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