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Cancer has long been a topic of great interest in society and a major factor

affecting human health. Breast, prostate, lung, and colorectal cancers are the

top four tumor types with the greatest incidence rates in 2020, according to

the most recent data on global cancer incidence. Among these, lung cancer

had the highest fatality rate. Extensive research has shown that microRNAs,

through different signaling pathways, play crucial roles in cancer development.

It is considered that the PI3K/AKT signaling pathway plays a significant role in

the development of lung cancer. MicroRNAs can act as a tumor suppressor or

an oncogene by altering the expression of important proteins in this pathway,

such as PTEN and AKT. In order to improve the clinical translational benefit of

microRNAs in lung cancer research, we have generalized and summarized the

way of action of microRNAs linked with the PI3/AKT signaling pathway in this

review through literature search and data analysis.
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1 Introduction

1.1 Lung cancer

Lung cancer is the most prevalent carcinoma in the world, which is classified into two

distinct kinds based on histology: small cell lung cancer (SCLC) and non-small cell lung

cancer (NSCLC). Large cell carcinoma (LULC), squamous cell carcinoma (LUSC), and

adenocarcinoma (LUAD) account for approximately 85% of all lung cancer cases.

Although SCLC is uncommon, it is distinguished by rapid progression, early metastasis,

and a dismal prognosis (1). According to the TCGA database, lung cancer ranks first

among male and third among female malignancies by gender, supporting the American

Cancer Society’s (ACS) forecast that there will be 236,740 new cases globally in 2022,

making up 12.3% of all new cancer cases. LC is the biggest killer of cancer-related deaths
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globally, causing more than 350 deaths per day, 2.5 times the

mortality rate from colorectal cancer (CRC), and more than the

sum of the mortality rates from breast, prostate, and pancreatic

cancers (2). Clearly, lung cancer has become a serious social burden.

Although with the general awakening of people’s health awareness,

the early diagnosis rate of lung cancer patients has improved thanks

to regular screening of high-risk groups, while the research and

development of therapeutic drugs have continued to progress,

resulting in an increase in the five-year survival rate of lung cancer

patients compared with a decade ago from 17.2% to 21.7% now (3).

However, this has not changed the status quo that lung cancer is still

the leading cause of cancer deaths, and drug resistance, recurrence

and metastasis of tumors are the main reasons that make the overall

prognosis of LC patients poorer, with brain metastasis that will lead

to rapid death (4). The mechanisms of lung cancer development and

progression are complex and are related to extrinsic factors (smoke,

dust exposure, etc.) and intrinsic factors (gene mutations, transcript

variants), among others (5) (6). The incidence and lethality of lung

cancer remain high, so more scientific research is needed to change

this cruel status quo. Multiple research efforts have shown that

abnormal activity in the PI3K/AKT signaling pathway, which is

controlled by a number of endogenous microRNAs, is frequently

regarded as a characteristic of the development of cancer.
1.2 PI3K/AKT pathway

The phosphatidylinositol-3 kinase (PI3K)/AKT signaling

pathway is activated in response to the membrane receptor tyrosine

kinase (RTK) and transmits signals from the cell membrane to the

nucleus. RTKs include various types of growth factors, such as the

epidermal growth factor receptor (EGFR), insulin-like growth factor I

receptor (IGF-IR), and fibroblast growth factor receptor (FGFR) (7)

PI3K is a family of lipid kinases with both serine/threonine (Ser/Thr)

kinase activity and phosphatidylinositol kinase activity, which

possesses the ability to phosphorylate the 3’-OH moiety of the

inositol ring in inositol phospholipids (8). The currently known

PI3Ks are divided into three classes: class I (a, b, g, d), class II

(C2a, C2b, C2g), and class III PI3K VPS34 (also known as PIK3C3),

of which class I PI3Ks are heterodimers consisting of the p110

catalytic subunit and the p85 regulatory subunit with the SH2

structural domain. p110 catalytic subunit contains four isoforms

(The p110 catalytic subunit contains four isoforms (p110a, p110 b,
p110g, and p110d, encoded by PIK3CA, PIK3CB, PIK3CG, and

PIK3CD, respectively), of which p110g and p110d are restricted to

leukocytes, whereas the remaining types of catalytic subunits are

widely distributed in various cell types (9). Functionally, the p110

catalytic subunit converts PIP2 (phosphatidylinositol 2 phosphate) to

PIP3 (phosphatidylinositol 3 phosphate) by binding to the p85

regulatory subunit, which in turn recruits oncogenic signaling

proteins with its binding site, including protein kinase B and

phosphatidylinositol-dependent protein kinase 1 (PDK1) (10). The

cancer suppressor gene PTEN can halt the conversion of PIP2 to

PIP3 by acting as an antagonist of PI3K (11). Protein kinase B (Akt),

also known as PKB or Rac (12), can encode serine/threonine

enzymes, which is an important kinase involved in a variety of
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physiological activities such as cell proliferation and apoptosis, and

phosphorylated Akt can integrate a variety of cellular regulators to

promote cancer progression. In addition, phosphorylated Akt can

reverse the inhibitory effect of the oncogene TSC1/2 on its

downstream effector mTOR, which integrates many of its

downstream proteins (S6K, 4EBP1, etc.) to promote cancer

progression (13). In the last few decades, the PI3K/Akt signaling

pathway has been assumed as being dysregulated in a wide range of

human malignancies, with kinase mutations and/or decreased PTEN

expression leading to tumor transformation.Cancer cells’ increasing

reliance on PI3K/Akt signaling makes it an attractive therapeutic

target. Thus, a better knowledge of the mechanisms that regulate

aberrant PI3K/Akt signaling in cancer can provide important insights

for the development of new therapeutic methods (Figure 1).
1.3 MicroRNA

MicroRNAs (miRNAs), a subclass of endogenous small molecules

non-coding RNAs (ncRNAs), control the activity of protein-coding

genes post-transcriptionally (14). The majority of microRNA genes are

transcribed by RNA polymerase II to produce stem loops containing

primary microRNAs (pri-miRNAs), which can range in size from

hundreds to thousands of bases, a small number of miRNAs, contained

within Alu repeat elements, can be transcribed by RNA polymerase III

(15). Following capping and polyadenylation in the nucleus, primary

miRNAs are then cut into short fragments of about 60–70 nucleotides

in length by the RNAse III enzyme Drosha, these fragments are then

altered by the RNAse II endonuclease Dicer to create mature

microRNA duplexes (16). As many as 2300 distinct microRNAs

have been identified in human cells, with time- and tissue-dependent

expression patterns, and mature microRNAs account for about 1% of

the genomes of different species, binding the 3’UTR sequence motifs of

mRNAs through partial complementarity and inducing mRNA

degradation and translational repression (17) (18), affecting multiple

biological functions of cells. Recent studies have found that microRNAs

acting on some PI3K/AKT pathway proteins play a role in cancer

formation (19).

We observed that several microRNAs regulate the activity of a

number of critical proteins in the PI3K/AKT signaling pathway,

which influences the overall lung cancer growth process. The paper

analyzes and describes the mechanisms of action of these

microRNAs in an effort to boost the clinical translational benefits

of microRNAs in LC research (Tables 1–3).
2 MicroRNA affects lung cancer
development through the PI3K/
AKT pathway

2.1 Regulates the growth of lung
cancer cells

Loss of control over cell proliferation is the primary hallmark of

tumor start, and uncontrolled cell proliferation is regulated by a

wide range of factors. It is impossible to ignore the critical
frontiersin.org
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regulatory roles that microRNAs play in the progression of many

malignancies via the PI3K/AKT signaling pathway. These

microRNAs may act as tumor suppressors or cancer-causing

genes, influencing the occurrence of human malignancies.

For instance, miR-425-5p, which is overexpressed in NSCLC

and enhances the PI3K/AKT signaling pathway by reducing PTEN,

promotes the formation of lung cancer (20). Similar to this, miR-

4507 overexpression in NSCLC tissues and cells decreased the

expression of its potential target TP53 and turned on the PI3K/

AKT signaling pathway, which aided in the proliferation of tumor

cells (21). It was recently observed that clients who had elevated

miR-629 levels usually had poor prognoses, and that high miR-629

levels in NSCLC accelerated NSCLC growth by blocking the

transcription factor FOXO1 (22). MiR-141 dramatically boosted

the level of phosphorylated AKT in NSCLC cells while deregulating

the inhibitory effects of PHLPP1 and PHLPP2, which block the

PI3K/AKT signaling pathway and slow NSCLC cell proliferation

(23). By controlling the PI3K/Akt pathway and targeting PTEN,

miR-4286 accelerates the development of lung cancer cells (24).

MiR-200 is elevated in adenocarcinoma and accelerates lung

adenocarcinoma tumor cell growth by activating AKT in cells via

IRS-1 (25). It was recently shown that miR-210 upregulation

promotes the development of NSCLC by controlling the PI3K/

AKT signaling pathway and dwelling on the transcription factor

RUNX3 (26) ADDIN. MiR-210-3p increased cell proliferation in

LUSC by upregulating PI3K/AKT activity and suppressing CELF2

expression (27). Interestingly, miR-374a was shown to play a dual

role in NSCLC, miR-374a exerted a protective effect by inactivating

PI3K/AKT and RAS-mediated cell cycle signaling, as well as

epithelial-mesenchymal transition (EMT) through direct targeting
Frontiers in Oncology 03
of CCND1 in the early stage of NSCLC. MiR-374a reduced cell

growth substantially, which also improved NSCLC cell sensitivity to

cisplatin (DDP) and enhanced the survival period of tumor-bearing

mice. However, in advanced NSCLC, miR-374a had the opposite

impact via targeting PTEN, and the findings suggest that the same

miRNA might appear to play distinct functions in various diseases

or stages of the same disease (28)ADDIN. A tumor suppressor gene

Id3 was found to be associated to the progression of certain

malignancies, and in lung cancer studies, researchers discovered

that miR-212-5p promotes NSCLC growth and xenograft tumor

creation in vivo by decreasing Id3 level and activating the PI3K/Akt

pathway (46).

In contrast, the expression of some other miRNAs with tumor

suppressor effects was reduced in NSCLC. For example, miR-126

expression was markedly downregulated in NSCLC,miR-126

overexpression, which targets PIK3R2 and deactivates the PI3K-

Akt signaling pathway, inhibits LUAD cell proliferation as well as

tumor growth rate and size in xenograft tumor models (47) (87)

ADDIN.By obstructing the PI3K/Akt pathway, miR-1 reduces the

tumorigenicity of NSCLC cells in a xenograft tumor model (48).

MiR34a was reduced in NSCLC cells, and increased miR34a

induced upregulation of PTEN and YY1, inhibition of CDK6 and

inactivation of the PI3K/AKT pathway, thereby impeding tumor

cell growth (49). MiR-320a-3p’s expression was markedly

downregulated in NSCLC tissues and cells, and cell function

studies supported the hypothesis that it functioned as a tumor

suppressor gene to prevent cell development by downregulating

ELF3 and subsequently deactivating the PI3K/Akt pathway (50)

(88). MiR-409, a tumor suppressor gene, is less expressed in NSCLC

tissues and cells and inhibits the advancement of NSCLC by
FIGURE 1

Shows the PI3K/AKT signaling cascade schematically.
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disrupting the PI3K/AKT pathway by minimizing SPIN1 (51).

Similarly, miR-4299 expression was reduced in NSCLC tissues

and cel ls , especial ly during disease progress ion, and

overexpression of miR-4299 could inactivate the AKT/PI3K

pathway to exert tumor suppressor effects (52). MiR-503 inhibits

NSCLC progression by altering the expression of PI3K, p85, IKK-b,
Frontiers in Oncology 04
and PDK1 and blocking the PI3K/AKT pathway (53) (89). MiR-496

has diminished expression in a wide range of NSCLC cells, and

researchers have experimentally demonstrated that overexpression

of miR-496 could inactivate the BDNF (a brain-derived

neurotrophic factor)-mediated PI3K/Akt signaling pathway to

inhibit tumor growth (54). In a separate study, miR-107

expression was downregulated in NSCLC, and raising it

prevented the BDNF-mediated PI3K/AKT pathway from being

activated and limiting cell growth (55). The level of miR-217

expression was dramatically decreased in NSCLC tissues and cells,

and it was discovered that upregulation of miR-217 may prevent

NSCLC growth and progression by limiting the production of

proteins involved in the PI3K pathway (56). MiR-520a-3p is a

gene with tumor-suppressive effects in numerous distinct solid

tumors, and there is evidence that inhibit NSCLC growth by

inactivating the PI3K/AKT/mTOR signaling pathway (57).

Similarly, miR-448 expression was downregulated in NSCLC and

lower level was linked to a worse patient prognosis; however, miR-
TABLE 2 Dual-action microRNAs in lung cancer and their target
molecules and functions.

MicroRNAs Expression Target Function Refs

miR-17- 5p ↑ PTEN + (44)

miR-17- 5p ↓ RRM2 – (45)

miR-374a ↑ PTEN + (46)

miR-374a ↓ CCND1 – (46)
↑, increased; ↓, decreased; +, Activation PI3K/AKT pathway; –, Inactivated PI3K/
AKT pathway.
TABLE 1 Up-regulated expression in lung cancer and their target molecules and functions.

MicroRNAs Expression Target Function Refs

miR-425-5p ↑ PTEN + (20)

miR-4507 ↑ TP53 + (21)

MiR-629 ↑ FOXO1 + (22)

miR-141 ↑ PHLPP1/PHLPP2 + (23)

MiR‐4286 ↑ PTEN + (24)

miR-200 ↑ IRS-1 + (25)

miR-210 ↑ RUNX3/UPF1/PTEN + (26)

MiR-210-3p ↑ CELF2 + (27)

miR-212-5p ↑ Id3 + (28)

miR-21 ↑ PTEN、PP2A + (29)

miR-142-5p ↑ PTEN、CD4+ T + (30)

miR-125b ↑ p-Akt + (31)

MiR-93 ↑ LKB1/PTEN/CDKN1A + (31)

miR-210 ↑ UPF1,PTEN + (32)

miR-92a ↑ PTEN + (33)

miR-224 ↑ PTEN + (34)

miR-20a ↑ PTEN + (35)

miR-199a-5p ↑ p62 + (36)

miR-522-3p ↑ p-EGFR、 p-AKT + (37)

miR-135a ↑ RAC1 + (38)

miR-23a ↑ PTEN + (39)

miR-410 ↑ PTEN + (40)

miR-424-3p ↑ PTEN + (41)

miR-25-3p ↑ PTEN + (42)

miR-514b-5p ↑ PI3K,P38 + (43)
frontie
↑, increased; ↓, decreased; +, Activation PI3K/AKT pathway; –, Inactivated PI3K/AKT pathway.
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TABLE 3 Down-regulated microRNAs in lung cancer and their target molecules and functions.

MicroRNAs Expression Target Function Refs

miR-126 ↓ PIK3R2/VEGF/MRP1 – (47)

miR-1 ↓ PIK3CA – (48)

MiR-34a ↓ PTEN、YY1、MET – (49)

miR-320a-3p ↓ PI3K、p-AKT、ELF3 – (50)

miR-409 ↓ p-AKT、SPIN1 – (51)

miR-4299 ↓ PTEN – (52)

MiR-503 ↓ PI3K、p85、 – (53)

miR-496 ↓ PI3K、p-AKT、BDNF – (54)

MiR-107 ↓ p-AKT、BDNF、Bcl-w – (55)

miR-217 ↓ PI3K – (56)

miR-520a-3p ↓ PI3K – (57)

miR-448 ↓ PI3K、p-AKT、EPHA7 – (58)

miR-101-3p ↓ PI3K、p-AKT、MALAT-1 – (59)

miR-381 ↓ PI3K、p-AKT、LMO3 – (60)

miR-519d ↓ PI3K、HER3 – (61)

miR-519d-3p ↓ p-AKT、VEGF – (62)

miR-138-1* ↓ p-AKT、PDK1 – (63)

miR-379-5p ↓ p-AKT、ARRB1 – (64)

miR-139-5p ↓ p-AKT、Caspase-3、HOXB2 – (65)

miR-29a ↓ PTEN、YY1、N-cadherin – (33)

miR-4458 ↓ p-AKT、HMGA1 – (66)

miR-122 ↓ p-AKT、IGF1R – (67)

miR-485 ↓ PI3K、p-AKT、FLOT2 – (68)

miR-20a ↓ PI3K、RRM2 – (69)

miR-449a ↓ PTEN、NNMT – (70)

miR-29c ↓ AKT2 – (71)

MiR-107 ↓ p-AKT、Bcl-w – (72)

miR-30a-5p ↓ p-AKT、EGFR、IGF-1R – (73)

miR-200c ↓ p-AKT、ZEB1 – (74)

miR-223 ↓ IGF1R、p-AKT – (75)

let-7c ↓ RAS – (76)

miRNA-126 ↓ p-AKT – (77)

miR-7 ↓ EGFR、AKT – (78)

miR-30-5p ↓ PI3K-SIAH2 – (79)

miR-486-5p ↓ p85 – (80)

miR-30b-5p ↓ p-AKT、PTEN – (81)

miR-30c ↓ PI3K、p-AKT – (82)

miR-192-5p ↓ AKT、PI3K – (83)

miR-539 ↓ ERK – (84)

(Continued)
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448 upregulation slowed the progression of NSCLC due to

inhibiting EPHA7 and blocking the PI3K/AKT signaling pathway

(58). In NSCLC cells, the overall level of miR-101-3p was markedly

decreased, cell growth was decreased by miR101-3p because it

prevented the PI3K/AKT signaling pathway from being activated

by MALAT-1 (59). MiR-381 was significantly down-regulated in

LUAD tissues, and overexpression of miR-381 would inhibit the

PI3K/Akt pathway activation and EMT process, thus significantly

limiting LUAD cell growth and tumor formation in vivo (60).

MiRNAs are found not just in diverse tissues and cells, but also

in a number of bodily fluids. MiR-519d, whose levels was

downregulated in the blood plasma of NSCLC patients, was

discovered to limit the progression of the disease via inhibiting

HER3 and deact ivat ing the PI3K/Akt pathway (61) .

Neovascularization is well established to offer vital nutritional

security for the survival and multiplication of tumor cells. It was

discovered that overexpression of miR-519d-3p will control

angiogenesis in NSCLC by inhibiting the P38 and PI3K/AKT

pathways by targeting VEGF (62).

It is widely accepted that environmental toxins like smoke and

dust can cause LC. AFB1 has been shown to be able to cause

malignant transformation in immortalized human bronchial

epithelial cells that are stably expressing CYP2A13; however,

overexpression of miR-138-1* has been shown to be able to

overcome this event. Mechanistically, miR-138-1* primarily

performs the above role by inhibiting the PI3K/PDK/Akt pathway

in the generation of PDK1 and its associated proteins to exert the

above (63). Meanwhile, miR-21 was discovered to be significantly

produced by DEP-stimulated human bronchial epithelial (HBE)

cells and increased PI3K/AKT pathway stimulation, which might

represent an essential lung carcinogenesis mechanism (90).

It is not difficult to find that these miRNAs, as oncogenes or

tumour suppressor genes, affect the activity of the PI3K/AKT

pathway by inhibiting or promoting the expression of their

downstream target genes, thus regulating the proliferation and

differentiation of tumour cells, which is related to the overall

prognosis of the whole disease. Through in-depth study of these

relevant miRNAs and their mechanisms of action, the future can be

achieved through a variety of emerging technologies based on

Through in-depth study of these miRNAs and their mechanism

of action, it is possible in the future to regulate the expression of

relevant miRNAs and change their effects on lung cancer cells

through various emerging technologies based on molecular biology,

such as genetic programming, so as to inhibit or change the

developmental process of lung cancer.
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2.2 Regulation of apoptosis in lung
cancer cells

Apoptosis is a key pathway for regulating cell survival. Cancer

development is often significantly characterized by inhibition of

apoptosis (91). It was already demonstrated that the PI3K/AKT

signaling pathway plays a crucial regulatory function in apoptosis

(92), and this regulation is affected by the aberrant expression of

many microRNAs. Some of these microRNAs reduce

carcinogenesis or promote apoptosis by targeting the mRNAs of

proto-oncogenes and shutting them down, while others enhance the

anti-apoptotic ability of tumor cells by down-regulating the

expression of tumor suppressor genes. For instance, the cancer

suppressor gene PTEN is controlled by a variety of microRNAs and

affects the PI3K/AKT signaling pathway, which in turn affects the

apoptotic process of tumor cells, it was proved that the inactivation

of PTEN is a single of the important factors in the development of

lung cancer (93). MiR-142-5p was up-regulated in NSCLC tissues

and cells. miR-142-5p high expression down-regulated PTEN and

induced the activation of PI3K and p-Akt, which inhibited

apoptosis and promoted the development of NSCLC (30). MiR-

21 expression is upregulated in multiple types of malignant tumors,

and in lung cancer, miR-21 inhibits apoptosis in NSCLC cells

through activation of the PI3K/Akt pathway (29). MiR-125b was

highly expressed in NSCLC tissues, and down-regulation of miR-

125b induced apoptosis in NSCLC cells by inactivating PI3K/Akt

pathway-related proteins (31). In contrast, miR-379-5p expression

was found to be significantly down-regulated in lung cancer, and

elevated levels of miR-379-5p would result in reduced levels of

phosphorylated PI3K and p-AKT, in addition to inhibit the growth

of cells and promote cell death via direct targeting of ARRB1, a

scaffolding protein that mediates the desensitization and

internalization of G protein-coupled receptors (GPCR) (64). MiR-

139-5p is found in low levels in NSCLC tissues and cells, and its

overexpression induces apoptosis by inhibiting the PI3K/AKT/

caspase-3 signaling pathway (65).

Apoptosis is known to be an important factor in the regulation

of cell growth and proliferation rates as well as cancer development.

In addition, apoptosis of tumour cells also affects their sensitivity to

tumour therapeutic drugs. MiRNAs are involved in the regulation

of apoptosis process by affecting the expression of apoptosis-related

proteins in the PI3K/AKT pathway. An in-depth study of the

mechanism of these miRNAs in apoptosis of tumour cells not

only can delay or inhibit the development of tumours, but also

improve the therapeutic effect of tumour therapeutic drugs.
TABLE 3 Continued

MicroRNAs Expression Target Function Refs

let-7c-3p ↓ PIK3CA – (85)

miR-485-5p ↓ PI3K、p-AKT – (86)
frontie
↑, increased; ↓, decreased; +, Activation PI3K/AKT pathway; –, Inactivated PI3K/AKT pathway.
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2.3 Blocking or promoting metastasis of
lung cancer

Tumor metastasis involves a complex multi-stage process

(including tumor cell detachment from the primary tumor, internal

invasion, circulatory spread, extravascular migration, adaptation to

the external microenvironment, and organ-specific colony

formation) and is closely related to the death of cancer patients

(94). MicroRNAs, as key regulatory molecules, regulate their

expression and play a significant influence in tumor metastasis

through partial complementary binding to mRNAs. As an instance,

miR-17-5p expression was found to be upregulated in NSCLC cells

with bone metastasis, which promotes osteoclastogenesis by targeting

the PTEN-activated PI3K/Akt pathway in lung cancer, and treatment

with LY 294002, an inhibitor of the PI3K/Akt pathway, inhibited

miR-17-5p-mediated osteoclastogenesis (44). In another study,

researchers found that high expression of miR-93 not only

promoted NSCLC cell growth, but also induced significant liver

metastasis of lung cancer in a mouse xenograft tumor model (95).

Tumor-mesenchymal interactions are crucial for cancer development

and metastasis, and tumor-associated cells (CAFs) are one of the

major components of the tumor mesenchyme, whereas exocytosis

(Exo) is a type of microvesicles secreted by living cells that mediate

intercellular communication, and in recent years, it has been found

that CAFs promote tumor metastasis by carrying Exo to neighboring

cells (96). In studies related to NSCLC, miR-210 was demonstrated to

be highly expressed in CAFs-exo and promoted the EMT process in

NSCLC cells by down-regulating UPF1 and PTEN, as well as

activating the PI3K/AKT pathway thus promoting the EMT

process in NSCLC cells (EMT refers to the loss of its epithelial

properties by epithelial cells and the adoption of a mesenchymal-like

phenotype, and a number of studies have been conducted to confirm

that EMT is a tumor metastatic key link) (32). Similarly, miR-92a was

shown to promote NSCLC metastasis by down-regulating PTEN and

activating the PI3K/AKT signaling pathway, thereby inducing the

EMT process in NSCLC cells (33). On the contrary, miRNA-126-

loaded exosome 231-Exo not only recognizes A549 cells in the blood

to inhibit their growth, but also induces lung homing effect of tumors

in a mouse lung cancer metastasis model. mechanistic studies

confirmed that miRNA-126-loaded exosome 231-Exo inactivates

the PI3K/AKT signaling pathway through down-regulation of

PTEN to produce the above effects (97). Similarly, it was found

that overexpression of miR-29a could block the IL-13-induced

invasive process in A549 cells by inactivating the PI3K/AKT/AKT/

YY1 axis (98).MiR-4458 expression was observed to be decreased in

NSCLC cells, and miR-4458 increased levels inactivated the PI3K/

AKT signaling pathway, limiting NSCLC migration and EMT

progression (66). MiR-122 inhibits metastasis and EMT in NSCLC

cells via inhibiting the PI3K/AKT signaling pathway by lowering

IGF1R expression (67). MiR-485, a tumor suppressor gene, is lowly

expressed in LUAD. miR-485 has been found to inhibit LUAD

metastasis and EMT by down-regulating FLOT2 to inactivate the

PI3K/Akt/mTOR signaling pathway (68). Angiogenesis is a major

element in the recurrence and spread of cancer, and ribonucleotide

reductase regulatory subunit M2 (RRM2) has been provided to play a
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key control effect in restricting the growth of tumor capillaries.

According to a lung cancer study, miR-20a-5p suppresses NSCLC

angiogenesis and metastasis via blocking RRM2 and inactivating the

PI3K/Akt pathway (69).

Metastasis is the most important feature of malignant tumors

and a major factor in the poor prognosis of patients with advanced

lung cancer. EMT is an important process that determines the fate

of tumor cells and influences their malignant metastasis, and

miRNAs regulate the EMT process by affecting the expression of

related proteins in the PI3K/AKT signaling pathway, suggesting

that blocking lung cancer cell metastasis by regulating the

expression of these miRNAs may be a new therapeutic idea.
2.4 Regulation of tumor metabolism in
lung cancer

For a long time in the past, it seemed to be a consensus that

tumor cells needed more nutrients to promote their rapid

proliferation. However, with the increasing research on tumor

metabolism, it has been found that unlike normal tissue cells that

produce energy by mitochondrial oxidative phosphorylation, tumor

cells rely on aerobic glycolysis, an inefficient energy pathway, to

provide energy for their own growth and proliferation despite the

presence of oxygen, which has also been termed as the “Wahlberg

effect “ (99). Some studies have confirmed that this tumor metabolic

mode promotes the growth of tumor cells while it is more conducive

to their survival in the unfavorable conditions of the tumor

microenvironment (100). The tumor metabolic mode is related to

the tumor’s own growth characteristics, and further understanding

of the mechanistic link between tumor cell metabolism and growth

control will help to seek better tumor therapies. Notably,

microRNAs, as the most widely studied star molecules, are

involved in regulating the aerobic glycolysis process in tumors

through the PI3K/AKT pathway, which facilitates the process of

tumor drug elimination while altering tumor metabolism (101).

For instance, it was discovered that overexpression of the miR-

449a gene would down-regulate nicotinamide n-methyltransferase

(NNMT), a tumor-metabolizing enzyme, and cause an increase in

the expression of PTEN, which would inhibit tumor growth, in

EGRR-AKT resistant NSCLC cells. Additionally, the researchers

showed that the natural anti-tumor medication Yuanhuadine (YD)

greatly increased miR-449a levels, which prevented NNMT

production (70). According to this study, developing anticancer

medications may benefit from a deeper understanding of how

microRNAs regulate tumor metabolism by activating the PI3K/

AKT signaling pathway.
2.5 Regulating the tumor
microenvironment in lung cancer

Alterations in the tumor microenvironment (TME) can affect

several pathophysiological processes such as tumor growth and

metastasis, suggesting that the occurrence of solid tumors is not
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only related to genetic mutations but also to alterations in the

environment in which cells live (102). According to one study, the

downstream molecule of the PI3K/Akt signaling pathway,

mechano/mammalian target of rapamycin (mTOR), can be

involved in the regulation of multiple physiological functions of

tumor cells by integrating various cellular signals in the TME (103).

In a related study of lung cancer, researchers found that TME

nutrient deficiency promoted the transfection efficiency of miR-224

mimics in NSCLC cells, in addition to altering the expression of Bcl-

2, PTEN, apoptotic protein Bax, and autophagy-associated protein

LC3 and affecting changes in the corresponding cellular functional

phenotypes, a finding that suggests that alterations in TME have a

critical impact on tumors (34).
2.6 Modulating multidrug resistance in
lung cancer

Lung cancer patients are treated with surgery, platinum-based

chemotherapy combined with radiotherapy, molecular biology-

based immunotherapy and molecularly targeted therapy, which to

some extents have brought benefits to patients with primary lung

cancer. Unfortunately, with the emergence of multidrug resistance

(MDR), patients do not have a favorable outcome of advanced drug

therapy and have a poor overall prognosis. MDR is a phenomenon

in which a patient develops resistance to the given drug and other

structurally similar drugs during drug therapy (104) ADDIN. The

emergence of MDR involves many mechanisms, one of which is

classically dependent on the ATP-binding cassette (ABC)

transporter (P- gp, MRP1 and BCRP) mediated drug efflux (105).
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(Figure 2) Another important mechanism is to disrupt apoptosis or

alter the cell cycle by regulating the aberrant expression of relevant

cytokines, which promotes tumor cell proliferation and makes

tumor cells resistant to drug-induced cell death and cell cycle

block (106). In recent years, studies on drug resistance in lung

cancer have confirmed that the aberrant expression of endogenous

miRNAs promotes or inhibits the production of MDR during LC

drug therapy by regulating the ABC transporter of the PI3K/AKT

pathway, the expression of apoptosis-associated proteins, nuclear

factor kb (NF-kB), glycogen synthase kinase 3b (GSK-3b), and
mTOR, among others (107). Therefore, further investigation of the

regulatory mechanisms of miRNAs in MDR production may bring

new hope to those drug-resistant lung cancer patients.

In lung cancer chemoresistance studies, miR-139-5p enhanced

the chemosensitivity of NSCLC by inducing apoptosis and reversing

the phenomenon of cisplatin (DDP)-induced cellular resistance

through inhibiting the PI3K/AKT/caspase-3 pathway (65). In the

same way, it turned out that miR-29c knockdown increased cellular

drug resistance whereas miR-29c upregulation improved NSCLC

cells’ sensitivity to DDP, this difference was linked to miR-29c’s

modulation of the PI3K/Akt pathway (71). Exosome-derived miR-

20a induces DDP resistance in lung cancer cells by downregulating

PTEN and promoting the PI3K/AKT pathway (35). Previous

studies have shown that the expression of miR-25-3p is up-

regulated in cisplatin-resistant NSCLC cells, and enhance cisplatin

resistance by regulating PTEN/PI3K/AKT signaling pathway, and

inhibition of miR-25-3p may become a new strategy to overcome

cisplatin resistance in NSCLC (42).

In addition to platinum-based chemotherapeutic agents, the

production of MDR also affects the efficacy of other adjuvant
FIGURE 2

MicroRNA regulates ABC transporter through PI3K/AKT pathway involved in the mechanism of MDR formation during lung cancer drug therapy.
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chemotherapeutic agents. For example, it has been discovered that

after receiving paclitaxel (PTX), lung cancer cells’ reactivity to PTX

declines as the levels of level of miR-199a-5p rises. Mechanistically,

miR-199a-5p inhibits the expression of autophagy-related proteins by

activating the PI3K/Akt/mTOR pathway, which promotes the

development of MDR in lung cancer cells (36). Similarly, miR-107

enhances chemosensitivity of NSCLC to PTX by down-regulating the

anti-apoptotic factor Bcl-w (72). MiR-126 is under-expressed in

NSCLC cells, and overexpression of miR-126 inactivates PI3K/Akt

signaling by targeting vascular endothelial growth factor A (VEGFA)

and multidrug resistance-related protein 1 (MRP1) pathway and

induced a significant reduction in the maximal inhibitory

concentrations of adriamycin (ADM) and vincristine (108). MiR-

17-5p is lowly expressed in gemcitabine-resistant cell lines (A549/G+

cells), and increased expression of miR-17-5p would reverse

gemcitabine resistance in this cell (45).

Epidermal growth factor receptor tyrosine kinase inhibitors

(EGFR-TKIs), which are frequently employed in molecular

targeted therapy for lung cancer, have demonstrated good

performance (109). Unfortunately, some NSCLC patients have

successively developed secondary EGFR T790M mutations,

receptor tyrosine kinase c-MET (MET), and hepatocyte growth

factor (HGF) overexpression after receiving long-term treatment,

leading to acquired resistance thus limiting the efficacy of EGFR-

TKIs (110) (111) (112). To add to the grim reality, it has been

reported that approximately 61% of patients with acquired

resistance to TKIs were detected with HGF overexpression (113).

HGF is a ligand for the MET oncoprotein, which induces drug

resistance in EGFR-mutated NSCLC cells by phosphorylating MET

(112). Increasing evidence suggests that miRNAs are key regulatory

molecules that modulate the sensitivity of tumor cells to EGFR-

TKIs. For example, miR-34a can reverse HGF-mediated gefitinib

resistance by partially targeting MET (114). In addition, it has been

demonstrated that the horizontal transmission of drug-resistant

phenotypes between cells can be achieved through a certain

pathway, which results in the emergence of drug resistance or

reduced drug sensitivity in cells that are originally sensitive to

antitumor drugs. For example, T790M-mutated EGFR-TKIs-

resistant cells release exosomes encapsulating miR-522-3p to

activate the PI3K/AKT signaling pathway thereby inducing

resistance to gefitinib in sensitive cells (37). MiR-30a-5p in

combination with other EGFR-TKIs will increase the sensitivity of

NSCLC cells to gefitinib (73) (115). Similar to this, miR-200c

improved NSCLC cells’ susceptibility to gefitinib by obstructing

the PI3K/Akt signaling pathway (74).MiR-223 expression was

significantly reduced in the TKI-resistant cell lines PC9/ER and

PC9/CD133+ cells, and overexpression of miR-223 would attenuate

the cellular expression of IGF1R mRNA and p-Akt levels, thus

restoring the sensitivity of resistant cells to erlotinib (75). MiR-135a

induces resistance to gefitinib in NSCLC cells through RAC1 (a

member of the Rho family of GTPases) and PI3K/Akt signaling

pathways, whereas knockdown of miR-135a reverses the above

resistance phenomenon (38). Interestingly, a number of research

in recent years have discovered that the estrogen receptor ERB
Frontiers in Oncology 09
works as a mitogen in NSCLC cells, and that the bidirectional

signaling loop between the estrogen and EGFR pathways increases

tumor-associated angiogenesis while accelerating NSCLC growth,

furthermore, let-7c is significantly up-regulated in anti-estrogenic

(fulvestrant)-treated cells, and let-7c increases gefitinib sensitivity

via RAS inhibition, PI3K/AKT inactivation, and the mitogen-

activated extracellular signal-regulated kinase (MEK)/ERK

signaling pathway (76). In addition, miR-23a showed high

expression in lung cancer stem cells, and down-regulation of

miR-23a could enhance the antitumor effects of erlotinib by

increasing PTEN expression to regulate the PI3K/Akt pathway (39).

In addition to the susceptibility of lung cancer patients to MDR

during treatment, intrinsic or acquired radioresistance during

radiotherapy can limit the overall prognosis of patients.

Interestingly, microRNAs associated with the PI3K/AKT signaling

pathway have also been shown to play a very important role in

radioresistance in lung cancer. For example, some researchers

detected different miRNA expression profiles in radiotherapy-

sensitive and radiotherapy-resistant patients after surgery for

non-small cell lung cancer by microarray, and found that there

were 12 abnormally expressed miRNAs in specimens from both

groups of patients, and compared with radiotherapy-resistant

patients, there were five miRNAs with increased expression in the

radiotherapy-sensitive group, with the most obvious upregulation

in the expression of miRNA-126, which was confirmed by the

subsequent experiments. The miRNA-126 expression was up-

regulated in the radiotherapy-sensitive group, and it was

confirmed that miRNA-126 inactivated the PI3K/Akt pathway by

targeting p-Akt and thus promoted radiation-induced apoptosis

(77). In contrast, increased MiR-410 expression has been

demonstrated to enhance radioresistance in NSCLC cells through

modulating the PTEN/PI3K/mTOR axis (40). Increasing levels of

miR-7 in A549 cells has been shown to reduce EGFR and Akt

expression, promoting cell responsiveness to radiation therapy (78).

Multidrug resistance (MDR) is an obstacle to successful cancer

treatment. The primary mechanism leading to acquired

chemoresistance is overexpression of the adenosine triphosphate-

binding cassette (ABC) transporter, and numerous studies have

confirmed that dysregulation of miRNAs is a critically important

cause of this phenotype. Overexpression of the ABC transporters,

ABCB1 and ABCG2, are two of the major mediators of MDR in

cancer, and antagonists targeting ABCB1 and ABCG2 have

undergone clinical Antagonists targeting ABCB1 and ABCG2

have been clinically evaluated; unfortunately, none have been

clinically approved. Encouragingly, however, a protein kinase

AKT1/2/3 inhibitor, MK-2206, has been shown to reverse the

ABCG2-mediated MDR response of lung cancer cells to

mitoxantrone, SN-38 and topotecan (116). These findings suggest

that in the future, it is possible to block the miRNA-mediated drug-

resistant signaling pathway by increasing or decreasing the

expression of relevant miRNAs, thus improving the sensitivity of

LC cells to therapeutic drugs, providing a new strategy for the

treatment of LC patients, and bringing a new hope to LC patients

who are in trouble due to drug resistance (Table 4).
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2.7 Application in the treatment of
lung cancer

Early treatment of LC is still primarily surgical, but by the time

most patients are diagnosed, they have already missed their chance

for surgery. For advanced patients who cannot have their lung

cancer surgically removed, the current standard of care consists of 6

weeks of thoracic spine radiotherapy along with dual chemotherapy

using either cisplatin or carboplatin. However, with the emergence

of drug resistance to these drugs as well as intrinsic or acquired

radioresistance, these treatments are becoming less effective (117)

(118). Additionally, as molecular biology has developed, a growing

number of innovative drugs have been developed that precisely

target molecular abnormalities, allowing patients with tumors that

have specific genomic aberrations to benefit from molecularly

focused therapy. For example, EGFR-mutated NSCLC frequently

responds better to treatment with EGFR-TKIs, such as gefitinib and

erlotinib, which have significantly improved the outlook for lung

cancer patients and given them new hope, but their efficacy has been

hampered by the emergence of acquired drug resistance (109).

Antibody-targeted therapies against immune checkpoints have

shown significant benefits in the treatment of many advanced

malignancies, including lung cancer (119).The importance of

microRNAs as critical regulatory molecules in radiation,

chemotherapy, molecularly targeted therapy, and immunotherapy

for lung cancer, among other treatments, has been increasingly

demonstrated in recent years. Future molecular biology-based

combination therapies for many lung cancer patients (using

targeted therapies or immunotherapy) may be the main
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therapeutic option due to the ongoing discovery of novel

microRNA molecular targets, which encourages the development

of new therapeutic approaches. Trials in oncology have examined

medicines that target the PI3K/AKT pathway (120).

For instance, some research found that miR-142-5p regulates the

expression of the proteins PD-L1 and PTEN in CD4+ T cells in

NSCLC, which raises the possibility that miR-142-5p could be a

potential target for NSCLC treatment (30). MiR-30-5p family

interaction with PIK3R2-SIAH2 is considered as a potential

therapeutic target for NSCLC, especially LUAD, and SIAH2 is an

E3 ubiquitin-protein ligase that mediates the degradation of target

proteins (79). MiR-486-5p is downregulated as a tumor suppressor

gene in tumor tissues of lung cancer patients, and overexpression of

miR-486-5p disrupts the PI3K/Akt pathway and induces CD133

+lung tumor stem cells (CSCs) apoptosis, worthy of happiness is that

investigators further demonstrated that treatment with cationic lipid

nanoparticles encapsulating miR-486-5p mimic (CCL-486) reduced

the percentage of CD133+ and inhibited tumor growth in a xenograft

tumor model, which offers a novel technique for novel combination

therapy (80). Exocrine miR-30b-5p from bone marrowmesenchymal

stem cells plays a tumor inhibitory role in NSCLC by inhibiting EZH2

and PI3K/AKT pathways. The results suggest that exocrine from

bone marrow mesenchymal stem cells may be used as a new

therapeutic strategy for NSCLC (81). Similarly, miR-514b-5p

promotes the progress of NSCLC by targeting SGTB through PI 3-

K/AKT and p38 signal pathways. The results suggest that miR-514b-

5p is expected to become a new target for the diagnosis and treatment

of NSCLC (43). It is worth noting that a new study shows that miR-

30c enhances the cytotoxicity of NK cells to lung cancer cells by
TABLE 4 Abnormal expression of miRNA-mediated MDR related to PI3K/AKT pathway in lung cancer.

MiRNA Expression Target Resistant drug Ref.

miR-139-5p ↓ P-AKT cisplatin (65)

miR-29c ↓ AKT2 cisplatin (71)

miR-20a ↓ PI3K cisplatin (69)

miR-25-3p ↑ PTEN cisplatin (42)

miR-199a-5p ↑ P62 paclitaxel (36)

miR-107 ↓ P-AKT Paclitaxel (72)

miR-126 ↓ PI3KR2 Adriamycin,vincristine (47)

miR-17-5p ↓ RRM2 gemcitabin (45)

miR-34a ↓ PTEN gefitinib (49)

miR-522-3p ↑ P-AKT gefitinib (37)

miR-30a-5p ↓ P-AKT gefitinib (73)

miR-200c ↓ P-AKT gefitinib (74)

miR-223 ↓ P-AKT erlotinib (75)

miR-135a ↑ RAC1 gefitinib (38)

let-7c ↓ RAS gefitinib (76)

miR-23a ↑ PTEN erlotinib (39)
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reducing GALNT7 and inactivating PI 3K/AKT pathways. The

results of this study reveal that miR-30c may be an effective way to

enhance anti-tumor therapy based on NK cells and open up new

ideas for the treatment of lung cancer (82).

MiRNAs have also shown good potential in TCM-assisted

treatment of lung cancer. For example, baicalein inhibited cell

growth by targeting the PTEN/PI3K/Akt pathway via miR-424-3p

and increased the sensitivity of NSCLC cells to cisplatin (41). Early

studies have shown that curcumin has a variety of effects such as

hypotensive, anti-inflammatory, anticholinergic, antioxidant, and

antitumor effects. In studies related to lung cancer, curcumin has

been shown to exert antitumor effects by inactivating the PI3K/Akt

signaling pathway through miR-192-5p (83). Interestingly, another

study found that lidocaine inhibits lung cancer cell growth and

metastasis via controlling miR-539, which prevents the signaling

pathways ERK and PI3K/AKT from being activated (84).

Anwuligan (ANW) isolated from nutmeg, also known as myristyl

lignan, has been found to have therapeutic potential for a variety of

diseases, in lung cancer, the latest studies have confirmed that ANW

inhibits the growth and metastasis of NSCLC cells by up-regulating

the expression of let-7c-3p (85). Previous studies have confirmed

that the reduction of quinone to hydroquinone plays an important

role in anti-tumor activity. However, NQO-1 can prevent the

reduction of quinones, lead to the accumulation of free radicals

and promote tumor progression. Recent lung cancer studies have

shown that miR-485-5p can block PI3K/Akt signal pathway and

inhibit the growth of LUAD cells by targeting NQO-1 (86).
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MiRNAs are not only a very promising predictor of therapeutic

sensitivity, but also participate in the whole process of lung cancer

therapeutic drug action as key regulators. In-depth study of the

mechanism of these endogenous miRNAs in cancer therapy

through the PI3K/AKT signaling pathway will help to further

elucidate the complex regulatory process in vivo and provide a

new theoretical basis for the subsequent targeted therapy of

related diseases.
3 Conclusion

In summary, combined with a large number of studies in recent

years, it is not difficult to find that miRNAs are key regulatory

molecules in the process of lung cancer development. These

abnormally expressed miRNAs, as oncogenes or tumor genes,

affect the biological functions of tumor cells, such as proliferation,

migration, apoptosis, invasion, etc., by regulating the expression of

proteins related to the PI3K/AKT pathway. (Figure 3) In addition,

in the treatment process of lung cancer, miRNAs, as important

molecules, can not only predict the sensitivity of tumor cells to

anticancer drugs, but also regulate the drug resistance phenomenon

of lung cancer cells by inhibiting or promoting the expression of

their downstream related proteins, among which the miRNA-

mediated dysregulation of ABC transporter overexpression should

not be ignored, and the discovery of its potential mechanism may

provide a theoretical basis for the clinical MDR of cancer The
FIGURE 3

Linkage between microRNAs associated with the PI3K /AKT pathway and their targets in lung cancer.
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discovery of its potential mechanism may provide a theoretical basis

for the clinical treatment of cancer MDR, and the emergence of new

gene therapy methods targeting miRNAs to inhibit the ABC

transporter has made the reversal of cancer MDR possible,

although its clinical application needs to be further investigated.

However, with the deepening of related research, local sustained

administration of miRNAs based on various novel cationic

nanocarriers combined with non-traditional chemotherapeutic

drugs will be promising in the future for the inhibition of lung

cancer metastasis and the treatment of lung cancer. This brings new

hope to lung cancer patients with poor prognosis due to drug

resistance, and also provides more theoretical basis for the research

and development of molecularly targeted drugs. Although there are

still many difficult problems, including many miRNAs have been

found to be abnormally expressed in lung cancer, but their

functional characteristics and significance still need to be further

confirmed; the specific roles of these miRNAs in different subtypes

of lung cancer may be different; the miRNAs found to regulate the

ABC transporter in chemotherapy-resistant cancers are just the tip

of the iceberg of the gene transcripts, and how to combine the

miRNAs with anti-cancer drugs for efficient treatment deserves

attention. In view of the functional role of miRNAs and their own

characteristics, with the deepening of related research, miRNAs are

very promising to become a new class of biomarkers, which can play

an important value in the early diagnosis, individualized treatment,

drug response prediction, and related therapies of lung

cancer patients.
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105. Szakács G, Paterson JK, Ludwig JA, Booth-Genthe C, Gottesman MM.
Targeting multidrug resistance in cancer. Nat Rev Drug Discovery (2006) 5(3):219–
34. doi: 10.1038/nrd1984

106. Yang C, Hou A, Yu C, Dai L, Wang W, Zhang K, et al. Kanglaite reverses
multidrug resistance of HCC by inducing apoptosis and cell cycle arrest via PI3K/AKT
pathway. Onco Targets Ther (2018) 11:983–96. doi: 10.2147/ott.S153814

107. Liu R, Chen Y, Liu G, Li C, Song Y, Cao Z, et al. PI3K/AKT pathway as a key
link modulates the multidrug resistance of cancers. Cell Death Dis (2020) 11(9):797.
doi: 10.1038/s41419-020-02998-6

108. Zhu X, Li H, Long L, Hui L, Chen H, Wang X, et al. miR-126 enhances the
sensitivity of non-small cell lung cancer cells to anticancer agents by targeting vascular
endothelial growth factor A. Acta Biochim Biophys Sin (Shanghai) (2012) 44(6):519–26.
doi: 10.1093/abbs/gms026

109. Wu SG, Shih JY. Management of acquired resistance to EGFR TKI-targeted
therapy in advanced non-small cell lung cancer. Mol Cancer (2018) 17(1):38.
doi: 10.1186/s12943-018-0777-1

110. Kobayashi S, Boggon TJ, Dayaram T, Jänne PA, Kocher O, Meyerson M, et al.
EGFR mutation and resistance of non-small-cell lung cancer to gefitinib. N Engl J Med
(2005) 352(8):786–92. doi: 10.1056/NEJMoa044238

111. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, Park JO, et al.
MET amplification leads to gefitinib resistance in lung cancer by activating ERBB3
signaling. Science (2007) 316(5827):1039–43. doi: 10.1126/science.1141478

112. Yano S, Wang W, Li Q, Matsumoto K, Sakurama H, Nakamura T, et al.
Hepatocyte growth factor induces gefitinib resistance of lung adenocarcinoma with
epidermal growth factor receptor-activating mutations. Cancer Res (2008) 68
(22):9479–87. doi: 10.1158/0008-5472.Can-08-1643

113. Yano S, Yamada T, Takeuchi S, Tachibana K, Minami Y, Yatabe Y, et al.
Hepatocyte growth factor expression in EGFR mutant lung cancer with intrinsic and
acquired resistance to tyrosine kinase inhibitors in a Japanese cohort. J Thorac Oncol
(2011) 6(12):2011–7. doi: 10.1097/JTO.0b013e31823ab0dd

114. Zhou JY, Chen X, Zhao J, Bao Z, Chen X, Zhang P, et al. MicroRNA-34a
overcomes HGF-mediated gefitinib resistance in EGFR mutant lung cancer cells
partly by targeting MET. Cancer Lett (2014) 351(2):265–71. doi: 10.1016/
j.canlet.2014.06.010

115. Wang F, Meng F, Wong SCC, Cho WCS, Yang S, Chan LWC. Combination
therapy of gefitinib and miR-30a-5p may overcome acquired drug resistance through
regulating the PI3K/AKT pathway in non-small cell lung cancer. Ther Adv Respir Dis
(2020) 14:1753466620915156. doi: 10.1177/1753466620915156

116. Gao HL, Cui Q, Wang JQ, Ashby CR Jr, Chen Y, Shen ZX, et al. The AKT
inhibitor, MK-2206, attenuates ABCG2-mediated drug resistance in lung and colon
cancer cells. Front Pharmacol (2023) 14:1235285. doi: 10.3389/fphar.2023.1235285

117. Vansteenkiste J, Crinò L, Dooms C, Douillard JY, Faivre-Finn C, Lim E, et al.
2nd ESMO Consensus Conference on Lung Cancer: early-stage non-small-cell lung
cancer consensus on diagnosis, treatment and follow-up. Ann Oncol (2014) 25
(8):1462–74. doi: 10.1093/annonc/mdu089

118. CurranWJ Jr, Paulus R, Langer CJ, Komaki R, Lee JS, Hauser S, et al. Sequential
vs. concurrent chemoradiation for stage III non-small cell lung cancer: randomized
phase III trial RTOG 9410. J Natl Cancer Inst (2011) 103(19):1452–60. doi: 10.1093/
jnci/djr325

119. Passaro A, Brahmer J, Antonia S, Mok T, Peters S. Managing resistance to
immune checkpoint inhibitors in lung cancer: treatment and novel strategies. J Clin
Oncol (2022) 40(6):598–610. doi: 10.1200/jco.21.01845

120. Garcia-Echeverria C, Sellers WR. Drug discovery approaches targeting the
PI3K/Akt pathway in cancer. Oncogene (2008) 27(41):5511–26. doi: 10.1038/
onc.2008.246
frontiersin.org

https://doi.org/10.3389/fgene.2016.00197
https://doi.org/10.1016/j.biopha.2016.11.100
https://doi.org/10.3892/ijo.2016.3401
https://doi.org/10.1016/j.biopha.2013.10.007
https://doi.org/10.1016/j.lungcan.2010.07.014
https://doi.org/10.1016/j.lungcan.2010.07.014
https://doi.org/10.1016/j.radonc.2011.05.050
https://doi.org/10.3389/fgene.2017.00008
https://doi.org/10.3390/ph15030297
https://doi.org/10.1111/jcmm.17933
https://doi.org/10.1007/s13258-022-01306-0
https://doi.org/10.3892/or.2015.4258
https://doi.org/10.1080/21691401.2019.1636807
https://doi.org/10.1002/cam4.5382
https://doi.org/10.1007/s12033-022-00577-y
https://doi.org/10.1016/j.cllc.2020.06.009
https://doi.org/10.3389/fonc.2021.645475
https://doi.org/10.2147/ott.S213059
https://doi.org/10.3892/mmr.2015.3655
https://doi.org/10.1186/1756-9966-30-87
https://doi.org/10.3892/etm.2017.4259
https://doi.org/10.1016/j.cllc.2020.12.008
https://doi.org/10.1007/s00018-021-03929-0
https://doi.org/10.7150/jca.17958
https://doi.org/10.1007/s00432-016-2145-0
https://doi.org/10.1007/s00432-016-2145-0
https://doi.org/10.1039/c9nr09011h
https://doi.org/10.3892/or.2018.6352
https://doi.org/10.1126/science.1160809
https://doi.org/10.1038/nrc2981
https://doi.org/10.1038/ncomms4480
https://doi.org/10.1093/annonc/mdw168
https://doi.org/10.3389/fimmu.2021.774103
https://doi.org/10.1016/j.drup.2019.100645
https://doi.org/10.1038/nrd1984
https://doi.org/10.2147/ott.S153814
https://doi.org/10.1038/s41419-020-02998-6
https://doi.org/10.1093/abbs/gms026
https://doi.org/10.1186/s12943-018-0777-1
https://doi.org/10.1056/NEJMoa044238
https://doi.org/10.1126/science.1141478
https://doi.org/10.1158/0008-5472.Can-08-1643
https://doi.org/10.1097/JTO.0b013e31823ab0dd
https://doi.org/10.1016/j.canlet.2014.06.010
https://doi.org/10.1016/j.canlet.2014.06.010
https://doi.org/10.1177/1753466620915156
https://doi.org/10.3389/fphar.2023.1235285
https://doi.org/10.1093/annonc/mdu089
https://doi.org/10.1093/jnci/djr325
https://doi.org/10.1093/jnci/djr325
https://doi.org/10.1200/jco.21.01845
https://doi.org/10.1038/onc.2008.246
https://doi.org/10.1038/onc.2008.246
https://doi.org/10.3389/fonc.2023.1279822
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Advances in the role of microRNAs associated with the PI3K/AKT signaling pathway in lung cancer
	1 Introduction
	1.1 Lung cancer
	1.2 PI3K/AKT pathway
	1.3 MicroRNA

	2 MicroRNA affects lung cancer development through the PI3K/AKT pathway
	2.1 Regulates the growth of lung cancer cells
	2.2 Regulation of apoptosis in lung cancer cells
	2.3 Blocking or promoting metastasis of lung cancer
	2.4 Regulation of tumor metabolism in lung cancer
	2.5 Regulating the tumor microenvironment in lung cancer
	2.6 Modulating multidrug resistance in lung cancer
	2.7 Application in the treatment of lung cancer

	3 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


