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Abstract

MicroRNAs (miRNAs) are a class of small non-coding RNAs which are associated with post-transcriptional regulation of
gene expression. Dysfunction or aberrant expression of miRNAs is predominant in various malignancies including lung
cancer. Lung cancer is one of the commonest causes of cancer-related death worldwide, with a five-year survival of only
10-20%. The present review summarizes the current understanding of the role of miRNAs in the development and pro-
gression of human lung cancer and their therapeutic potential. Also, we briefly discuss the canonical biogenetic pathway
of miRNAs followed by a detailed illustration on how miRNAs regulate human lung cancer progression in various ways.
Furthermore, we focus on how miRNAs contribute to the crosstalk between cancer cells and different cells in the tumor
microenvironment in the context of lung cancer. Finally, we illustrate how different miRNAs are used as a prognostic and
diagnostic biomarker for lung cancer and the ongoing miRNA-associated clinical trials. In conclusion, we discuss how
targeting miRNAs can be a potential therapeutic means in the treatment of human lung cancer.
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ZEB Zinc Finger E-Box Binding Homeobox
LATS2 Large tumor suppressor kinase 2
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DNMT De Novo methyltransferases
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1 Introduction

Lung cancer is one of the leading causes of cancer-related death in the United States. In the year 2023, approximately
1,15,000 new cases and 60,000 deaths are estimated in the US, representing ~13% new cases and 21% death among
all types of cancer in both males and females [1]. Lung cancer can be classified into two major groups by histology
examination, small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC), the latter being the predominant
one, comprising > 80% of the total lung cancer. NSCLC is further subdivided into large-cell carcinoma, adenocar-
cinoma, and squamous cell carcinoma [2]. The prognosis of lung cancer is poor as patients are often diagnosed at
advanced stages, e.g., > 60% of lung cancer patients are diagnosed at stage Il or IV before any treatment [3]. As a
result, survivability of lung cancer becomes very less, 16.8% in five years and < 5% with metastatic phenotype [4].
Therefore, not only in genetic aspect, but epigenetic understanding of lung cancer tumorigenesis also becomes
indispensable in improving diagnosis.

MicroRNAs (miRNAs) are a class of small non-coding RNAs, ~20-25 nucleotides long, which alters post-transcrip-
tional gene expression by binding to the target mMRNAs at complementary sequences resulting in the inhibition of
mRNA translation and degradation of the target mRNAs [5-9]. The biogenesis of miRNAs is comprised of two path-
ways: (1) Canonical pathway and (2) non-canonical pathway. The present review will preferentially undergo detailed
understanding of the canonical pathway, the most predominant pathway of miRNA biogenesis (Fig. 1). The canonical
pathway is initiated by RNA polymerase Il to transcribe ~100 nucleotides long precursor miRNAs (pri-miRNAs) [5].
In the nucleus, the pri-miRNAs are processed by an RNase Il enzyme, Drosha and a double-stranded RNA (dsRNA)-
binding protein, Pasha (also known as DiGeorge Syndrome critical region gene 8, DGCR8) to generate ~70 nucleotides
long pre-miRNAs [5]. Pre-miRNAs are readily transported into the cytoplasm by an energy-driven process, mediated
by Ran GTP-dependent dsRNA-binding protein, exportin-5 (XPO-5) [5]. In the cytoplasm, the pre-miRNAs are further
processed by another RNase Ill enzyme, Dicer to generate ~22 nucleotides long mature miRNA:miRNA duplexes
[5]. Then, another energy-driven process loads both mature miRNA strands into Argonaute (AGO) protein. The AGO
preferentially takes the strand with lower 5’ stability or strand with ‘U’ at nucleotide 1 at the 5’ end, called mature
miRNA strand whereas the other strand, the passenger strand is subsequently degraded by the AGO [5].
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2 Factors influencing lung cancer pathogenesis

Risk factors for lung cancer can be categorized into genetic- and environmental factors. Emerging evidence indicates that
approximately 8-14% of lung cancer are caused by the genetic aberrations [10]. Defects in genetic materials often result
in impaired normal cellular functions such as cell proliferation, apoptosis, DNA repair etc., often observed in the context
of lung cancer [11]. For example, 10-30% lung adenocarcinomas are caused by the mutations in proto-oncogene, K-Ras
[12]. EGFR mutations are quite common in the pathogenesis of human lung carcinomas [13]. Dysregulation of p53 expres-
sion, a tumor suppressor gene, is also observed in 60-70% lung cancer [14, 15]. Moreover, mutation or altered expression
of BCL2 gene is also shown to influence the development of human lung cancer [16, 17]. Other than the genetic causes,
environmental factors such as smoking, air pollution, radon gas, asbestos exposure etc. also induce the development
of human lung cancer [18-21]. For example, asbestos exposure leads to the up-regulation of miR-21 expression which
may promote lung carcinogenesis via targeting programmed cell death 4 (Pdcd4) and reversion-inducing-cysteine-rich
protein with kazal motifs (Reck) [22]. The following section also provides a few examples where both genetic- and envi-
ronmental factors influence lung cancer pathogenesis, associated with miRNA regulation.

3 miRNAs in lung cancer development and progression

A growing body of evidence indicates that miRNAs play a crucial role in the development and progression of human
lung cancer. miRNAs not only modulate the proliferation, growth, metastasis, and angiogenesis of lung cancer but also
are shown to influence the replicative immortality, apoptosis, immune evasion, and metabolism of the cancer cells. How
different miRNA molecules influence different properties of lung tumors, either aiding in the development and progres-
sion of tumors or elimination of tumors from the system, is summarized in Table 1.

3.1 Proliferation

Epidermal growth factor receptor (EGFR) signaling, via the downstream activation of Ras-Raf-MEK-ERK and PI3K-AKT-
mTOR pathways plays a pivotal role in the development and progression of lung cancer. The tumor suppressive miRNA,
miR-218-5p, is known to inhibit proliferation and migration of lung cancer cells via directly targeting EGFR [23].In a
murine xenograft model, the downregulation of EGFR was found to be mediated by miR-218-5p [23]. The expression of
miR-218-5p in NSCLC tissues is also shown to be inversely correlated with EGFR proteins [23]. Another miRNA, miR-134
also targets EGFR and, thereby, suppressing proliferation of NSCLC cells [24]. miR-338-3p again targets sphingosine kinase
2 (SphK2) and inhibits proliferation as well as promotes apoptosis of NSCLC cells [25]. In a murine xenograft model, the
downregulation of EGFR was found to be mediated by miR-218-5p [23]. The expression of miR-218-5p in NSCLC tissues is
also shown to be inversely correlated with EGFR proteins [23]. On the other hand, miR-3613-5p plays an oncogenic role
in lung adenocarcinoma (LUAD) and promotes cell proliferation via directly targeting NR5A2 and subsequent activation
of AKT-MAPK pathway. Thus miR-3613-5p acts as a key regulator of the positive feedback loop between the NF-kB/RELA
and AKT/MAPK pathways [26]. Similarly, miR-21-5p enhances lung cancer cells migration, invasion and proliferation via
targeting SMAD7 [27]. In a recent study, Zhang et al. have demonstrated that smoking induces the expression of miR-
9-5p which is positively correlated with cell proliferation and migration, hence may contribute to NSCLC pathogenesis
[28]. Moreover, exposure of PM2.5 (particulate matter with an aerodynamic diameter < 2.5 um) to human bronchial epi-
thelial cells induces miR-155 expression which promotes cell proliferation by targeting SOCS1 and activation of STAT3
signaling pathway [29].

3.2 Growth

miR-15a and miR-16, which targets Cyclin D1, D2 and E1 in NSCLC cells thereby causing cell-cycle arrest and reducing
cell growth, are significantly down-regulated in NSCLC cells [30]. miR-449a expression is shown to be significantly
down-regulated in lung cancer tissues which cause cell-cycle arrest and induces cell senescence via directly targeting
E2F3 [31]. miR-641 also down regulated in lung cancer tissues while, overexpression of miR-641 decreases MDM?2
expression and increases p53 expression and increase apoptosis in lung cancer cells [32]. Moreover, let-7 g acts as
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a tumor suppressor which down-regulates NSCLC growth by targeting K-Ras and HMGA2 [33]. In let-7 g expressing
tumors of mouse xenograft, a significant decrease in K-Ras and HMGA?2 is observed and ectopic expression of K-Ras
rescues let-7 g-induced tumor suppression [33]. Similarly, the expression of miR-1271 is shown to be down-regulated
in NSCLC tumor which suppresses the growth of NSCLC both in vitro and in vivo via targeting mTOR [34]. As an under-
lying mechanism, the authors have shown that miR-1271 binds to the 3'-UTR of mTOR, leading to the suppression
of mTOR translation [34]. Overexpression of miR-1271 downregulates mTOR protein expression and thus retarding
NSCLC growth [34]. Again, miR-122-5p is shown to down-regulate the expression of p53, leading to the inhibition of
mevalonate pathway, thereby limiting tumor growth [35].

3.3 Invasion and metastasis

Metastasis, the spreading of tumor from the primary site to other areas of the body, is facilitated by enhanced migra-
tion and invasiveness of the tumor cells [36]. Epithelial to mesenchymal transition (EMT) is a process in which the
cells lose their adhesion properties and increase the motility to facilitate tumor invasion and metastasis [37]. Earlier
evidence indicates that coagulation protease factor Vlla, apart from its common role in coagulation [38], promotes
EMT via the release of miR-221-enriched MVs, thereby facilitating the growth and metastasis of human breast can-
cer [7]. miR-200 is shown to target ZEB1 and ZEB2 which are known repressors of the epithelial marker, E-Cadherin,
thereby reducing invasion and metastasis of lung cancer cells [39]. Similarly, miR-148a is shown to be under-expressed
in lung cancer, which is known for targeting DNMT1, leading to enhanced expression of E-Cadherin and suppression
of lung cancer cell migration and invasion [40]. Another study indicates that miR-29b acts as a tumor suppressor
miRNA which attenuates NSCLC metastasis via targeting MMP-2 and PTEN [41]. In contrast to the above, miR-135b
not only promotes the migration and invasion of NSCLC cells, but also facilitates the metastasis of NSCLC tumor
in vivo by targeting multiple molecules of the Hippo signaling pathway such as LATS2, 3-TrCP, NDR2, and LZTS1 [42].
Similarly, miR-21 over-expression in NSCLC is observed to be associated with enhanced cell migration and invasion
via the down-regulation of PTEN [43]. Exposure of lung cancer with high doses of radon leads to the down-regulation
of miR-194-3p expression, thereby up-regulating its target, p27 kip1 levels which trigger the inactivation of RhoA
signaling pathway and promotes cell migration [44].

3.4 Replicative immortality

The human telomerase reverse transcriptase (hWTERT) is a catalytic subunit of telomerase which essentially adds telomeric
repeat sequences to the telomeric ends of the DNA thereby helping the cells to live for successive generations [45]. DNMTs
often induce the expression of hTERT [46] and miR-29 family directly targets DNMT3A and DNMT3B in lung cancer cells
[47], thereby may regulate hTERT expression and thus act as a tumor suppressor.

3.5 Angiogenesis

miR-200b is known to negatively regulate Vascular endothelial growth factor (VEGF) signaling by targeting VEGF and
its receptors Flt-1 and KDR in lung cancer cells and reduce tumor angiogenesis [48]. Other miRNAs such as miR-126
and miR-128 also target VEGF-A and VEGF-C respectively, to decrease lung cancer angiogenesis [49, 50]. On the other
hand, miR-494 targets VEGF suppressor, PTEN and induces angiogenesis in lung cancer [51]. Extracellular vesicles (EVs),
known to carry bioactive miRNAs [6, 52], play a significant role in the intercellular communication between cells [53-60],
therefore are considered as effective biomarkers for cancer progression [61, 62]. EVs from lung cancer cells under hypoxic
condition are enriched with miR-23a and the transfer of EVs' miR-23a into endothelial cells results in the downregulation
of miR-23a targets, prolyl hydroxylase 1 and 2 (PHD1 and 2) thereby accumulating HIF-1a in endothelial cells to increase
angiogenesis. Moreover miR-23a also increase vascular permeability and cancer trans endothelial migration by targeting
tight junction proteins ZO-1 and modulates tumor vasculature [63]. Similarly, Wang et al. have shown that metastatic lung
cancer-derived exosomes promote tube formation via transporting miR-141 in endothelial cells and down-regulating
its target GAX [64]. Moreover, NSCLC-derived EVs are shown to be enriched with miR-619-5p which not only induces
proliferation and metastasis of NSCLC cells but also promotes angiogenesis via targeting RCAN, , [65].
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3.6 Apoptosis

miR-608, which is down-regulated in NSCLC tissues, targets TFAP4 and promotes doxorubicin-induced apoptosis
in NSCLC cells [66]. miR-567 is shown to target CDK8 in NSCLC cells, thereby inducing apoptosis and decrease cell
proliferation [67]. Similarly, etoposide-induced lung cancer apoptosis is enhanced by miR-1469 over-expression
which acts via targeting STAT5a [68]. In a similar study by Li et al., lung cancer apoptosis is shown to be facilitated
by miR-1284 via targeting Myc [69]. NSCLC apoptosis is also induced by miR-15a over-expression which targets
BCL2L2, thereby facilitating tumor suppression [70]. Similarly, miR-7 is shown to target BCL2 upon binding to its 3’
UTR, thereby promoting apoptosis and thus suppressing lung tumor growth [71].

3.7 Cellular metabolism

miR-144 targets GLUT1 in NSCLC cells and lower expression of miR-144 in NSCLC leads to enhanced glucose uptake
and lactate production [72]. GLUT1 is also targeted by miR-199a-5p in NSCLC cells, leading to the inhibition of glucose
metabolism; hence, a lower miR-199a-5p expression is often observed in NSCLC [73]. Reduced expression of miR-33b
in NSCLC tissues is associated with the up-regulation of miR-33b target, LDHA thereby enhancing glucose metabo-
lism [74]. A lower expression of miR-144 is accompanied by an enhanced rate of glycolysis and energy metabolism
in NSCLC cells in which miR-144 is shown to act on multiple targets, AKT1/2, GLUT1, and HKII [75]. Overexpression of
miR-31-5p in lung cancer cells results in the down-regulation of miR-31-5p target, FIH, thereby removing its inhibitory
action on HIF-1 to promote HIF-1-induced expression of glycolytic enzymes resulting in enhanced ATP production
through Warburg Effect [76].

3.8 Immune evasion

The tumor cells have an extraordinary capability to evade the host immune system which is predominantly achieved
by PD-L1/PD-1 pathway. PD-L1 is expressed on tumor cells, whereas its receptor, PD-1, is found on T-cells. The binding
of tumor cell-associated PD-L1 with PD-1 on T-cells induces apoptotic signaling in T-cells, thereby resulting in T-cell
death and tumor immune evasion [77]. Down-regulation of PD-L1 targeting miRNAs is often observed in NSCLC tis-
sues. miR-34a directly targets PD-L1 in lung cancer cells, hence inhibiting the tumor immune evasion [78]. Another
miRNA, miR-197 indirectly targets PD-L1. miR-197 targets STAT3 in chemo resistant NSCLC cells, thereby resulting
in the inhibition of PD-L1 expression (STAT3 binds to the promoter of PD-L1 and promotes its transcriptional activa-
tion) [79]. In a similar way, miR-138-5p is shown to down-regulate the expression of PD-L1 and PD-1 on NSCLC cells
and T-cells respectively, thereby enhancing the capability of T-cells to kill the tumor cells [80]. The down-regulation
of miR-4458 results in the up-regulation of miR-4458 target, STAT3 which further triggers the expression of PD-L1
in NSCLC cells, contributing to tumor immune evasion [81]. Furthermore, lung tumor-derived microvesicles (MVs)
are shown to be enriched with miR-214 which targets PTEN in T-regulatory (T,.g) cells, leading to T4 expansion [82].
These T, cells release significant amounts of IL-10 which further promotes tumor growth. Figure 2 briefly illustrates
how different miRNAs influence various properties of the lung cancer cell, leading to either progression or inhibition
of the tumor.

4 Role of miRNAs in the tumor microenvironment

The tumor microenvironment (TME) is composed of tumor cells and their surrounding milieu, basically consist of
extracellular matrix (ECM) and stromal cells [83]. ECM, again comprised of cancer-associated fibroblasts (CAFs),
endothelial cells, tumor-associated macrophages (TAMs), tumor-infiltrating lymphocytes (TILs), dendritic cells etc.
which all contribute to the tumorigenesis [84]. miRNAs play an important role in regulating the interaction between
tumor cells and their surrounding cells [85]. Table 2 also summarizes the function of different miRNAs in the TME.
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Fig.2 miRNAs influencing different stages of lung cancer development and progression. miR-218-5p, miR-134 and miR-338-5p inhibit the
proliferation of lung cancer whereas, miR-3613-5p and miR-21-5p promote tumor proliferation. miR-15a, miR-449a, miR-641, let-7g, and
miR-1271 are shown to inhibit lung tumor growth. miR-200, miR-148a, and miR-29b prevent lung cancer metastasis whereas miR-135b and
miR-21 promote it. miR-29 reduces mortality of lung tumors. miR-200, miR-126 and miR-128 are shown to inhibit lung tumor angiogenesis
whereas miR-494, miR-23a, and miR-141 promote it. miR-608, miR-567, miR-1469, miR-1284, and miR-15a are known to trigger apoptosis
of lung cancer cells. miR-31-5p positively regulates lung tumor metabolism and miR-144, miR-199a-5p, miR-33b, and miR-124 perturb the
important metabolic pathways of the tumor cells. On the other hand, miR-34a, miR-197, miR-214, miR-138-5p, and miR-4458 are known
for inhibiting immune evasion mechanisms of lung tumor. The green arrows indicate induction, the red reverse ‘T’ indicates inhibition. miR
microRNA

4.1 Cancer-associated fibroblasts

The downregulation of miR-101 expression is often observed in CAFs which increases its target, CXCL12 expression,
thereby promoting cancer cell proliferation, 3-D spheroid formation, migration and invasion while inhibiting apop-
tosis [86]. Again, the low level of miR-1 in CAFs is associated with higher expression of its target, stromal cell-derived
factor 1 (SDF-1) which promotes lung cancer proliferation and drug resistance [87].
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4.2 Tumor-associated macrophages (TAMs)

miR-320a targets STAT4 in TAMs which is promoted to an immunosuppressive macrophage M2-like phenotype,
thereby contributing to tumorigenesis by increasing cancer cell proliferation, invasion, metastasis, and angiogen-
esis [88]. Moreover, miR-130a in TAMs targets PPARYy to develop an M2-type macrophages which in turn, target the

immune system to promote tumor progression [89].
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Fig. 3 miRNAs and the crosstalk between lung cancer cells and the cells in TME. Lower expression of miR-101 in CAFs results in the upregu-
lation of its target, CXCL12, leading to the induction of proliferation, metastasis, and anti-apoptosis of lung cancer cells (yellow dotted lines).
Again, the downregulation of miR-1 in CAFs is associated with the upregulation of its target, SDF-1 which in turn promotes proliferation
and drug resistance of lung tumor cells (pink dotted lines). Higher expression of miR-32a and miR-130a in lung TAMs results in the down-
regulation of the targets, STAT4 and PPARYy respectively, leading to the induction of immunosuppressive mechanisms (blue dotted lines).
Lung tumor cells release miR-23a and miR-494 through exosomes which target PHD-1, -2, ZO-1 and PTEN respectively, in endothelial cells,
thereby promoting tumor angiogenesis (violet dotted lines). The green upward arrows indicate upregulation, the red downward arrows
indicate downregulation. miR microRNA, CAFs cancer-associated fibroblasts, CXCL12 C-X-C motif chemokine ligand 12, SDF-1 stromal cell-
derived factor 1, TAMs tumor-associated macrophages, STAT4 signal transducer and activator of transcription 4, PPARy peroxisome prolifera-
tor-activated receptor gamma, PHD prolyl hydroxylase, ZO-1 zonula occludens 1, PTEN phosphatase and tensin homolog

@ Discover



Review
Discover Oncology (2025) 16:293 | https://doi.org/10.1007/512672-025-02054-9

4.3 Tumor endothelial cells and angiogenesis

In hypoxic condition, lung tumor cells are shown to release miR-23a via exosomes which not only targets PHD-1 and -2
to promote angiogenesis but also induce barrier permeability and trans endothelial migration of cancer cells via target-
ing tight junction protein, ZO-1 [63]. miR-494, on the other hand, targets PTEN in endothelial cells, thereby activating
AKT/eNOS pathway to promote angiogenesis [51].

4.4 Epithelial to mesenchymal transition (EMT)

The downregulation of miR-149 expression is often observed in NSCLC cells. miR-149 targets Forkhead box M1 (FOXM1)
and the down-regulation of miR-149 increases FOXM1 expression, thereby promoting EMT, helping in the metastatic
dissemination of cancer [90]. Low level of miR-33a in NSCLC cells is accompanied by the up-regulation of its target, Twist1
expression to promote EMT-associated metastasis of cancer [91]. The miRNAs and the crosstalk between lung tumor cells
with the cells in TME are shown in Fig. 3.

5 Role of miRNAs in lung cancer diagnosis and prognosis

miRNAs play a pivotal role in the diagnosis and prognosis of human lung cancer (Table 3). The present section briefly
illustrates how miRNAs contribute to lung cancer diagnosis and prognosis.

5.1 miRNAs in lung cancer diagnosis

hsa-miR-205 was exclusively found in NSCLC cells of squamous cell carcinoma [92] whereas miR-124a was limited to
adenocarcinoma [93]. Another group observed a higher expression of miR-205, miR-93, miR-221, and miR-30e in squa-
mous cell carcinoma whereas miR-29b, miR-29¢, let-7e, miR-100, and miR-125a-5p were shown to be up-regulated in
adenocarcinoma [94]. On the other hand, up-regulation of miR-375 and miR-21-5p are observed in SCLC cells of pulmo-
nary neuroendocrine tumors of the lung [95, 96]. Again, miR-27a, miR-212, and miR-132 expressions were higher in solid
tumors of lung adenocarcinoma whereas, miR-30d was shown to be up-regulated in mucinous invasive adenocarcinoma
[971. A higher expression of miR-182 was observed in primary lung tumors whereas miR-126 was highly expressed in
metastatic lung tumors [98]. As miRNAs are readily found in the body fluids of humans, the detection of signature miRNA
molecules could serve as a diagnostic tool for determining patients with high-risk of lung cancer.

Table 3 miRNAs, associated with the diagnosis and prognosis of lung cancer

mMiRNA/s Found in Expression Reference/s
Diagnosis
miR-205 Squamous cell carcinoma Exclusively present [92]
miR-124a Adenocarcinoma Exclusively present [93]
miR-205, miR-93, miR-221, miR-30e Squamous cell carcinoma High [94]
miR-29b, miR-29¢, let-7e, miR-100, miR- Adenocarcinoma High [94]
125a-5p
miR-375, miR-21-5p Pulmonary neuroendocrine tumor High [95, 96]
miR-27a, miR-212, miR-132 Solid tumors of lung adenocarcinoma High [97]
miR-30d Mucinous invasive adenocarcinoma High [97]
miR-182 Primary lung tumor High [98]
miR-126 Metastatic lung tumor High [98]
Prognosis
let-7 Lung adenocarcinoma Low [99]
miR-155, miR-21 Lung adenocarcinoma High [100]
miR microRNA
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5.2 miRNAs in lung cancer prognosis

miRNAs often serve as a prognostic marker of lung cancer. For example, patients with surgical lung cancer often
exhibit a lower expression of let 7 which is correlated with a shorter survival rate [99]. On the other hand, a higher
expression of miR-155 and miR-21 has a negative impact on overall survival of patients, suffering from non-small
cell lung adenocarcinoma [100].

6 miRNAs and therapeutic treatment of lung cancer

Therapeutic treatment of lung cancer includes chemotherapy, radiotherapy, molecular targeted therapy, and immu-
notherapy, in which miRNAs are shown to play an important role.

Table 4 miRNAs, contributing

to the sensitivity and Therapy miRNA Up/down Target/s References
resistance in different lung Chemotherapy miR-539 Up DCLK1 [116]
cancer therapies (Sensitive) miR-9 Up elF5A2 [102]
miR-106b-5p Up PKD2 [117]
miR-202 Up Ras/MAPK [118]
miR-140 Up SIRT1/ROS/JNK [119]
Chemotherapy miR-324-5p Up FBXO11 [120]
(Resistant) miR-130b Up PTEN [121]
miR-144-3p Up Nrf2 [122]
miR-181b Down Bcl-2 [123]
miR-133b Down GSTP1 [124]
miR-221 Up PTEN [125]
Radiotherapy miR-99a Up ATF2, mTOR [126]
(Sensitive) miR-200a Up HGF/c-Met [127]
miR-144-5p Up ATF2 [128]
miR-18a-5p Up ATM and HIF1a [129]
miR-373 Up TIMP2 [130]
Radiotherapy miR-21 Up HIF1a [131]
(Resistant) miR-1323 Down PRKDC [132]
miR-198 Down HGF/c-Met [133]
Targeted therapy miR-200c Up PI3K/AKT [134]
(Sensitive) miR-135a Up Rac1 [135]
Targeted therapy miR-138 Down HOXA4 [136]
(Resistant) miR-181a Up GAS7 [137]
miR-873 Up GLI1 [138]
miR-483-3p Up Integrin B3/FAK/ERK [109]

miR microRNA, DCLKT doublecortin-like kinase protein 1, elF5A2 eukaryotic translation initiation factor
5A2, PKD2 polycystin-2, Ra rat sarcoma, MAPK mitogen-activated protein kinase, SIRT1 sirtuin (silent mat-
ing type information regulation 2 homolog) 1 (S. cerevisiae), JNK c-Jun N-terminal kinase, FBXO11 F-box
only protein 11, PTEN phosphatase and tensin homolog, Nrf2 nuclear factor erythroid 2-related factor 2,
Bcl-2 B-cell leukemia/lymphoma 2 protein, GSTP1 glutathione S-transferase pi 1, ATF2 activating transcrip-
tion factor-2, mammalian target of rapamycin, HGF hepatocyte growth factor, c-Met mesenchymal-epithe-
lial transition factor, HIF-1a hypoxia inducible factor 1a, ATM Ataxia telangiectasia mutated, TIMP2 tissue
inhibitor of metalloproteinases 2, PRKDC protein kinase, DNA-activated, catalytic subunit, PI3K phospho-
inositide 3-kinase, Rac1 Ras-related C3 botulinum toxin substrate 1, HOXA4 homeobox A4, GAS7 growth
arrest-specific protein 7, GLIT glioma-associated oncogene homolog, a zinc finger protein, FAK focal adhe-
sion kinase, ERK extracellular regulated kinase
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6.1 Chemotherapy

The chemotherapeutic regimen of lung cancer basically includes the treatment of platinum drugs, such as cisplatin and
carboplatin, although NSCLC cells are found to be resistant against platinum-based drugs resulting in poorer efficacy of the
treatment. miRNAs also contribute to the chemotherapy sensitivity and drug resistance of lung cancer. Cisplatin sensitivity
in NSCLC cells is decreased significantly in miR-155 over-expressive conditions [101]. Another miRNA, miR-128-3p, which
activates Wnt/B-Catenin and TGFf3 pathways, is often found to be up-regulated in NSCLC cells, conferring resistance against
chemotherapy [102]. In some instances, miR-96 is shown to impart resistance against cisplatin-induced apoptosis in NSCLC
cells via the down-regulation of SAMD9 [103]. A brief information regarding other different miRNAs and their effect in a
chemotherapy regimen in lung cancer is shown in Table 4.

6.2 Radiotherapy

Radiotherapy, the use of radioactive rays to destroy cancer cells, is often used successfully against NSCLC and SCLC. How-
ever, some cancer cells develop resistance against radiation, thereby resulting in a relapse of patients’ post-radiotherapy. As
radiotherapy often targets cell cycle, programmed cell death and DNA damage, it is indispensable to find out appropriate
markers affecting radiotherapy resistance. miRNAs often play a vital role in this process. For example, miR-155 reduces the
sensitivity of radiotherapy against lung cancer cells by targeting FOXO3A and TP53INP1 and miR-155 inhibition is shown to
improve the sensitivity of radiotherapy [104]. Moreover, miR-18a down-regulation is associated with increased sensitivity
of lung cancer cells to radiotherapy [105]. A list of miRNAs, involved in radiotherapy sensitivity or resistance against lung
cancer is given in Table 4.

6.3 Molecular targeted therapy

miRNAs are often shown to be involved in various targeted therapies against lung cancer. Extracellular growth factor recep-
tor (EGFR) signaling plays a crucial role in the growth and development of lung cancer by promoting tumor cell proliferation
and angiogenesis, while inhibiting tumor apoptosis [106, 107]. EGFR, upon activation, induces intracellular tyrosine kinase
(TK) phosphorylation which in turn, activates PI3K/AKT, JAK/STAT and Ras/Raf/MAPK pathways leading to tumor growth and
survival. TK inhibitors (TKI), such as gefitinib and erlotinib are successfully used to treat lung cancer patients, sensitive to EGFR
signaling [108]. miR-483-3p is shown to inhibit the metastatic potential of gefitinib-resistant lung cancer cells principally via
the downregulation of EMT and miR-483-3p over-expression improves the sensitivity of these cells to gefitinib [109]. Other
miRNAs, associated with targeted therapy against lung cancer, are listed in Table 4.

6.4 Immunotherapy

As mentioned before, PD-L1/PD-1 signaling plays an important part in the immune evasion mechanism of certain lung
cancers [110, 111]. miR-140 directly targets PD-L1 in NSCLC cells thereby inhibiting PD-L1/Cyclin E pathway to restrict NSCLC
cell proliferation [112] and thus, the miR-140/PD-L1/Cyclin E pathway could be used as a potential therapeutic target against
NSCLC.

6.5 miRNA Mimics and anti-miRNAs as targeted therapeutics

mMiRNA Mimics can be used as a replacement of the down-regulated miRNAs by over-expressing with a miRNA-expressing
vector, whereas knockdown of specific up-regulated miRNAs can be carried out with the help of antisense miRNAs (anti-
miRNAs). miR-34a Mimics, entrapped in a liposome, MRX34 was already introduced in a phase | clinical trials and shown to
exhibit anti-tumor activities [113]. Another miRNA, miR-16, packaged into a nano-cell, termed as TargomiR was enrolled to
evaluate the optimum dose to treat patients with advanced NSCLC [114]. On the other hand, miR-421 knock down by Anti-
miRNA, antisense morpholino (AMO) improves paclitaxel sensitivity to NSCLC cells both in vitro and in vivo [115].
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7 miRNAs as lung cancer biomarkers

A biomarker can be defined as any measurable biological substance which indicates either normal or abnormal patho-
physiological condition or any pharmacological responses against therapy [139]. In numerous occasions, miRNAs have
been considered as potential diagnostic, prognostic, and therapeutic biomarkers in the context of lung cancer. For
example, the expression of miR-492 and miR-590-3p is shown to be significantly up-regulated while miR-631 expression
is down-regulated in the serum of NSCLC patients as compared to healthy individuals, therefore these three signature
miRNAs are considered as potential biomarkers for early detection of NSCLC [140]. Moreover, as compared to healthy
controls, the expression of miR-130a, miR-25, and miR-191* is found to be well-elevated in the sera of NSCLC patients.
Both in vitro lung cancer cell model system and in vivo studies on murine system indicates that the expression of these
three signature miRNA molecules gets further up-regulated upon radiation exposure [140]. Therefore, these signature
miRNAs can be used as potential biomarkers for NSCLC progression [140]. Similarly, a study by Jiang et al. has demon-
strated that four signature miRNAs, miR-210, miR-1290, miR-150, and miR-21-5p are over-expressed in the plasma of
NSCLC patients with respect to benign lung disease or healthy controls which is negatively correlated with disease-free
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Fig.4 miRNAs as predictive biomarkers for lung cancer. 1. The expression of miR-492 and miR-590-3p is up-regulated while miR-631 expres-
sion is down-regulated in the sera of NSCLC patients which is associated with NSCLC progression. 2. An up-regulation of miR-130a, miR-25,
and miR-191* expression in the sera of NSCLC patients positively correlates with the disease progression. 3. miR-210, miR-1290, miR-150,
and miR-21-5p expression in the plasma of NSCLC patients is shown to be associated with NSCLC progression. 4. Moreover, miR-21 and
miR-155 expressions are elevated while the expressions of miR-148a, miR-148b, and let-7 is shown to be down-regulated in NSCLC patients
which shows positive correlation with NSCLC progression. 5. Ten signature miRNAs (miR-125b, miR-200¢, miR-197, miR-21, miR-141, miR-41,
miR-370, miR-192, miR-376a, and miR-662) are up-regulated while eight signature miRNAs (miR-26b, miR-374a, miR-638, miR-381, miR-148a,
miR-146a, miR-204, and miR-148b) are down-regulated in NSCLC, contributing to NSCLC pathogenesis. 6. An elevated expression of miR-608
and miR-9 while a down-regulation of miR-194 expression is shown to be associated with SCLC progression. The green upwards arrows indi-
cate up-regulation or promotion; red downwards arrows indicate down-regulation. NSCLC non-small cell lung cancer, SCLC small cell lung
cancer, miR microRNA
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survival of patients [141]. Thus, these four miRNAs act as promising biomarkers for early diagnosis and prognosis of NSCLC
[141]. Previous studies have clearly demonstrated that increased expression of miR-21 and miR-155 and down-regulation
of miR-148a, miR-148b and let-7 expression are associated with poor prognosis in NSCLC patients, hence making them
potential candidates for NSCLC biomarkers [142]. Moreover, the expression of miR-26b, miR-374a, miR-638, miR-381,
miR-148a, miR-146a, miR-204, and miR-148b are shown to be consistently down-regulated and miR-125b, miR-200c,
miR-197, miR-21, miR-141, miR-41, miR-370, miR-192, miR-376a, and miR-662 are up-regulated in NSCLC, contributing
to the poorer survival of the patients [143]. On the other hand, a higher expression of miR-194 is shown to be associated
with longer SCLC overall survival whereas, a higher miR-608 and miR-9 expression profile in the sera of patient with SCLC
can predict shorter overall patients survival [144]. Hence, miR-194, miR-608, and miR-9 expression profile can be used as
a prognostic biomarker for SCLC [144]. Figure 4 briefly summarizes how altered expression of different miRNAs can be
used as a predictive biomarker for different types of lung cancer.

8 miRNAs in lung cancer clinical trials

On several occasions, it has been found that the data obtained in preclinical studies often fails to be replicated while
applied to humans. A drug showing promising results under in vitro and in vivo conditions often becomes ineffective
or shows severe side effects on human subjects. Therefore, clinical trials on humans become necessary to check the
effectiveness of a given drug before releasing into the market. Basically, a clinical trial consists of four phases. In phase
l, the toxicity, optimum dose, and side effects of the given drug are analyzed upon application in a small group of
patients (n=15-20) [145]. In phase Il also, the optimum dose, safety measurement, and efficacy of the drug are analyzed
on a moderate number of patients (n=100-300) [146, 147]. Clinical trial phase Il involves a large number of patients
(n=thousands) which again determines the efficacy and safety issues of the drug, based on which the drug is released
into the market [148, 149]. The post-marketing analysis of the drug is performed in phase IV of clinical trials [150]. Dif-
ferent miRNAs are shown to be involved in the progression of lung cancer by various mechanisms and a fair number of
clinical trials are ongoing which involves miRNAs associated with lung cancer. Table 5 briefly summarizes the miRNA-
associated lung cancer clinical trials.

9 Conclusion and future directions

Lung cancer is considered as one of the leading causes of cancer-related death worldwide. The primary obstacles in the
treatment of lung cancer include insufficient methods for early detection of lung cancer and the acquired drug resistance.
The emergence of miRNA as one of the major contributors in the development and progression of lung cancer makes
them a potential therapeutic target. The dysregulation of different miRNAs not only promotes lung cancer progres-
sion, but also confers drug resistance. However, the major pitfall of these miRNA-based therapeutics lies in the unique
property of the miRNA, i.e., targeting more than one molecule which often leads to several off-target effects. The lack of
appropriate delivery methods coupled with the off-target effects on the human system restrict its advancement from the
laboratory to the clinics. Deeper and better knowledge is required for understanding their off-target effects. Moreover,
population-based studies on a large scale are needed to recognize the therapeutic, diagnostic, and prognostic potential
of the miRNAs in the progression of lung cancer. Another difficulty appears to be the contradictory results among differ-
ent groups, which may be due to different approaches in sample collection, different specimens, sample storage condi-
tions and analysis. A tremendous effort is required for the accuracy and reproducibility of the data to obtain a standard
protocol and facilitating the use of miRNA-based therapeutics in clinics.
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