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A B S T R A C T   

microRNAs are regulatory RNAs that silence specific mRNA by binding to it, inducing translational repression. 
Over the recent decades since the discovery of RNA interference, the field of microRNA therapeutics has 
expanded tremendously. The role of miRNAs in disease development has attracted researchers to investigate 
their potential in therapeutics. In lung cancer, multiple miRNAs are deregulated, and their involvement is 
observed in cell proliferation, immunomodulation, angiogenesis, and epithelial-mesenchymal transition. Thus, 
synthetic oligonucleotides are developed to downregulate the overexpressed miRNA or to upregulate the 
repressed miRNA. However, their clinical efficiency is limited due to the requirement for an effective delivery 
strategy. Advances in the current understanding of nanotechnology, biomaterial science, and disease molecular 
pathology have increased the chances of overcoming the limitations of miRNA-based therapy. This review enlists 
downregulated and upregulated miRNAs in lung cancer. This review also highlights the major contributions to 
miRNA-based therapeutics for lung cancer and strategies to overcome endosomal barriers. It also attempts to 
understand the nuances between current advancements in delivery methods, advantages, disadvantages, and 
practical issues for the large-scale development of miRNA-based therapeutics.   

1. Introduction 

Lung cancer is one of the highest morbidity and mortality-causing 
cancer worldwide. According to the global survey conducted by GLO-
BOCAN 2020, around 11.4% of diagnosed cancer will occur due to lung 
cancer, and 18.0% of cancer death might occur due to lung cancer [1]. In 
the USA alone, 2.36 lakhs new lung cancer cases were estimated, and 
1.30 lakhs estimated deaths from lung cancer in 2022 [2]. Lung cancer is 
majorly classified as small cell lung cancer (SCLC) and non-small cell 
lung cancer (NSCLC). The 5-year survival rate based on the SEER (Sur-
veillance, Epidemiology, and End Results) observation for NSCLC is 25% 
and for SCLC is 7%, respectively [3]. 

The clinical studies on lung adenocarcinoma tissues indicate a high 
incidence of genetic alternations in TP53 (46%), KRAS (Kirsten rat 
sarcoma virus protein) (33%), KEAP1 (Kelch-like ECH associated 
protein-1) (17%), STK11 (Serine/threonine kinase 11) (17%), EGFR 
(Epithelial Growth Factor Receptor) (14%), MET (Tyrosine-protein ki-
nase Met) (7%), etc [4]. Thus, clinicians worldwide are treating lung 
cancer using the drugs such as monoclonal antibodies and small mole-
cule inhibitors, which target these molecular alternations. However, not 

all drugs provide a fruitful result even by using FDA (Food and Drug 
Administration)-approved drugs. Many of the drugs often show severe 
adverse effects, inability to penetrate deep into the solid tumors, lack of 
specificity, etc. These are some of the general issues. In the case of 
monoclonal antibodies, they face problems like penetrability to the 
tumor site; there are some late-phase failures of monoclonal antibody 
therapies such as bavituxumab, onartuzumab, and tremelimumab for 
NSCLC were reported [5]. For instance, bevacizumab treated patients 
who suffered clinically significant bleeding issues. The same issue was 
even seen in combination therapy of bevacizumab with carboplatin and 
paclitaxel [6]. Thus, inferring that these VEGFR (Vascular Endothelial 
Growth Factor Receptor) targeting antibodies might cause bystander 
effects on the normal healthy blood vessels, thereby causing bleeding 
problems [7]. Ipilimumab treatment showed grade 3 or more 
immune-related adverse effects on 5–25% of patients in clinical trials 
[8]. Another significant molecular signature in lung cancer is EGFR 
overexpression or EGFR mutation. Many EGFR inhibitors are being 
developed and used for treatment. However, some EGFR inhibitors have 
failed to provide a complete response even if there are high expression 
levels of EGFR on the lung tumor cells. These are due to the inefficiency 
of inhibitors in targeting the receptor, and some tumors are intrinsically 
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Abbreviations 

% Percentage 
2D Two dimension 
3D Three dimension 
AGO2 Argonaute 2 
ALI Air Lung Interface 
Alix Asparagine-Linked Glycosylation 2 interacting protein X 
ALK Anaplastic lymphoma kinase 
ALT Alanine aminotransferase 
ANKRD46 Ankyrin Repeat Domain 46 
Apaf-1 Apoptotic protease activating factor 1 
AST Aspartate aminotransferase 
Bax BCL2 Associated X protein 
BCL B-cell lymphoma 2 
BRAF Serine/threonine-protein kinase B-Raf 
BUN Blood urea nitrogen 
CCNE-1 Cyclin E 
CD31 Cluster of differentiation 31 
CD44 Cluster of differentiation 44 
CD80 Cluster of differentiation 80 
CD81 Cluster of differentiation 81 
CDH13 Cadherin-13 
CDH1 Cadherin-1 
CDK-6 Cell division protein kinase 6 
CDKN2A Cyclin-dependent kinase inhibitor 2A 
c-MET Tyrosine-protein kinase Met 
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 
DDAB Dimethyl dioctadecyl ammonium bromide 
DDAH1 Dimethylarginine Dimethylaminohydrolase 1 
DET Diethylenetriamine 
DGCR8 DiGeorge syndrome critical region gene 8 
DICER A type of endoribonuclease 
DISC Death-inducing signalling complex 
DNMT3B DNA Methyltransferase 3 Beta 
DOTAP 1,2-dioleoyl-3-(trimethylammonium) propane 
DOTMA (N-[1-(2,3-dioleoyloxy) propyl]-N,N,N- 

trimethylammonium chloride) 
DROSHA A class 2 ribonuclease III enzyme 
DSDAP 1,2-distearoyl-3-dimethylammonium-propane 
DSPE 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine 
EGFR Epithelial Growth Factor Receptor 
FADD Fas-associated Death Domain 
FDA Food and Drug Administration 
FHIT Fragile histidine triad protein 
GESS Genome-wide Enrichment of Seed Sequence 
GMNN Geminin DNA replication inhibitor 
HDAC1 Histone deacetylase1 
HDGF Hepatoma derived Growth Factor 
HMGA2 High Mobility Group A2, a transcription factor 
HSPC L-α-phosphatidylcholine, hydrogenated soy 
HUVEC Human Umbilical Vein Endothelial Cells 
IFNγ Interferon γ 
IgG Immunoglobulin G 
IL-1β Interleukin 1β 
IL-10 Interleukin 10 
IL-12 Interleukin 12 
IL-12p40 Interleukin 12p40 
IL-1α Interleukin 1α 
IL-2 Interleukin 2 
IL-6 Interleukin 6 
KEAP1 Kelch-like ECH-associated protein 1 
Kras Kirsten rat sarcoma virus protein 
LCSCs Lung Cancer Stem Cells 
LNPs Lipid nanoparticles 

LPH Liposome polycation-hyaluronic acid 
MCL1 Myeloid leukemia cell differentiation protein 
MDM-2 Mouse Double Minute 8 
MEK Mitogen-activated protein kinase 
miRNA microRNA 
MPM Malignant Pleural Mesothelioma 
MRX-34 Liposome-mediated miR-34a 
mtDNMT Mitochondrial DNA Methyltransferase 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 
mt-TET1-3 Mitochondrial ten-eleven-translocase enzyme 
MUC1 Mucin 1 
NGO Nano graphene oxide 
NLE Neutral lipid emulsion 
NSCLC Non-small cell lung cancer 
PACT Protein kinase RNA (PKR) activator 
p-AKT Phosphorylated protein kinase 
PAMAM Polyamidoamine 
PARP ADP-ribose polymerase 
PCNA Proliferating cell nuclear antigen 
PD-1 Programmed cell death 1 
PD-4 Programmed cell death 4 
PDCD4 Programmed cell death protein 4 
PDI Polydispersity Index 
PD-L1 Programmed cell death ligand 1 
PDMS Polydimethylsiloxane 
PED Phosphoprotein enriched in diabetes 
PEG Polyethylene glycol 
PEI Polyethyleneimine 
p-ERK Extracellular signal-regulated kinase 1/2 
PGA-co-PDL (Poly (glycerol adipate-co-ω-pentadecalactone) 
PLGA Poly (D, L-lactide-co-glycolide) 
PLLA Poly L-lactic acid polymer 
Pri-miRNA Primary microRNA 
PTEN Phosphatase and tensin homolog 
PUMA p53 upregulated modulator of apoptosis 
QA-CL Quaternary amine-cationic lipids 
qRT-PCR Real-Time Quantitative Reverse Transcription 
RA Retinoic acid 
Ran-GTP RAs-related nuclear protein-guanosine triphosphate 
RASSF1A Ras Association Domain Family Member 1A 
RECK Reversion-inducing-cysteine-rich protein with kazal motifs 
RET Rearranged during transfection 
RGD Arginine-glycine-aspartic acid peptide 
RISC RNA-Induced Silencing Complex 
RNA Ribonucleic acid 
RNAi RNA interference 
ROS-1 Receptor tyrosine kinase 
SCID Severe combined immunodeficiency 
SCLC Small cell lung cancer 
SELEX Systematic Evolution of Ligands through Exponential 

Enrichment 
SIRT Sirtuin 
SLN Solid lipid nanoparticle 
SOX-4 SRY-Box Transcription Factor 4 
SPC Soybean phosphatidylcholine 
STK-11 Serine/threonine kinase 11 
TA-CL Tertiary amine-cationic lipids 
TEM Transmission Electron Microscope 
TGF-β Transforming growth factor β 
TIMP3 Tissue inhibitor of metalloproteinase 3 
TKI Tyrosine Kinase Inhibitor 
TNFγ Tumor necrosis factor γ 
TRBP Transactivation response (TAR) RNA binding protein 
TSG101 Tumor susceptibility gene 101 
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resistant towards inhibitors, or due to the presence of mutant EGFR, etc 
[9]. Thus, there is a requirement to design a novel method for targeting 
lung tumor cells to overcome the problems mentioned above. In short, a 
novel drug candidate should have high penetration capability, should 
not generate adverse effects, should not be affected by mutant variants, 
etc. The miRNA-based therapy could bypass the limitations as 
mentioned earlier and might act as an alternative strategy for treating 
lung cancer. 

The miRNAs are a class of 19–25 nucleotides chain of single-stranded 
non-coding ribonucleic acids that regulates gene expression. Only 3–4% 
of human genes code for miRNA, and this 3–4% of miRNA regulates one- 
third of the genes in the human genome. This emphasizes the potential 
of miRNA in regulating protein expression. A single miRNA can bind to 
as many as 100 different mRNAs and regulate their corresponding 
protein expression. Thus, miRNA can target many different proteins, 
unlike siRNA and shRNA. Thus, this “one hit, multiple target” biological 
effect is one of the therapeutically interesting concepts in miRNA-based 
therapy. If a tumor condition intervenes in miRNA function, one could 
externally correct the levels of miRNA expression either by providing 
agomiR or antagomiR [10]. 

miRNA-based therapies can be categorized into two major types: (a) 
miRNA suppression therapy, in which miRNA inhibitors, also known as 
miRNA antagomiRs or miRNA masks or miRNA sponges, could be used 

to downregulate the corresponding endogenous miRNA levels (Fig. 1). 
AntagomiR is used for overexpressed miRNA in tumor cells, thereby will 
limit the silencing of tumor suppression proteins. Thus, antagomiR- 
based therapies are known as RNA suppression therapy. (b) miRNA 
replacement therapy, in which miRNA mimics or miRNA agomiRs or 
miRNA precursors (pre-miRNA) or miRNA-expressing plasmids could be 
used to induce the upregulation of miRNA, which leads to post-
transcriptional repression. AgomiR is designed for under-expressed 
miRNA in the tumor cells, and these agomiRs will increase the pres-
ence of under-expressed miRNA, thereby will inhibit the translation of 
the oncoproteins. Thus, agomiR-based miRNA therapy is known as RNA 
replacement therapy [11]. 

For instance, in the study conducted by Esposito et al., miRNA let-7g 
was selectively delivered using aptamers, and this miRNA had the ca-
pacity to inhibit the function of four different proteins by silencing the 
expression of HMGA2 (High Mobility Group A2, a transcription factor), 
N-Ras (a cell proliferation regulator), Bcl-XL (an anti-apoptotic protein), 
cyclin D1 (a G1 checkpoint regulator) by targeting their corresponding 
mRNAs [12]. This provides a new modality in miRNA replacement 
therapy [10]. The main challenge of miRNA therapeutics is the delivery 
of miRNAs into their site of action, which is the cytosol of target cells. 
Since they are not stable molecules, it needs to be protected from the 
nucleases, and delivery of miRNA is one of the crucial tasks to achieve. 
This review highlights different methods of delivering antagomiRs and 
agomiRs for lung cancer therapy. 

1.1. Role of microRNAs in lung tumorigenesis 

miRNA plays an essential role in regulating various proteins, 
including oncoproteins and tumor suppressor proteins. Dysregulation in 
the expression levels of these miRNAs can disturb homeostasis and could 
lead to tumorigenesis. Thus, based on the expression levels of miRNA 
and their function could be classified as tumor-promoting miRNAs or 
oncomiRs and tumor-suppressing miRNAs or anti-oncomiR. Usually, in 
tumor tissues, expression levels of oncomiRs would be higher, and 
tumor-suppressive miRNAs would be downregulated. For instance, 
miRNAs involved in lung inflammation, epithelial-mesenchymal tran-
sition (EMT), angiogenesis, migration, and cell proliferation will 
enhance tumorigenesis. miR-92a is an oncomiR that activates STAT3, a 
cytoplasmic transcription factor which is responsible for the transcrip-
tion of various growth factors and cytokines. Due to the up-regulation of 
these transcription factors, STAT3 (which increases the expression levels 
of cyclin D1 to increase cell proliferation) and BCL-XL (an anti-apoptotic 
protein), cancer cell escapes from death. STAT3 also inhibits RECK 
(cysteine-rich protein with Kazal motifs), which is an MMP-2 (metal-
loproteinase-2) inhibitor that breaks extracellular matrix, which assists 
invasion in lung cancer cells [13]. miR-151a is overexpressed in meta-
static NSCLC tissue. NSCLCs having overexpression of miR-151a stim-
ulates EMT via TGF-β activation. miR-151a silences slug protein, 
E-cadherin, which are inhibitors of EMTs [14]. Some miRNAs have the 
ability to increase drug resistance which leads to the failure of chemo-
therapy. For instance, miR-223 induces doxorubicin resistance and 
cisplatin resistance, enhances EMT, and regulates autophagy in NSCLC 
cells [15]. Similar to miR-223, miR-155 confers therapy resistance. 
Overexpression of miR-155 was observed in the most aggressive and 
therapy-resistant tumors in various human cancer tissues [16]. miR-214 
confers radiotherapy resistance by increasing the expression levels of 
p38MAPK [17]. miR-30a also radio-sensitizes NSCLCs by targeting 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end 
labeling 

UTR Untranslated regions 
VEGF Vascular Endothelial Growth factor 
VEGFR Vascular Endothelial Growth Factor Receptor 

vitE Vitamin E 
WWOX WW Domain Containing Oxidoreductase 
YAP-1 Yes-associated protein 1 
ZEB Zinc finger E-box-binding homeobox  

Fig. 1. Illustration explaining various methods for delivering miRNA and the 
mechanism of action of a mature miRNA in silencing a targeted mRNA. 
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activating transcription factor 1 (ATF1). miR-30a also inhibits ionizing 
radiation-induced G2/M cell cycle arrest in NSCLCs [18]. Zhao et al. 
induced lung cancer in non-cancerous 16-HBE cells (human bronchial 
epithelial cells) by carcinogen anti-benzo[a]pyrene-trans-7, 
8-dihydrodiol-9,10-epoxide (anti-BPDE), and these cells transformed 
into cancerous, malignant 16-HBE-T cells. These transformed cancerous 
cells were analyzed for miR-506, which is an anti-oncomiR. It was 
observed that transformed cells had downregulated miR-506 levels, and 
restoration of miR-506 reduced cell proliferation, cell cycle arrest in the 
G0-G1 phase, etc. This indirectly indicates that miR-506 is down-
regulated in lung cancer cells [19]. Wu and co-workers identified that 
miR-96 was responsible for inducing cisplatin resistance by down-
regulating the sterile α motif domain-containing (SAMD9). SAMD9 is a 
potent tumor suppressor protein that inhibits tumorigenesis [20]. These 
were some of the examples of miRNA that are involved in cell prolifer-
ation, invasion, migration, EMT, inducing drug resistance, etc. Thus, 
regulation of these abnormal levels of miRNAs either by the down-
regulation of oncomiRs or by the upregulation of anti-oncomiRs might 
be a successful strategy for treating lung cancer. 

1.2. Challenges and potential solutions for miRNA-based therapy 

Even though miRNA has great therapeutic potential, it has limita-
tions such as maintaining stability and circulation period, endosomal 
escape, lack of specificity in delivery, off-target effects, etc. To increase 
the potency of miRNA-based therapy, these challenges need to be 
addressed. For instance, chemical modifications to the oligonucleotide 
sequence could enhance the stability and protect the oligonucleotides 
from enzymatic degradation. The lack of specificity could be improved 
by ligand-assisted receptor-targeted delivery, and endosomal escape can 
be improved by adding endosomolytic agents, etc [21]. These are some 
of the challenges that need to be addressed to design a reliable, safe, 
non-toxic miRNA candidate for successful delivery and for treating lung 
cancer. Thus, extensive optimization is required to finalize a potential 
miRNA, a prospective delivery agent, a highly specific targeting ligand, 
and an endosomolytic agent for its in vitro and preclinical evaluation. 
Thus, it is essential to understand various techniques of miRNA delivery, 
their advantages, and their limitations. This review summarizes poten-
tial miRNA-based therapy strategies for enthusiasts in the miRNA lung 
cancer therapeutics field. The scope of this review does not emphasize 
the use of commercial transfection agents as miRNA delivery since it 
may not be able to deliver target organ-specifically, lack scalability, and 

cost ineffectiveness. Based on the therapeutic action of miRNAs, they are 
categorized as RNA suppression therapy and RNA replacement therapy, 
which are summarized below (Fig. 2): 

2. RNA suppression therapy in lung cancer 

AntagomiRs are anti-miRNAs that block the interaction between the 
RISC complex and the target mRNA, thereby preventing mRNA trans-
lation. For instance, miR-10b [22], miR-21 [23], miR-150 [24], miR-222 
[25], miR-96 [20], miR-1290 [26], miR-499 [27], etc. are some of the 
overexpressed miRNAs in lung cancer. These miRNA-based therapies are 
differentiated based on their families, and they are enlisted in (Table 1). 

2.1. MicroRNA-21 family 

miR-21 belongs to the microRNA-21 family, which is located on the 
17th chromosome in humans, and it is encoded by the MIR21 gene. miR- 
21 is highly expressed in various solid tumors like lung cancer, breast 
cancer, colon cancer, gastric cancer, pancreatic cancer, etc. miR-21 is 
considered as an oncomiR (oncogenic miRNA) since it is involved in 
enhancing cell growth, metastasis and inhibits apoptosis by targeting 
Programmed Cell Death-4 (PD-4), Purinergic Receptor P2X7, and 
phosphoinositide 3-kinases (PI3Ks). In a study conducted by Tian and 
his team, miR-21 expression was analyzed in 204 pairs of samples of 
NSCLC patients, and the analysis inferred that higher expression of miR- 
21 showed a low prognosis and higher chances of metastasis [31]. Thus, 
it is essential to develop antagomiRs against miR-21 to reduce their 
expression levels. 

Solid lipid nanoparticles (SLN) were used for systemic delivery of 
antagomir-21 [28]. Shi et al. used DDAB (cationic dimethyl dioctadecyl 
ammonium bromide) for the creation of a unilamellar vessel which 
mimics lysosomes. This mode of delivery was significantly more effec-
tive than lipofectamine-based delivery. The expression levels of miR-21 
were compared with control cells, lipofectamine-antagomiR-21 and 
SLN-antagomiR-21 treated cells, and levels of miR-21 in SLN treated 
cells showed the least expression of miR-21 due to antagomiR-21 
mediated silencing of miR-21 [28]. One of the major limitations is 
that the study claims that encapsulation efficacy was 83.42%; however, 
it is difficult to obtain reproducible encapsulation in the complex design 
of SLN. This drawback was reflected in the cell viability assay, which did 
not significantly reduce cell viability in antagomiR-21 treated A549 
cells. Another drawback of this study was preclinical studies might have 

Fig. 2. Illustrate highlights the miRNA-based therapeutics which can exert effective function in modulation of the various protein targets to hinder tumor growth, 
invasion, angiogenesis, and immune evasion. 
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shed more information on the stability, internalization, and toxicity 
status of SLN-antagomiR-21 liposomes. However, the same group has 
performed a similar experiment using SLN and a combination of 
miR-34a and paclitaxel for treating lung cancer and performed detailed 
analysis on in vivo studies [32]. Anti-proliferation assay revealed that a 
combination of paclitaxel and miR-34a was found to be more potent 
than individual miR-34a or paclitaxel in B16F10-CD44+ cells. The tumor 
volume was drastically reduced in the combination treatment group in 
the subcutaneous lung cancer-induced mice model, indicating the syn-
ergistic effect reduces tumorigenesis. This study once again proves the 
capability of SLNs as a miRNA delivery vehicle. 

Another interesting method of delivering antagomiR-21 that was 
explored by Yang and his group was using qtsomes [29]. Qtsomes are 
similar to liposomes made from a combination of quaternary and ter-
tiary amine-based cationic lipids. This combination of quaternary and 
tertiary amines is required to generate weakly charged liposomes that 
could easily get internalized by the cancer cell and deliver the 
antagomiR-21. AntagomiR-21 encapsulated Qtsomes (referred to as 
Qtsomes) reduced the expression levels of miR-21 by 50.3 ± 2.1%, and 
upregulated tumor suppression proteins like PTEN (Phosphatase and 
tensin homolog), PDCD4 (Programmed cell death protein 4), RECK 
(Reversion-inducing-cysteine-rich protein with kazal motifs), TIMP3 
(Tissue inhibitor of metalloproteinase 3) and migration 
regulators-ANKRD46 (Ankyrin Repeat Domain 46) and DDAH1 (Dime-
thylarginine Dimethylaminohydrolase 1). The preclinical studies 
confirmed the therapeutic dose of 1 mg/kg effectively showed a 16-fold 
tumor volume reduction. There was no significant variation in the 
spleen and liver weight in treated and untreated groups. Additional 
studies, such as western blotting analysis of whole mRNA profiling on 
the antagomiR-21 treated lung tumor tissues, could provide more in-
formation on the expression profiles of other proteins. Extensive studies 
on toxicology, pharmacokinetics, and pharmacodynamics might provide 
more insight into the safety of the treatment. 

A novel method to deliver antagomiR-21 was developed by Wang 
and co-workers using PEG (Polyethylene glycol) functionalized nano-
graphene oxide (NGO) conjugated with PAMAM (polyamidoamine) 
dendrimer [23]. The transfection efficiency was observed higher in this 
conjugate than in dendrimer alone or lipo2000. The probable reason is 
due to the higher electrostatic interaction between the negatively 
charged antagomir-21 and the positively charged amino groups on the 
dendrimer. This efficiency of antagomir-21 was evaluated by the 
increased expression levels for tumor suppressor proteins PTEN, which 
was otherwise inhibited by miR-21. Pre- and post-treatment, biolumi-
nescence intensities were captured to study the changes in the 

subcutaneous lung tumor model, which showed that the group with 
Fluc-3xPS (lung cancer cells having code for firefly luciferase enzyme 
and 3 consecutive target sequences for miR-16) showed higher biolu-
minescence intensity than Fluc-control (plasmid having only firefly 
luciferase gene). This method of delivery could be promisable for 
delivering various RNAi; however, one of the major drawbacks of these 
nanoparticles is the unevenness of the antagomir-21 binding onto the 
NGO-PEG-dendrimer conjugate. Thus, it would severely affect the 
reproducibility of the conjugate in treating lung cancer cells. The study 
did not show a significant decrease in tumor volume post-treatment in 
the preclinical mice model. However, there was a decrease in the 
bioluminescence intensity post-treatment. Thus, it may be concluded 
that the antagomir-21 has the ability to inhibit the synthesis of miR-21 
[23]. 

A similar study led by Sriram and his group to deliver antagomir-21 
using calcium phosphate coated lipid/poly L-lactic acid polymer (PLLA) 
based nanoparticle along with chemotherapeutic drug doxorubicin for 
creating the synergistic effect in killing NSCLCs [30]. Calcium phosphate 
coating on the nanoparticle maintains stability and enhances the chance 
of endosomal escape for releasing antagomir-21 and doxorubicin into 
the cytoplasm. Release kinetics of antagomiR-21 and doxorubicin were 
studied using a fluorescence plate reader at pH 5 (mimicking intracel-
lular microenvironment), 100% of antagomir-21 was released, and at 
pH 7 (mimicking systemic circulation), ~70% of antagomir-21 was 
released in 48 h. There is a lack of specificity in the release of 
antagomir-21 since it could release miRNA even during systemic cir-
culation. This might be one of the limitations of this nanoparticle. There 
was a decrease in the miR-21 concentration and an increase in the PTEN 
concentration after the antagomir-21 treatment. However, preclinical 
studies highlighting the toxicity of the nanoparticle might provide more 
information on its potential to be a novel drug candidate [30]. 

3. RNA replacement therapy in lung cancer 

RNA replacement therapy includes using miRNA mimics that are 
synthetic double-stranded RNA that tends to simulate the endogenous 
downregulated miRNA. These miRNAs are known as agomiRs. Some of 
the examples of agomiRs in lung cancer are let-7, miR-29, miR-15/16, 
miR-34, miR-200, miR-212, miR-660, etc [33–39]. There are two 
methods for inducing mimics into the cellular system, i.e., by directly 
adding mature miRNA mimics or pre-miRNAs. Both these forms of 
miRNAs will lead to the suppression of targeted mRNA and these stra-
tegies are summarized in Table 2. 

Table 1 
Comprehensive information on microRNA suppression therapy for treating lung cancer.  

Sr 
No 

Target 
miRNA 

Delivery Family Targeting 
mRNA 

In vitro study Preclinical studies Ref 

AntagomiRs 
1. AntagomiR- 

21 
Solid lipid 
nanoparticles 

MicroRNA 
MIR21 family 

miR-21  • Showed reduction in invasion 
and migration studies  

• Induced apoptosis and necrosis 

- [28] 

2. AntagomiR- 
21 

Qtsomes MicroRNA 
MIR21 family 

miR-21  • Upregulation of tumor 
suppression proteins PTEN and 
PDCD4 

- [29] 

3. AntagomiR- 
21 

NGO-PEG- 
dendrimer- 
antagomiR-21 

MicroRNA 
MIR21 family 

miR-21  • After treatment, invasive cells 
and migratory cancer cells 
decreased drastically  

• Bioluminescence assay was carried out to 
check the delivery efficacy of antagomir-21 
using NGO-PEG-dendrimer 

[23] 

4. AntagomiR- 
21 

CaP-lipid/PLLA 
nanoparticle 

MicroRNA 
MIR21 family 

miR-21  • After treatment, levels of miR-21 
decreased, and PTEN increased 

– [30]  
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Table 2 
Comprehensively combines the studies that are developed using RNA replacement therapy in lung cancer.  

Sr 
No 

Target miRNA Delivery Family Targeting mRNA In vitro study Preclinical studies Ref 

AgomiRs 
1. AgomiR let-7a Liposomes MicroRNA 

MIR let-7 
family 

Ras, N-Ras, and K- 
Ras  

• Reduced invasion and migration 
in A549 cells 

– [40] 

2. AgomiR let-7g GL21.T aptamer MicroRNA 
MIR let-7 
family 

HMGA2, N-Ras, 
Bcl-XL, cyclin D1  

• Reduced cell proliferation, 
invasion, and migration in A549 
cells  

• Tumor reduction was observed in 
A549 cells induced tumors than in 
MCF-7 cells-induced tumor 

[41] 

3. AgomiR let-7b Nanoassemblies MicroRNA 
MIR let-7 
family 

Ras, MYC, 
HMGA2, GAB2, 
and FN1  

• The presence of cathepsin B 
enhanced the release of let-7b 
miR  

• No toxic effect was observed [42] 

4. AgomiR let-7b Aerosols of let-7b miR MicroRNA 
MIR let-7 
family 

PD-L1, PD-1  • Let-7b immunomodulates 
immune cells  

• Toxicity was evaluated by checking 
body weights, serum cytokines 
levels, and liver enzymes levels in 
benzo[a]pyrene-induced lung ade-
noma cancer model 

[43] 

5. AgomiR-497 Exosome MicroRNA 
MIR15/16 
family 

YAP-1, HDGF, 
CCNE-1, and 
VEGF-A  

• miR-497 inhibited migration in 
A549 cells and angiogenesis in 
HUVEC cells 

– [44] 

6. AgomiR-29 Lipoplexes MicroRNA 
MIR29 family 

CDK-6, DNMT3B, 
and MCL1  

• miR-29 expression was increased 
by 1230-fold and 98-fold in 
lipoplexes-miR-29b and NeoFX- 
miR-29b, respectively  

• Tumor reduction was up to 69.3% [45] 

7. AgomiR-29 MUC1 aptamer 
targeted polymer- 
based nanoparticle 

MicroRNA 
MIR29 family 

CDK-6, DNMT3B, 
and MCL1  

• miR-29b had released at a pH 5, 
mimicking an endo-lysosomal 
complex environment 

– [46] 

8. miRIDIAN 
miR-29b 

MUC1 aptamer 
targeted MAFMILHN 
nanoparticle 

MicroRNA 
MIR29 family 

DNMT3B  • Showed downregulation in 
DNMT3B protein and higher 
apoptosis rate  

• Biodistribution studies revealed 
higher lung accumulation of miR- 
29b 

[47] 

9. AgomiR-29 P103-PEI-RA/miR-29b 
and P123-PEI-RA/miR- 
29b 

MicroRNA 
MIR29 family 

CDK-6, DNMT3B, 
and MCL1  

• P103-PEI-RA/miR-29b showed a 
higher synergistic effect than 
P123-PEI-RA/miR-29b 

– [48] 

10. AgomiR-29 PEN-miR-29a MicroRNA 
MIR29 family 

Caspase-3, 
caspase-8, 
caspase-9, PARP, 
and cyclin D1  

• A severe reduction in migration 
was observed  

• Cell cycle arrest in the G1 phase 
was observed 

– [49] 

11. AgomiR-34a scFv GC4-Liposome- 
polycation-hyaluronic 
acid (LPH) 
nanoparticle 

MicroRNA 
MIR34/449 
family 

c-Myc, MDM-2 
and VEGF by 
siRNA 
survinin and p- 
ERK by miR-34a  

• The size of the nanoparticle was 
170 nm  

• No pro-inflammatory cytokines and 
liver enzymes (AST and ALT) were 
observed 

[50] 

12. AgomiR-34a 
and miR-let-7 

Neutral lipid emulsion MicroRNA 
MIR34/449 
family 

Kras, Ki-67 –  • AgomiR-34a had shown better 
tumor reduction in autochthonous 
NSCLC mouse model than miR-let-7 
treatment 

[51] 

13. AgomiR-34a 7C1-miR34a MicroRNA 
MIR34/449 
family 

CCND1, SIRT1, 
CDK6, and CCNE2  

• 7C1-siLuc selectively silenced 
luciferase signal indicated 
efficiency of miR-34a silencing  

• A 27-fold increase in the relative 
expression levels of miR-34a 

[52] 

14. AgomiR-34a Multi-layered 
liposomes 

MicroRNA 
MIR34/449 
family 

Ki-67, CC3, CDK6, 
SIRT1  

• CD44 targeting IgG and poly L- 
arginine was used for targeting 
and endosomal escape, 
respectively 

• A decrease in Ki-67 and Kras down-
stream products was observed in the 
tumor tissue 

[53] 

15. AgomiR-34a HA-PEI/HA-PEG 
encapsulation 
nanoparticle 

MicroRNA 
MIR34/449 
family 

Bax, Apaf-1, 
PUMA, caspase3, 
Bcl-2, DNMT1, 
mtDNMT, and 
survivin  

• Epigenetic changes were 
observed due to changes in the 
expression of DNMT1 and 
mtDNMT 

– [54] 

16. AgomiR-34a Folate targeted miRNA MicroRNA 
MIR34/449 
family 

Bcl-2, Met, and 
Myc  

• FolamiR-34a were analyzed 
using folate positive MDA-MB- 
231 cells and folate negative 
A549 cells  

• KrasLSL− G12D/+; Trp53flx/flx tumor 
model responded towards FolamiR- 
34a treatment 

[55] 

17. AgomiR-34a 
and paclitaxel 

SLN MicroRNA 
MIR34/449 
family 

CD44  • miR-34a and paclitaxel inhibit 
the growth and metastasis of 
tumors  

• CD44 downregulation by miSLNs- 
34a/PTX suppresses tumor growth 
in vivo 

[32] 

18. AgomiR-34a Lentivirus MicroRNA 
MIR34/449 
family 

CD44  • CD44 positive LCSC showed a 
decrease in cell proliferation and 
migration 

– [56] 

19. AgomiR-449a Microbubble MicroRNA 
MIR34/449 
family 

NOTCH  • MiR-449a inhibits epithelial- 
mesenchymal transition  

• Decreases in tumor weight and 
volume were observed in xenograft 
models 

[57] 

20. AgomiR-212 Liposomes MicroRNA 
MIR132/212 
family 

PED  • Silencing PED induces intrinsic 
and extrinsic apoptosis 

– [58] 

21. AgomiR-200c Nano-emulsion – [59] 

(continued on next page) 
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3.1. MicroRNA-let-7 family 

Let-7 belongs to the let-7 family, and it is the second miRNA 
discovered in Caenorhabditis elegans. Let-7 miRNA is involved in the 
regulation of cell proliferation and regulation of the TGF-β and Wnt 
pathways. Let-7 miRNA functions as a tumor suppressor miRNA [65]. It 
is found that let-7 is downregulated in several tumors such as acute 
lymphoblastic leukemia, breast cancer, bronchioalveolar cancer, Burkitt 
lymphoma, colon cancer, bladder cancer, gastric cancer, kidney cancer, 
hepatocellular cancer, lung cancer, ovarian cancer, pancreatic cancer, 
prostate cancer, etc [66]. Thus, upregulation of let-7 miRNA is essential 
to regulate cell proliferation and migration in lung cancer. 

Lee and co-workers synthesized lipid nanoparticles (LNPs) using 
DOTAP (1,2-dioleoyl-3-(trimethylammonium) propane)/cholesterol/ 
DSPE-PEG (1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine) and 
coated ephrin-A1 on the surface of LNPs to target the ephrin-A2 receptor 
on the lung cancer cells. The Ephrin-A2 receptor is involved in cell 
adhesion and migration [40]. Transfection of let-7a miR reduced the cell 
proliferation and migration of A549 cells by 20–30%. The transfection of 
LNP-let-7a miR has significantly reduced the expression levels of 
onco-mRNAs of Ras, K-Ras, and N-Ras proteins. Let-7a miR was highly 
effective in attenuating colony formation and migration of MPM (Ma-
lignant Pleural Mesothelioma) cells and NSCLC cells. Encapsulation ef-
ficiency of let-7a miR ensured that there is a presence of miR on the LNP; 
however, there could be variation in the concentration of let-7a miR 
inside the LNP that could radically change the efficiency of the LNP in 
each dose. Toxicity studies on preclinical lung cancer models or MPM 
models would assist in analyzing the off-target toxicity of let-7a miR--
based therapy [40]. 

Esposito and her team synthesized Axl targeting aptamers via sys-
tematic evolution of ligands through the exponential enrichment 
(SELEX) method [41]. GL21.T is the aptamer that binds to the Axl re-
ceptor (a tyrosine kinase receptor), mostly associated with invasive and 
metastatic cancer cells. To protect the aptamer-conjugate from nuclease 
degradation, the pyrimidines in the miR let-7g were modified to 2′-flu-
oropyrimidines. GL21.T-let-7g was analyzed on two different cell lines, 
i.e., A549 cells (Axl positive cells) and MCF-7 (Axl negative), to check 
the selectivity of the conjugate. let-7g miR in silenced HMGA2 (High 
Mobility Group A2, a transcription factor), N-Ras (a cell proliferation 
regulator), Bcl-XL (an anti-apoptotic protein), cyclin D1(G1 checkpoint 
protein). Gl21.T-let-7g miR conjugate has reduced the viability to 
30–40% and migration ability to 60%. The conjugate was further 

analyzed on a preclinical subcutaneous lung cancer mice model, and the 
conjugate significantly reduced tumor burden. Thus, it also proves that 
the conjugate is selective in targeting the Axl receptor in vivo conditions. 
This study was the first example of generating a multifunctional aptamer 
conjugate where aptamer could target miRNA delivery and inhibit Axl 
receptor signaling. This study has great potential as an ideal candidate 
for miRNA delivery. Thus, there is a need to synthesize novel aptamers 
targeting different cancer types to enhance tiRNA delivery [41]. 

A novel nano-assembly was formed using PEG5000, vitamin E (VitE), 
and diethylenetriamine (DET) to deliver paclitaxel and let-7b miRNA 
[42]. The endosomal escape mechanism of paclitaxel and let-7b miRNA 
are designed such that in the presence of cathepsin B (which is a lyso-
some protease) releases the contents from the nanoassemblies. Cellular 
internalization of let-7b was evaluated after 8 h of administration. The 
efficacy of let-7b by evaluating the diminished expression leaves of Kras, 
p-AKT (Phosphorylated protein kinase), and PCNA (Proliferating cell 
nuclear antigen). The preclinical evaluation confirmed that there is no 
toxic effect due to the presence of nano-assemblies [42]. Thus, it was 
also observed that paclitaxel and let-7b miRNA showed synergistic ac-
tivity to decrease the tumor burden. Thus, this formulation can be used 
to deliver various miRNA therapeutics. It could be one of the potential 
candidates for delivering miRNAs. 

Another interesting study was conducted by Zhang et al., who 
developed an aerosol-based system for delivering let-7b miRNA [43]. 
They used a custom-made collision-type atomizer that could atomize 
let-7b miRNA. This strategy seems to be highly useful for cancer pa-
tients. Since there is minimum morbidity in the case of this treatment 
and thus, many patients will be encouraged to adopt this treatment. 
Another aspect of this treatment is that the aerosol will directly go to the 
site of the tumor location rather than the other injection strategies, thus 
minimizing the off-target effects, drug dilution effect, etc. Experimen-
tally, it was proved that an aerosol-based system is a novel and potential 
delivery method to transfer miRNA in Benzo[a]pyrene-induced lung 
adenoma cancer model. Single-cell RNA sequencing on CD45+

tumor-infiltrating T cells isolated from aerosol-treated lung 
adenoma-induced cancer model revealed the ability of miRNA to silence 
the expression levels of PD-L1 and PD-1. Body weights, serum cytokines, 
and liver enzyme evaluation assays revealed that the aerosol-based 
let-7b miRNA delivery mechanism did not induce toxicity (Fig. 3) 
[43]. These immunomodulating effects in tumor-infiltrating T cells and 
anti-tumorigenic properties of aerosol-based let-7b miRNA delivery 
could be considered a great strategy in the new era of anti-cancer 

Table 2 (continued ) 

Sr 
No 

Target miRNA Delivery Family Targeting mRNA In vitro study Preclinical studies Ref 

MicroRNA 
MIR141/200 
family 

Nkx-2.1, Nfib, 
Myb, Six1  

• Altered miR-29b, miR-1248, 
miR-675 and miR-189 

22. AgomiR-200c Polymersomes MicroRNA 
MIR141/200 
family 

Red cell hemolysis  • At 400 pmol concentration, cell 
death of 81.4% was observed in 
A549 cells  

• Decrease in tumor volume by 68% in 
A549-induced BALB/c mice 

[60] 

23. Pre-miR-133b Lipoplexes MicroRNA 
MIR133 
family 

MCL-1  • Increase in cellular 
internalization by 2.3-fold 
compared to NeoFX transfection 
agent  

• 30% of miR-133b was delivered 
onto the lungs 

[61] 

24. pVAX plasmid 
containing 
miR-143 

Lipoplexes MicroRNA 
MIR143 
family 

p-EGFR, p-AKT, p- 
ERK1/2  

• Suppress phosphorylation of 
EGFR, AKT, and ERK1/2  

• Toxicity analysis proved that the 
plasmid containing lipoplexes did 
not show a change in mice body 
weight, and liver enzymes 

[62] 

25. miR-660 Cationic lipid 
nanoparticles 

MicroRNA 
MIR188/532 
family 

MDM2  • The size of the particle was 
~120 nm  

• miR-660 expression was 
increased by 20-fold in PDX305 
(patient-derived cells)  

• Reduced18F-FDG uptake in miR-660 
treated mice 

[63] 

26. miR-320a Gold nanoparticle MicroRNA 
MIR320 
family 

Sp-1  • Inhibited cell proliferation and 
migration  

• Induced apoptosis  

• The efficacy of photothermal 
therapy was greater than in the 
presence of miR-320 in lung tumor- 
induced mice 

[64]  
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treatment. This study has much potential in translational research; 
however, tests such as the shelf life of let-7b miRNA in aerosol bulk 
production of miRNA-based aerosols are critical aspects that cannot be 
neglected while considering these therapeutic methods. 

3.2. MicroRNA-15/16 family 

miR-15, miR-16, and miR-497 belong to the miR15/16 family, and it 
is located at chromosome 13q14.3 [67]. miR15/16 family of miRNAs 
are downregulated in various solid tumors, which are tumor suppressor 
miRNAs. A study showed that the miR-16 expression was 22-fold 
downregulated in MPM tumors than in normal tissue [68]. Jeong 
et al. used exosomes from HEK293T cells and transfected miR-497 using 
lipofectamine [44]. The loading efficacy of the miR-497 was 22.4%. The 
dose evaluation study in A549 cells revealed 1 × 107 particles/μl as the 
optimum dosage. A cellular internalization study revealed that miR-497 
was 25000 times higher in miR-497 loaded exosomes treated group than 
in control exosomes treated groups (miRNA unloaded exosomes) [44]. 
miR-497 loaded exosomes could inhibit 69.2% of migrant lung cancer 
cells. Further, Western blot analyses also confirmed a decrease in the 
concentration of migration-related proteins (YAP-1 (Yes-associated 
protein 1), HDGF (Hepatoma Derived Growth Factor), CCNE-1 (cyclin 
E), VEGF-A (Vascular Endothelial Growth Factor)). A microfluidic de-
vice was fabricated using PDMS (Polydimethylsiloxane) having three 
different channels, the first channel is for growing A549 cells mimicking 
tumor-affected lung portion, and the second channel was layered with 
collagen gel to mimic trans-epithelial membrane with pores for 
communicating between these two layers, and the third channel is for 
culturing HUVECs (Human Umbilical Vein Endothelial Cells) mimicking 
blood vessels. miR-497 loaded exosomes inhibit migration of A549 cells 
by downregulating VEGF-A and also inhibit migration in HUVEC cells in 
a gradient VEGF exposed environment, thus, inhibiting 
neo-angiogenesis. In the co-culturing system, inhibition of angiogenesis 
was visualized by structural changes like reduced tube number, tube 
area, and migration area. The key advantage of this study is that 
miR-497 could affect the tumor cells, influence nearby cells, and focus 
on creating an anti-tumorigenic microenvironment environment [44]. 
This work could be extended by creating a more lung tumor-like envi-
ronment involving lung cancer stem cells and cancer-associated fibro-
blasts and by creating an air lung interface (ALI). Furthermore, an 
ALI-based system could also be utilized to study the impact of 
miR-497 on immune cells in the lung cancer microenvironment. 

3.3. MicroRNA-29 family 

miR-29 gene is located at two different locations, i.e., 1q32 and 
7q32. miR-29 is downregulated in lung cancer, esophageal carcinoma, 
stomach cancer, hepatocellular carcinoma, cholangiocarcinoma, glio-
blastoma, neuroblastomas, osteoblastoma, rhabdomyosarcoma, ovarian 
cancer, breast cancer, lymphoblastic leukemia, nasopharyngeal carci-
noma [69]. miR-29 is involved in DNA regulation by silencing DNMTs 
(DNA methyltransferase) [70]. Because upregulation of DNMTs leads to 

the silencing of various tumor suppressor genes involved in lung carci-
nogeneses, such as CDKN2A (cyclin-dependent kinase inhibitor 2A), 
CDH13 (cadherin-13), FHIT (fragile histidine triad protein), WWOX 
(WW Domain Containing Oxidoreductase), CDH1 (cadherin-1), and 
RASSF1A (Ras Association Domain Family Member 1) [70]. 

miRNA-29b is highly downregulated in 7/10 NSCLC tumor tissue 
samples. Wu and co-workers created lipoplexes to deliver miR-29b for 
treating lung cancer [45]. A549 cells were transfected with miR-29b 
using lipoplexes and NeoFX (commercial transfection agent). miR-29 
expression was increased to 1230-fold and 98-fold in 
lipoplexes-miR-29b and NeoFX-miR-29b as delivery agents, respec-
tively. The expression levels of CDK-6 (Cell division protein kinase 6), 
DNMT3B (DNA methyltransferase), and MCL1 (Myeloid leukemia cell 
differentiation protein 1) were significantly reduced in the miR-29 
loaded lipoplexes. DNMT3B is a DNA methyltransferase enzyme that 
establishes new methylation patterns that could affect unmethylated 
CpG sites on gene promotes, eventually reprogramming the epigenome 
in lung cancer [71]. MCL1 is an anti-apoptotic gene [72]. A549 cells 
induced subcutaneous lung tumor model showed that there was a 69.3% 
tumor reduction volume post-miRNA-29b treatment (Fig. 4A and B). In 
vivo studies revealed tumor tissue having increased levels of miR-29b, 
reduction in tumor cell proliferation, and downregulation of CDK6, 
DNMT3B, and MCL1 [45]. This study highlights the use of miR-29b as an 
agomiR for treating lung cancer; however, some problems are associated 
with using lipoplexes as delivering agents, i.e., irregularity in the miRNA 
loading onto the system, which may impact the progress of the 
treatment. 

Perepelyuk and her team also used miRNA-29b, like in the previous 
study; however, the mode of delivery of miRNA was using aptamer- 
targeted polymer-based nanoparticles [46]. In this study, a polymeric 
nanoparticle was synthesized using human immunoglobulin G (IgG) and 
poloxamer-188, which was coated using a MUC1 (Mucin 1) aptamer that 
targets the MUC1 protein. The MUC1 is a transmembrane protein that is 
highly upregulated in NSCLC (almost >80% in lung adenocarcinoma 
tissues). Thus, targeting MUC1 aptamer will specifically deliver miR-29b 
onto the target site of action. In vitro release studies showed that 
miR-29b is released better at pH 5, indicating endosomal escape of 
miRNA-29b. These nanoparticles showed a decrease in DNMT3B and 
MCL1 proteins compared to miR-29b transfected using lipofectamine 
2000. However, the same group extended the work by using novel 
hybrid nanoparticles (MAFMILHN) and MUC1 aptamer [47]. MAF-
MILHN was prepared by mixing IgG and miRIDIAN miR-29b (miRIDIAN 
miRNA mimics are double-stranded RNA oligonucleotides designed to 
function as endogenous mature miRNAs) to form a hybrid nanoparticle. 
These nanoparticles were coated with poloxamer-188 for functionaliz-
ing MUC-1 aptamer. Like the previous study, these nanoparticles were 
also efficiently internalized in A549 cells. MAFMILHN showed down-
regulation of DNMT3B protein and a higher rate of apoptosis. Bio-
distribution studies in lung tumor-bearing SCID (Severe combined 
immunodeficiency) mice were performed. The results revealed that the 
lungs had the maximum deposition of miR-29b, thus indicating the 
specificity of MUC1 aptamers. Furthermore, a bioluminescence imaging 

Fig. 3. Potential toxicities of aerosolized Let-7b were assessed by examining serum cytokines and plasma levels of the liver enzymes (n = 6). Reproduced under 
copyright CC BY-NC 4.0 licence [43]. 
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assay was conducted to assess the tumor burden and tumor volume was 
also severely diminished in the MAFMILHN treated mice model. Thus, 
aptamer functionalized hybrid nanoparticles can potentially deliver 
miRNAs in NSCLC for downregulating oncogenes. 

A multifunctional micellar nanosystem consisting of Pluronic P123/ 
Pluronic P103 linked to Polyethyleneimine (PEI) was developed to 
deliver retinoic acid (RA) and miR-29b to treat NSCLC by Magalhães and 
her team [48]. Retinoic acid has a role in inhibiting cell proliferation via 
initiating RA-dependent apoptosis [73]. Cell viability assay confirmed 
that it is non-toxic to HEK293T (non-cancer cell line) while highly 
cytotoxic to A549 cells and H1299 cells, thus indicating specificity of 
delivery mechanism of miR-29b and RA. RA loaded miscelleplexes 
showed a much better reduction in tumor cell migration rather than 
miR-29b loaded miscelleplexes. Moreover, the expression levels of 
DNMTs (DNA methyltransferase) were significantly reduced in miR-29b 
loaded miscelleplexes treated tumor cells, indicating the 
post-translation repression of DNMTs by miR-29b. From these studies, it 
can be inferred that miR-29b and RA shows synergistic action in treating 
NSCLC cells. Furthermore, it was also elucidated that 
P103-PEI-RA/miR-29b miscelleplexes showed a stronger synergistic 
effect in treating NSCLC than P123-PEI-RA/miR-29b. Preclinical eval-
uation of these miscelleplexes might reveal the toxicological aspects. 
Further exploration might be useful in understanding other potential 
targets of miR-29b, which might have supported the anti-tumorigenic 
effect. 

PEI derivative N-isopropylacrylamide-modified (PEN) was used as a 
carrier to deliver miR-29b by Xing et al. [49]. PEN-miR-29a induced cell 
apoptosis inhibits invasion and migration and induces cell cycle arrest in 
the G1 phase. It was also observed that apoptosis-inducing protein 
expression levels (procaspases-3/8/9, PARP) were severely diminished 
in PEN-miR-29a treated tumor cells, indicating that they are converted 
into active caspases-3/8/9 for initiation of apoptosis. PARP (ADP-ribose 
polymerase) is one of the caspase 3 cleavable enzymes that again 
confirm the initiation of the apoptosis pathway. Cell proliferation was 
decreased, which was indicated by decreased expression of cyclin D1 
[49]. Thus, it can be concluded from the in vitro analysis that 
PEN-mediated miR-29a delivery could positively destroy tumor cells 
and could be a potential candidate for preclinical studies and to un-
derstand its biodistribution. However, this conjugate could be specif-
ically tagged with some lung cancer cell-specific ligands to increase the 
efficacy and specificity of the conjugate. 

3.4. MicroRNA-34/449 family 

miR-34 and miR-449 are the two different microRNAs belonging to 
the miR34/449 family. miRNA-34 is dysregulated in various cancers. 
This is the first miRNA to enter clinical trials. miR-34 is also a tumor 
suppressor miRNA that is downregulated. miR-34 represses epithelial- 
mesenchymal transcription factors like p53, zinc-finger transcription 
factor, SNAIL factor, ZEB transcription factor, TWIST transcription fac-
tors, etc. It is also involved in the inhibition of cell proliferation and 
enhances cancer cell apoptosis [74]. Daugaard and her colleagues 

investigated the expression levels of miR-34 in non-malignant and ma-
lignant NSCLC tissues, and the results concluded that malignant tissues 
exhibited low expression levels of miR-34 [75]. Thus, it is required to 
emphasize the upregulation of miR-34 for successful RNA replacement 
therapy. Similar to miR-34, miR-449 is also involved in regulating the 
cell cycle involving proteins such as MET, GMNN (Geminin DNA repli-
cation inhibitor), CCNE2, SIRT (sirtuin), HDAC1 (Histone deacetylase), 
etc. These are some of the direct targets of miR-449 [76]. 

A nanoparticle-based delivery system by combining liposome- 
polycation-hyaluronic acid (LPH) was conjugated with single-chain 
antibody fragment scFv GC4 [50]. This nanoparticle was intended for 
delivering siRNA targeting c-Myc, MDM-2 (Mouse Double Minute 8) and 
VEGF, and miRNA-34a in treating lung cancer. The GC4 scFv identifies a 
genetically conserved epitope in tumor cells, thereby increasing selec-
tivity in delivering siRNA and miRNA. The efficacy of 
GC4-siRNA-nanoparticles was evaluated in a B19F10induced metastatic 
lung cancer model in C57BL/6 mice. GC4-targeted nanoparticles were 
able to reduce metastasis by 30% in B16F10 lung cancer as compared to 
the control group. This study was confirmed by the haematoxylin and 
eosin-stained tissue section, which showed reduced metastatic nodules 
in the lung tissue. Expression levels of survivin and p-ERK (phosphor-
ylated-Extracellular signal-regulated kinase 1/2) were severely 
decreased in GC4-miR-34a-nanoparticles treated with B16F10 cells 
indicating their downregulation of tumor progression. TUNEL assay was 
performed to estimate the role of miR-34a, and the results suggested that 
miR-34a had triggered apoptosis. Furthermore, the authors evaluated 
the synergistic effect of siRNA and miR-34a, which indicated that met-
astatic nodules were significantly reduced in the presence of the siRNA 
and miR-34a co-formulation method. Toxicity studies were also con-
ducted on tumor-induced mice by evaluating the levels of 
pro-inflammatory cytokines (IL-6, IL-12, TNF-γ) and certain liver en-
zymes like AST (Aspartate aminotransferase) and ALT (Alanine amino-
transferase); and the results indicated that GC4 targeted nanoparticle 
formulation is safe and effective in delivering oligonucleotides [50]. 
Thus, these results indicated that co-delivering by GC4- nanoparticles 
could inhibit tumor growth and enhance the therapeutic outcome. 

A neutral lipid emulsion (NLE) has been used to deliver let-7 and 
miR-34a for treating lung cancer [51]. Biodistribution studies were 
carried out by using NLE-miR-124. This study highlighted that 
maximum distribution was observed in the lung, liver, and followed by 
the kidney. Orthotopic lung tumor models were generated by endotra-
cheal intubation of H460-luc lung tumor cells to analyze the efficacy of 
NLE-siRNA (for silencing luciferin). The tumor growth was monitored 
via luminescence imaging. After 48 h of treatment, there was a decrease 
in the luminescence intensity by >95%; however, in the negative group, 
the intensity was increased. This study deciphers that RNAi delivery led 
to cellular entry, and it can form a RISC complex and efficiently repress 
the target, i.e., luciferin. Furthermore, the efficacy of NLE-miR-34a and 
miR-let-7 was determined in the K-rasG12D autochthonous NSCLC mouse 
model. This model was created by intranasal administration of adeno-
virus expressing (Ad-cre) that could induce G12D mutation in K-ras 
protein. Mice treated with miR-NC had extensive diffuse hyperplasia 

Fig. 4. Lipoplexes-miR-29b inhibit tumorigenicity of A549 cells in vivo. (A, B) Tumor growth in A549 cells induced nude mice. Reproduced under copyright CC BY- 
NC 3.0 licence [45]. 
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and adenomas, while 4/5 mice treated with NLE-let-7b had a lower 
tumor burden. qRT-PCR studies inferred an increase in the expression of 
let-7b. Later, TUNEL assay and Ki-67 staining were performed to eval-
uate the apoptosis levels, and the results showed that there were poor 
apoptosis levels. It was concluded that lung tumors did not respond to 
the let-7b treatment. NLE-miR-34a treatment showed 60% tumor 
reduction. qRT-PCR analysis showed higher expression levels of 
miR-34a in lung tissues. TUNEL-positive cells were reduced to 20.2, 
while in the negative control, it was 51.5. Thus, it was concluded that 
K-ras-induced mice respond to NLE-miR-34a treatment [51]. Thus, this 
treatment strategy could be a potential candidate for further analysis to 
enter clinical trials. However, certain questions are unanswered in these 
experiments as it was unable to clarify the use of miR-124 to study 
biodistribution. Interestingly it was observed that there was a higher 
expression of let-7b; however, it cannot decrease the tumor burden. 

Systemic delivery of miR34a via 7C1 polymer-based nanoparticle in 
autochthonous Kras p53 mutant lung cancer mice model was reported 
recently [52]. Like in the above-mentioned study, authors of this study 
have also conducted siRNA against luciferase (siLuc) based delivery in 
p53 deleted, Kras mutant mice model having reporter genes luciferase 
and tdTomato. 7C1-siLuc selectively silenced the luciferase signal. Later, 
7C1-miR34a was delivered in the KP mice model, and the results showed 
a reduction in the expression of CCND1, SIRT1, CDK6, and CCNE2 
proteins, and there was a 27-fold increase in the relative expression 
levels of miR-34a. There was a significant decline in the tumor burden 
after 4 weeks from the first injection. Furthermore, siRNA against Kras 
was also administered using 7C1 polymer, which showed great 
anti-tumor activity. This study also proves that miR-34a could be 
delivered safely by 7C1 nanoparticle formulation. Another study was 
conducted by Wang et al., who developed aptamer-conjugated den-
drimers to deliver the plasmid-containing genes for miR-34a [77]. S6 
aptamer is specifically targeted to recognize lung tumor cells and deliver 
pMiR-34a (plasmid expressing miR-34a). Later it was found that 
miR-34a had increased the expression of BCL-2 and p53. Cell viability 
was reduced to almost 40% due to the transfection of pMiR-34a. 
Although this study showed convincing results, however, plasmid 
transfection is a transient expression of miR-34a, and thus, there will be 
a requirement for multiple doses of treatment. 

Gu and co-workers synthesized a multi-layered liposomes membrane 
consisting of core liposomes containing cisplatin, coated with miR-34a 
and siKras, a layer of poly L-arginine to enhance endosomal escape, 
and finally, a layer of hyaluronate having CD44 targeting IgG [53]. The 
combination of cisplatin, siKras, and miR-34a showed the highest 
reduction in the tumor burden in the KP lung adenocarcinoma 

orthotopic mouse model. Immunohistochemistry analysis revealed that 
biomarkers responsive for cell proliferation (Ki67), apoptosis (CC3), and 
downstream molecules of Kras pathway like phosphorylated-ERK, pro-
teins of a miR-34a pathway like CDK6 and SIRT1 are significantly 
reduced. This study claims that the presence of a multi-modular system 
acts as a broad range of therapeutics. Thus, this system can target 
various oncogenic pathways; however, it can also be used as a tool for 
personalized medicine in the future by tuning the outer surface area. 

A novel miR-34a conjugate (FolamiR-34a) was developed using 
folate as a targeting ligand to conjugate miR-34a using click chemistry 
methods (Fig. 5A) [55]. FolamiR-34a targeted folate receptors that are 
overexpressed in the cancer cells, and this was evaluated in 
folate-positive MDA-MB-231 cells and folate-negative A549 cells. To 
assess the activity of FolamiR-34a, MDA-MB-231 cells were expressed 
with the miR-34 Renilla sensor, and in the presence of FolamiR-34a, the 
activity of Renilla was decreased since the genes were silenced by 
miR-34a. Furthermore, the efficiency of FolamiR-34a was evaluated in 
an immunocompetent aggressive Kras; p53 NSCLC mouse model, and 
there was a decrease in the tumor burden by 1.5-fold (Fig. 5B). The 
levels of miR-34a increased by 3-fold post-treatment, and levels of Bcl-2, 
Myc were reduced, indicating initiation of apoptosis. This study is highly 
significant since the conjugate targets tumor cells, such as folate over-
expressing lung tumor cells. Other methods like lipoplexes-mediated, 
liposome-mediated, nanoparticles-mediated, and virus-mediated de-
liveries do not specifically aim at targeted delivery. Thus, this aspect of 
the FolamiR-34a acts as a potential candidate for further clinical trials. 

HA-PEI/HA-PEG encapsulated nanoparticles have been reported to 
deliver miR34a for targeting lung cancer by Trivedi and his colleagues 
[54]. Cellular uptake studies were evaluated in cisplatin-resistant A549 
cells and cisplatin-sensitive A549 cells by using rhodamine labelled 
HA-PEI, and FITC labelled miR34a. The results inferred a 4-5-fold in-
crease in the levels of miR34a in both A549 cells after 4 h of incubation. 
qRT-PCR analysis was done to analyze apoptosis genes like 
anti-apoptotic proteins (Bax (BCL2 Associated X protein), Apaf-1 
(Apoptotic protease activating factor 1), PUMA (p53 upregulated 
modulator of apoptosis), caspase3) and pro-apoptotic proteins (Bcl-2, 
survivin). As expected, there was an increase in pro-apoptotic proteins, 
and a decline in anti-apoptotic proteins was observed in cisplatin sen-
sitive as well as resistant A549 cell lines. miR-34a has altered the 
mitochondrial epigenetic enzymes like mtDNMT1 (Mitochondrial DNA 
Methyltransferase). The expression levels of DNMT1 (non--
mitochondrial origin) declined by 15–20% in both the A549 cells and 
mtDNMT levels decreased by 30–40%. This was reflected in the 
increased expression levels of the mitochondrial ten-eleven-translocase 

Fig. 5. (A) Illustration explaining the mechanism of action of FolamiR-34a (B) Quantitative analysis of tumor size post FolamiR-34a treatment, where arrows 
represent treatment intervals (0.8 mg/kg, 1 nmol intravenous injection). Reprinted with permission from Ref. [55] Copyright © 2017, The American Association for 
the Advancement of Science. 
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enzyme (mt-TET1-3). mt-TET1-3 is involved in the methylation of DNA. 
This study could be a potential target for delivering nucleic acids for 
lung cancer. The novel development of this study was to focus on the 
contribution of miR-34a towards mtDNA epigenetic changes in lung 
cancer progression and development; further studies on the preclinical 
evaluation of such epigenetic transformation in a relevant tumor model 
could be of greater potential. 

Another study was conducted using microbubbles as a novel miRNA- 
449a delivery system. miRNA-449a also belongs to the miRNA-34 family 
[57]. The ultrasonic dispersion technique was used for synthesizing 
cationic lipid microbubbles. miR-449a is severely downregulated in lung 
tumor tissue, and increasing the miR449a levels might inhibit 
epithelial-mesenchymal transition by regulating the NOTCH pathway. 
Microbubbles-mediated delivery of miR-449a promotes cell cycle arrest 
in the G2/M phase and induces apoptosis. Xenograft tumor model in 
mice has also confirmed the efficacy of miR-449a containing micro-
bubbles and that there was a decrease in the weight and tumor volumes. 
Ki-67 staining also confirmed decreased levels of Ki-67 positive cells in 
the presence of miR-449a. Thus, indicating that miR-449a inhibits 
proliferation. In all the above studies, only lung cancer cells were 
analyzed with the corresponding miRNA-based therapeutic agent; 
however, Shi and co-workers attempted a different strategy to target 
lung cancer stem cells by isolating CD44 positive Lung Cancer Stem Cells 
(LCSCs) from three different cell lines, namely A549 cells, H460 cells 
and H1299 cells [56]. Isolated LCSCs were subjected to lentiviral 
vector-mediated overexpression of miR-34a. Interestingly, all the CD44 
positive LCSCs from various origins showed decreased cell proliferation, 
migration, and clonogenic properties. CD44 negative cells showed an 
increase in tumor growth. It indicates that miR-34a acts as a negative 
regulator for CD44 expression in NSCLC cells. Thus, targeting LCSC is 
one of the novel and need-of-the-hour strategies for treating cancer. 

3.5. MicroRNA-132/212 family 

miR-132 and miR-212 belong to the microRNA-132/212 family, and 
it is encoded by chromosome 17p13.3 [78]. miR-132 is significantly 
downregulated in lung cancer cells. miR-132 is the direct target of SOX4 
(SRY-Box Transcription Factor 4) protein and can downregulate in the 
invasion. SOX4 protein is also involved in β-catenin/T-cell factor activity 
and acts as an agonist of the Wnt signaling pathway [79]. miR-212 is 
also involved in suppressing the invasion and migration of lung cancer 
cells by inhibiting USP9X-induced EMT. Hence, it is downregulated in 
lung cancer tissues. Thus, it is necessary to upregulate the expression of 

these miRNAs to reduce tumor growth [80]. 
Iaboni and her colleagues synthesized a novel chimera molecule with 

an aptamer targeting the Axl and agomiR-212 (Fig. 6A and B) [58]. 
GL21.T is used as an aptamer to target the Axl receptor. miR-212 si-
lences the PED (Phosphoprotein enriched in diabetes) protein inhibiting 
intrinsic and extrinsic apoptosis pathways. It competitively interacts 
with pro-caspase8 and FADD (Fas-associated Death Domain), inhibiting 
DISC (Death-inducing signalling complex) assembly. Overexpression of 
PED is observed in NSCLC cells. Thus, by silencing the PED expression 
via miR-212, apoptosis can be initiated in these NSCLC cells. They first 
prepared two sets of conjugates, i.e., GT21.T-miR-212 and GT21. 
T-scr-miR-212 (using scrambled RNA sequence) and evaluated them 
by treating on A549 Axl positive cells and Axl negative MCF-7 cells. It 
was experimentally proved that GT21.T-miR-212 could significantly 
downregulate the expression of PED, thereby regulating the 
TRAIL-induced cell death and activating caspase 8 for initiating 
apoptosis (Fig. 6C). The major limitation of this study was that the au-
thors had not considered the toxicity levels due to the chimera conjugate 
[58]. Similar to this study, the same group has performed another set of 
experiments with miR-137. In this case, miR-137 and GT21.T aptamer 
was linked by a short dsRNA sequence with sticky ends that attaches 
aptamer at one end and miR-137 on the other end [81]. GT21. 
T-miR-137 showed an increase in the internalization rate by 62% in 2 
h of incubation. GT21.T-miR-137 showed a reduction in cell prolifera-
tion, invasion, and migration in patient-derived NSCLC cells. Western 
blotting analysis showed an effective reduction of CDK6 protein by 40% 
in GT21.T-miR-137 treated Axl positive A549 cells. The efficacy of 
GT21.T-miR-137 was evaluated in the A549-induced lung cancer mice 
model, revealing that GT21.T-miR-137 showed a tremendous decrease 
in tumor volume. This study indicates that aptamer-mediated delivery of 
miRNA has higher potential in treating NSCLCs. 

3.6. MicroRNA-141/200 family 

miR-141, miR-200, miR-429 belongs to microRNA-141/200 family. 
miR200 acts as a potent tumor suppressor since it targets members of the 
ZEB (Zinc finger E-box-binding homeobox) family of translational re-
pressors that drive EMT [82]. Thus, deficiency or downregulation of 
miR-200 could increase cell proliferation, invasion, migration, and 
angiogenesis in lung cancer tissues. Downregulation of miR-200 also 
enhances the NOTCH signaling pathway in cancer-associated fibro-
blasts, which further increases the severity of cancer. It is observed that 
the downregulation of miR-200 is coherent with the poor prognosis of 

Fig. 6. Schematic representation of the (A) GL21.T-miR-212 and (B) GL21.T-scr-miR-212 (C) Graph indicating 24 h transfection of Axl in A549 cells (Axl positive 
cells) treated with 300 nM of GL21.T-miR212, GL21.Tscr-miR212, or GL21.T for additional 48 h. PED and Axl levels were quantified by RT-qPCR. Reproduced under 
copyright CC BY-NC-ND 4.0 licence [58]. 
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lung adenocarcinoma [83]. Thus, targeting miR-200 could be a potential 
treatment strategy for targeting lung cancer. Similarly, Peng et al. also 
used a novel self-assembled amphiphilic polyphosphazenes (consists of 
amphiphilic [NP(PEG)0.3(EAB)1.7]n (PEEP) and weakly cationic [NP 
(PEG)0.5(DPA)1.5]n (PEDP)) polymersomes (Nano-ED) delivery system 
for miR-200c [60]. The results showed that nano-ED-200c inhibited 68% 
tumor reduction in A549 cells induced BALB/c nude mice. The authors 
have stated that this study was the first polymersomes-based system for 
delivering miRNA for therapy. 

3.7. Miscellaneous microRNA family 

Wu and co-workers synthesized pre-miR-133b containing lipoplexes 
for treating NSCLC [61]. There was a 20000 times increase in the 
expression of miR-133b compared to untreated A549 cells. Remarkably, 
lung cancer-induced mice treated with pre-miR-133b lipoplexes had a 
52-fold increase in miR-133b. The study indicated that 
post-translational regulation of MCL-1 (one of the direct target mRNAs 
for miR-133b) was successfully silenced by 56.2%. This study showed 
the ability of lipoplexes in the successful delivery of miR-133b for 
treating lung cancer cells. Similar to this study, Jiang et al. worked on 
cationic lipoplexes (CL) for the transfection of miR-143 by plasmid 
pVAX [62]. miR-143 is known to suppress the phosphorylation of EGFR, 
AKT, and ERK1/2, eventually inhibiting cell proliferation and promot-
ing apoptosis. Toxicological studies were carried out in mice treated 
with CL-pVAX-miR143, which indicated no significant change in the 
body weight, and levels of liver enzymes like ALT, AST, and BUN (Blood 
urea nitrogen); thus, indicating the complex was safe and non-toxic. 
Moro and his colleagues have also used cationic lipid nanoparticles to 
deliver miR-660, and its efficacy was evaluated in lung cancer 
patient-derived cells [63]. It was identified that miR-660 could induce 
cell cycle arrest in a p53-dependent manner via downregulating MDM-2. 
MDM-2 is a p53-dependent, p53-specific ubiquitin ligase that degrades 
p53. MDM2 inhibits the transcription factor p53, responsible for the 
transcription of various oncoproteins [84]. Preclinical studies also 
inferred a decrease in the tumor volume after injecting miR-660 con-
taining lipid nanoparticles. Gold nanoparticles (Au NPs) are also gaining 
importance for delivering miRNA. Peng et al. have synthesized photo-
thermally active gold nanorods, which were coated with RGD (Argini-
ne-glycine-aspartic acid) peptides via PEI and miR-320a [64]. RGD 
peptide selectively binds to integrin that is overexpressed in lung cancer 
cells. Photothermally active Au-RGD-miR-320a induces photo-induced 
transfection of miR-320a in A549 cells. The transfection efficiency was 
almost 80% in the presence of laser 1.5 W/cm2 for 9 min. 
Au-RGD-miR-320a inhibits cell growth, and migration in A549 cells 
promotes apoptosis and induces DNA damage. Interestingly, this was not 
observed in scrambled RNA control, indicating that cell death occurred 
due to the transfection of miR-320a in A549 cells. Preclinical evaluation 
of the Au-RGD-miR-320a in lung cancer-induced tumor model was 
conducted; the results indicated that tumor volume decreased in 
laser-treated mice model was much higher than individual miRNA 
treatment, which deciphers that there was a requirement of laser 
treatment for the transfection of miR-320a onto the tumor tissues. 
Au-RGD-miR-320a possesses two-stage specificity, i.e., one using RGD 
peptide binding to overexpressed integrin-positive lung cancer cells and 
selectively releasing miR-320a in the laser-treated area of interest. Han 
et al. developed polyamidoamine (PAMAM) construct for delivering 
miR-23b, which is a tumor suppressor miRNA that regulates survivin, 
PTEN, MMP-9, and cyclin D1. In vitro studies in A549 cells indicated that 
miR-23b could reduce cell proliferation by 3–23.2%, initiate apoptosis 
and inhibit migration [85]. Similarly, various studies have been re-
ported which indicate that using miRNA as a therapeutic molecule is 
beneficial and has a greater potential of being a valid candidate for 
clinical trials [85,86]. The success of miRNA-based therapies can be 
increased by turning them into personalized medicine platforms; 
therein, patients have suppression or overexpression of certain miRNA, 

and then their appropriate agomiR or antagomiR can be delivered. 

4. microRNAs in clinical trials for lung cancer 

The first FDA-approved non-coding siRNA-based therapeutics was 
patisiran for treating amyloidosis in 2018. After the successful case of 
the patisiran drug, various research laboratories, biotechnology com-
panies, and pharmaceutical industries were interested in developing 
non-coding RNA-based therapeutics, especially miRNA [87]. Since 
microRNA-based therapy has higher attraction due to its “one hit, 
multiple target” strategy [10]. miRNA-based therapeutics are in 
different stages of clinical trials for many diseases like liver cancer, heart 
failure, T-cell lymphoma, Alpon syndrome, hepatitis C, mesothelioma, 
lymphoma, etc [10,87]. Unfortunately, to date, there is no 
FDA-approved miRNA lung cancer therapeutics. However, there are two 
miRNA therapeutic studies for treating lung cancer in clinical trials. The 
phase I and phase II study was conducted by Hong and co-workers to 
treat advanced solid tumors using liposome-mediated miR-34a 
(MRX-34) [88]. MRX-34 was injected into a 73-year-old patient who had 
metastatic small lung cancer. Unfortunately, the patient showed side 
effects and had symptoms like dyspnoea, chest pain, weakness, and 
bloody stool. The patient’s condition worsened, the disease progressed 
to the liver, and the patient died due to multiple organ failures. This 
study got terminated due to toxicity [87]. The next candidate in the 
miRNA-based lung cancer therapeutics that successfully completed the 
phase I clinical trials was TargomiRs [89]. TargomiRs are miR-16 
encapsulated in bacterial minicells, which are surface functionalized 
by bispecific EGFR antibodies for specifically targeting EGFR over-
expressing MPM cells and NSCLCs [68]. TargomiR injections showed 5% 
partial response, 68% of the patients showed stable disease, and 27% 
showed progressive disease. Many miRNA delivery strategies are under 
research and in preclinical stages. It can be expected that much more 
novel miRNA delivery techniques and strategies could reach and suc-
cessfully complete clinical trials in the future. Both these studies did not 
show satisfactory results in the patients. Thus, the selection of miRNA 
targeted delivery of miRNA and different strategies need to be devised to 
reduce the off-target effects of miRNA therapeutics. 

5. Conclusion 

miRNA-based therapeutics have gained interest during the past few 
decades, and their potential is endless. However, there are major chal-
lenges in miRNA therapeutics for treating lung cancer. The problems lie 
in the tissue-specific delivery to the lung cancer cells, maintaining the 
stability of miRNA against nucleases and other degradative enzymes, 
determining of effective dose, etc. Another major challenge is that 
miRNA could silence many different types of mRNA irrespective of its 
function, which leads to a risk that if injected, miRNA could silence some 
of the essential tumor suppressor genes or some housekeeping genes. 
This may lead to off-target effects of miRNA-based therapy. To resolve 
these issues, tumor tissue-specific delivery is one of the best solutions. 
Thus, researchers are trying to synthesize an ideal delivery tool that 
could deliver specifically to the site of action. There has been tremen-
dous research on surface-modified lipoplexes having ligands or anti-
bodies, ligands attached to miRNA, or aptamer attached to miRNA, 
tissue-specific receptor-expressing exosomes, surface-functionalized 
nanoparticles, etc. Using these strategies might assist in reducing the 
off-target effects of miRNA-based therapy. Various computational tools 
are available that could predict the potential targets of miRNA, and this 
information could enhance the knowledge of deciding the correct 
miRNA as a therapeutic agent. The future of this field lies in synthesizing 
an ideal delivery method and designing an in vivo tumor mimicking 
platform that could help in elucidating various information or assist in 
predicting off-target effects of miRNA. 
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