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Introduction

Historically, the human genome has been classified into two 
broad categories, namely, coding and non-coding. Initially, 
only protein-coding genes and few non-coding RNAs 
(ncRNAs), such as tRNAs and rRNAs have been explored 
to describe cell functioning. The literature reveals that 
RNA biology is gaining significant interest due to the fact 
that the gene regulation is mediated by transcription and 
translation processes (1).

ncRNA molecules are transcribed from DNA but do not 
get translated into proteins. They act by complementary 
base pairing with target RNAs (2). ncRNAs consist of 
transcripts that do not have any clear open reading frame 
and are very difficult to predict from genomic sequences (3).  
Over the past years different ncRNAs in human cells have 
been characterized. ncRNAs include ribosomal RNA 
(rRNA), transfer RNA (tRNA), micro RNA (miRNA), Piwi-

interacting RNA (piRNA), small nuclear RNA (snRNA), long 
non-coding RNA (lncRNA) and circular RNAs (circRNAs). 
These studies are more focused on characterization of 
short RNAs, such as microRNAs (miRNAs), piRNA, small 
nucleolar RNAs (snoRNAs), lncRNAs and long intergenic 
non-coding RNAs (lincRNAs) (4).

ncRNAs are of crucial functional importance for normal 
development and physiology and for disease which has gained 
significant interest of the biological scientists and consequently 
has witnessed tremendous developments in the field over the 
last decade (4). ncRNAs are linked to immunopathology (5), 
cellular homeostasis (4) and cancer (6). lncRNAs are also 
linked in several biological and developmental processes 
such as cell pluripotency induction, X-inactivation 
(lyonization) or gene imprinting (1). RNA silencing is the 
process of sequence-specific regulation of gene expression 
by double-stranded RNA (7). RNA silencing processes 
is mainly mediated by Argonaute protein family (8).  
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RNA-induced silencing complexes are produced by the 
short RNAs in association with Argonaute proteins. 
Argonaute proteins are classified into two biological groups 
namely the Ago and the Piwi (9).

NcRNAs as biological regulators

miRNAs (~22 nucleotides) are the most widely explored 
class of ncRNAs which mediate post-transcriptional gene 
silencing in animals by controlling the mRNA translation 
into proteins. miRNAs were initially identified in 
Caenorhabditis elegans in 1993, as small ncRNAs, which 
modulate eukaryotic gene expression at post-transcriptional 
levels (10). miRNAs have been reported to control 
differentiation, proliferation and apoptosis in animals by 
regulating the translation of >60% of protein-coding genes. 
Production of miRNAs depends on Drosha and Dicer 
(RNase III enzyme) activity, which form RNA-induced 
silencing complex. miRNA regulation is directed by RNA-
induced silencing complex. Translation of mRNA into 
proteins is suppressed by miRNAs via mRNA degradation 
or suppression of translation initiation (11).

piRNAs, 24–30 nucleotides, are Dicer-independent 
ncRNAs which are involved in maintaining genome 
stability in germline cells (12). These are the largest class of 
ncRNA molecules (13). Piwi proteins were first described 
in germline stem cell maintenance factor in Drosophila 
melanogaster (14). piRNAs and Piwi proteins suppresses 
transposable element expression and mobilization by 
(I) cleavage of transposable element transcripts by Piwi 
proteins via base-pairing recognition by the piRNA and 
(II) by heterochromatin mediated gene silencing. The gene 
transcription is repressed by Piwi proteins (Piwil 1, Piwil 2 
and Piwil 4) due to the formation of antisense piRNAs via 
ping-pong amplification cycle (15). These Piwi proteins 
have been reported to link to DNA methylation.

s n o R N A s ,  c o m p o n e n t s  o f  s m a l l  n u c l e o l a r 
ribonucleoproteins, are intermediate-sized ncRNAs which 
are mainly responsible for the modification of (rRNAs and 
tRNA). These are classified as C/D box snoRNAs (associated 
with methylation), and H/ACA box snoRNAs (associated 
with pseudouridylation) (4).

lncRNAs (>200 nucleotides) have been reported to 
involve in various biological processes (16). These can be 
classified (antisense, bidirectional, intergenic, intronic, 
overlapping, and processed) depending on the position 
and direction of transcription. Epigenetic inheritance and 
chromatin states are mainly regulated by lincRNAs (17). 

lncRNAs mediate epigenetic modifications in DNA by 
recruiting chromatin remodeling complexes to specific loci. 
lncRNAs are responsible for X-chromosome inactivation 
in mammals (18). Gutschner et al. reported long ncRNA 
MALAT1 (metastasis-associated lung adenocarcinoma 
transcript 1) knockout models in human lung tumor cells 
based on genomical integration of RNA destabilizing 
elements using zinc finger nucleases (19).

circRNAs are long, non-coding endogenous RNA 
molecules and covalently closed continuous loop without  
5'-3' polarity and polyadenylated tail. These molecules 
regulate gene expression by miRNAs modulation. 
CircRNAs are resistant to RNA exonuclease and can 
convert to the linear RNA by miRNA which can then act as 
competitor to endogenous RNA. Translation of circRNAs 
in living human cells is based on rolling circle amplification 
mechanism (20). CircRNAs have gained significant 
attention due to their unique closed-loop structure (21).

Delivery systems for ncRNAs

Recent years have witnessed tremendous progress in 
delivering small non-coding RNAs (sncRNAs) using various 
biocompatible biodegradable, and nontoxic biopolymers 
including cyclodextrins, chitosan, dextran, poly-l-lysine, 
gelatin, hyaluronic acid, poly (lactic co-glycolic acid), and 
polyglutamic acid (22,23). Summary of ncRNA therapeutics 
under different stages of clinical investigations is presented 
in Table 1.

Various lipid-based vesicles like microemulsions, liposomes 
and lipid nanoparticles have been investigated for the targeted 
delivery of ncRNAs. Among the reported nanocarrier systems, 
liposomes have gained more attention (25). Liposomes are 
neutral or cationic amphiphilic lamellar lipoidal vesicular 
structures containing a hydrophilic ‘head’ (a neutral or 
positively charged polar group) and a hydrophobic ‘tail’ 
(non-polar fatty acid or cholesterol). RNA molecule can be 
entrapped within the neutral vesicle and form stable nucleic 
acid lipid particle which provides prolonged circulation 
and enhanced accumulation at the vascular leakages. 
The lipoplexes (cationic liposomes containing negatively 
charged RNA molecules electrostatic complexes) protect 
RNA degradation by serum nucleases and offer efficient 
cellular uptake. Lipofectamine® 2000, OligofectamineTM 
and TransIT® 2020 are cationic liposomes reported 
for the transport of nucleic acids like DNA, siRNA, 
oligonucleotides and plasmid DNA (26,27). Positive 
charge on lipoplexes surface may leads to non-specific 
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interaction with negatively charged blood components (28).  
The lipoplexes surface can be coated with poly (ethylene 
glycol) or poly [n-(2-hydroxypropyl) methacryl amide] to 
improve the circulation half-life and decrease uptake by 
reticuloendothelial system. Nano-particulate spherical 
nucleic acids are reported to regulate lncRNAs for the 
targeted knockdown of nuclear-retained metastasis 
associated lung adenocarcinoma transcript 1 (Malat1) 
utilizing the liposomal spherical nucleic acid constructs (29).

Poly(l-lysine) is an amino group containing cationic 
polypeptide which gets protonated at pH 7.4. The amino 
groups can condense negatively charged nucleic acids to 
form nano-spherical structure. Poly(l-lysine)/nucleic acid 
polyplexes have a high-positive zeta-potential and they 
can interact electrostatically with the cell membranes 
and facilitate its internalization. Free amino groups of  
poly(l-lysine)/nucleic acid complex makes them toxic in 
nature, which can be overcome by the surface modification 
using hydrophilic polymers (30,31). A-B-C type of triblock 
co-polymer {a non-ionic shell of PEG (A), cationic 
nucleic acid-loading segment of [poly(l-lysine)] (B), and 
hydrophobic stable core-forming segment of poly{N-[N-(2-
aminoethyl)-2-aminoethyl] aspartamide}, [PAsp(DET)] (C)} 
micelle forming nanocarrier system (∼60 nm-sized) has been 
described by Kim et al. for the targeted delivery of siRNA. 

The resulting triblock co-polymer consisted of hydrophobic 
core of PAsp(DET-DN) and an aqueous solution of PEG 
shell. Co-polymeric micelles have sown significant cellular 
uptake and intracellular trafficking in HeLa cancer cells 
with sequence-specific silencing of targeted gene (31).

The pH buffering capacity of poly(ethyleneimine) in 
endosomes and destabilization of vesicles makes it polymer 
of choice for cytoplasmic delivery of nucleic acid (32). It is 
among the well-known cationic polymer reported for the 
delivery of nucleic acids (33). Due to its high transfection 
ability it has been used as non-viral vectors (34). High 
charge density due to the protonation of amino groups 
allows it to form a stable polyplexes with RNAs (35). Besides 
these advantages, free amino groups of poly(ethyleneimine) 
may cause toxicity due to the interaction with blood. 
Hydrophilic polymer coated poly(ethyleneimine) molecules 
have been reported to overcome toxicity related issues (34).  
Next generation sequencing technology has been 
described to investigate the genomic response of human 
aortic smooth muscle cells to the poly(ethyleneimine) in 
combination with siRNAs. Poly(ethyleneimine) altered 213 
genes involved in inflammatory and immune responses (36).  
Successful knockdown of RNA and protein level in 
Biomphalaria glabrata peroxiredoxin gene has been recorded 
by gene silencing using poly(ethyleneimine) mediated 

Table 1 Summary of ncRNA therapeutics under different stages of clinical investigations (24)

Drug Therapeutic target Disease Clinical status

MRX-34 miR-34 targets Solid tumors and hematological malignancies Phase I

SRP-4045 Dystrophin pre-mRNA Duchenne muscular dystrophy Phase I

RG-012 miR-21 Alport syndrome Phase I

RG-125 (AZD4076) miR-103/107 Nonalcoholic steatohepatitis Phase I

BMN 053/PRO053 Dystrophin pre-mRNA Duchenne muscular dystrophy Phase I/IIa

IONIS-DMPK-2.5Rx DMPK mRNA Myotonic dystrophy type 1 Phase I/IIa

SRP-4053 Dystrophin pre-mRNA Duchenne muscular dystrophy Phase I/II

Miravirsen (SPC3649) miR-122 Hepatitis C Virus Phase II

RG-101 miR-122 Hepatitis C virus Phase II

BMN 044/PRO044 Dystrophin pre-mRNA Duchenne muscular dystrophy Phase II

BMN 045/PRO045 Dystrophin pre-mRNA Duchenne muscular dystrophy Phase IIb

Nusinersen (IONIS-SMNRx) Intron 7 of SMN2 pre-mRNA Spinal muscular atrophy Phase II, III

Eteplirsen/AVI-4658 Exon 51 of dystrophin pre-mRNA Duchenne muscular dystrophy Phase III

Drisapersen/GSK-2402968/
PRO051

Exon 51 of dystrophin pre-mRNA Duchenne muscular dystrophy Phase III (completed)
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delivery of long double-stranded RNA (dsRNA) and 
siRNA (37). PEG coated cross-linked poly(ethyleneimine) 
nanoparticles containing polyarginine peptide (R11) have 
been investigated for site specific delivery of miRNA 
(miRNA-145) to prostate cancer cells. The study reported 
crosslinking of poly(ethyleneimine) and propylene sulphide 
via oxidation of the thiol group in presence of anhydrous 
DMSO. The surface modification of resulted crosslinked 
polyplexes was carried out attachment of polyarginine 
peptide. Surface modification of the formed polyplexes 
increased accumulation and transfection efficacy. It also 
decreased toxicity. The formulation showed significant 
suppression in peritoneal tumour growth and increased 
survival rate of animal model (38). 

Dendrimers are highly branched, globular and synthetic 
macromolecules having three-dimensional nanostructure 
containing terminal amino groups (39). Poly(amidoamine) 
(PAMAM) and poly(propylenimine)  polycat ionic 
dendrimers have been widely investigated for endosomal 
escape and delivery into the cytoplasm due to the presence 
of terminal and inner amino groups (40). Dendrimers may 
cause cytotoxicity due to the apoptosis by mitochondrial 
dysfunction (41). PAMAM dendrimer of fifth generation 
(G5D) have been used for co-delivery of 5-fluorouracil  
(5-FU) and antisense miRNA (as-miRNA-21) to suppress 
the growth of breast cancer. The co-delivery of as-
miRNA-21 significantly meliorated the cytotoxicity and 
chemosensitivity of 5-FU. It also increased the apoptotic 
percentage of the MCF-7 cells (42).

Li et al. developed a folic acid based three-layere polyplex 
system for systemic delivery of miR-210 into breast cancer 
cells (43). In another study, Li et al. synthesized gold 
nanoparticle based 2' -o-methyl modified DNA probes 
to detect and inhibit miRNA-21 for breast cancerous 
theranostics. The antimiR-21 probes were successfully 
introduced into cancer cells and knocked down miRNA-21 
to inhibit its function, leading to growth inhibition and 
apoptotic cells death (44). In a recent report, Lukowski and 
coworkers disclosed for the first time that the inhibition 
of oncogenic miRNA-21 in CT-26 colon cancer cells can 
be achieved using fluorescent nanodiamond and antisense 
RNA. The antisense RNA destroyed target miRNA-21 in 
CT-26 cancer cells (45).

Chitosan is a linear polysaccharide made by the 
partial or complete deacetylation of chitin (a long-chain 
polymer of N-acetylglucosamine) (46). It is one of the 
well-documented and safest polymer of choice due to its 
unique properties like biodegradability, biocompatibility 

and bioadhesiveness (47). It is most widely investigated 
biopolymer to (I) deliver nucleic acids and (II) to induce 
a transgenic response resulting in upregulation (pDNA, 
mRNA) or downregulation (siRNA or miRNA) of protein 
expression (48). It can complex with nucleic acids and 
thus protect them against serum nucleases (49). Lack of 
buffering capacity is the major limiting factor for chitosan 
which leading to poor endosomal escape of gene carrier (50).  
However, this limitation can overcome by surface 
modification using endosomolytic peptides or hydrophilic 
polymers (22). siRNA loaded chitosan nanoparticles have 
shown promising results in human carcinoma cell line and 
murine peritoneal macrophages expressing endogenous 
enhanced green fluorescent protein (EGFP). Nasal 
delivery of complexes demonstrated effective silencing of 
targeted gene in bronchiole epithelial cells of transgenic 
EGFP mice (51).

Poly(lactic-co-glycolic acid) is the another category 
of biodegradable and biocompatible polymer explored to 
synthesize nanocarrier for sustained and targeted delivery 
of nucleic acids (24). The surface of PLGA nanoparticles is 
electroneutral, which suppresses their passage through cell 
membrane and escape from the endosome. However, surface 
modification by adsorption of targeting ligands makes 
them promising RNA delivery systems (22). Hyaluronic 
acid—decorated poly(ethylenimine)—poly(D,L-lactide-co-
glycolide) nanoparticles successfully delivered doxorubicin 
and miRNA (miRNA-542-3p) to the breast cancer cells. 
An increased cytotoxicity was observed in MDA-MB-231 
cells. Intracellular restoration of miRNA promoted triple-
negative breast cancer cell apoptosis via activation of p53 
and inhibition of survivin expression (52).

Shahbazi et al. reported eEF-2K siRNA conjugated 
polyethylenimine gold nanoparticles to target eukaryotic 
e longat ion factor  2 kinase (eEF-2K) in a  tr iple-
negative breast cancer tumor model. The synthesized 
nanoformulation downregulated gene and had antitumor 
efficacy associated with eEF-2K knockdown, inhibition of 
Src and MAPK-ERK signaling pathways in a triple-negative 
breast cancer orthotopic tumor model (53).

Conclusions

The number of ncRNAs investigations is expanding during 
the last few years. Nanoparticles, synthesized using various 
biodegradable and biocompatible polymers, have shown 
promising strategy in targeted delivery of ncRNAs for 
diagnosis and therapy of various diseases. Gene silencing 
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using nanoparticles is another area of investigation. Various 
therapeutic ncRNAs have been studied in the context of 
vesicular delivery devices. Few of them have reached under 
clinical trials. Development of a successful therapeutic 
system is an emerging and challenging area to identify the 
best delivery approach for ncRNA molecules. Thus, the area 
needs further exploration to overcome challenges associated 
with in vivo delivery of ncRNAs with special emphasis of 
site-specific delivery, cellular uptake and stability.

Acknowledgments

Funding: None.

Footnote

Conflicts of Interest: All authors have completed the ICMJE 
uniform disclosure form (available at http://dx.doi.
org/10.21037/ncri.2019.02.02). The authors have no 
conflicts of interest to declare.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved. 

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1.	 Bouckenheimer J, Assou S, Riquier S, et al. Long non-
coding RNAs in human early embryonic development 
and their potential in ART. Hum Reprod Update 
2016;23:19-40.

2.	 Erdmann VA, Barciszewska MZ, Szymanski M, et al. The 
non-coding RNAs as riboregulators. Nucleic Acids Res 
2001;29:189-93.

3.	 Costa FF. Non-coding RNAs: new players in eukaryotic 
biology. Gene 2005;357:83-94.

4.	 Esteller M. Non-coding RNAs in human disease. Nat Rev 

Genet 2011;12:861.
5.	 Xie N, Liu G. ncRNA-regulated immune response and 

its role in inflammatory lung diseases. Am J Physiol Lung 
Cell Mol Physiol 2015;309:L1076-87.

6.	 Spizzo R, Almeida MI, Colombatti A, et al. Long non-
coding RNAs and cancer: a new frontier of translational 
research?. Oncogene 2012;31:4577.

7.	 Fire A, Xu S, Montgomery MK, et al. Potent and 
specific genetic interference by double-stranded RNA in 
Caenorhabditis elegans. Nature 1998;391:806.

8.	 Peters L, Meister G. Argonaute proteins: mediators of 
RNA silencing. Mol Cell 2007;26:611-23.

9.	 Carmell MA, Xuan Z, Zhang MQ, et al. The Argonaute 
family: tentacles that reach into RNAi, developmental 
control, stem cell maintenance, and tumorigenesis. Genes 
Develop 2002;16:2733-42.

10.	 Awasthi R, Rathbone MJ, Hansbro PM, et al. Therapeutic 
prospects of microRNAs in cancer treatment through 
nanotechnology. Drug Deliv Transl Res 2018;8:97-110.

11.	 Michlewski G, Caceres JF. Post-transcriptional control of 
miRNA biogenesis. RNA 2019;25:1-6.

12.	 Galasso M, Sana ME, Volinia S. Non-coding RNAs: a key 
to future personalized molecular therapy?. Genome Med 
2010;2:12.

13.	 Wright MW, Bruford EA. Naming'junk': human non-
protein coding RNA (ncRNA) gene nomenclature. Hum 
Genomics 2011;5:90.

14.	 Arora M, Kaul D. RNome: Evolution and Nature. In: 
Cancer RNome: Nature & Evolution. Singapore: Springer, 
2018:1-78.

15.	 Tushir JS, Zamore PD, Zhang Z. SnapShot: Fly 
piRNAs, PIWI proteins, and the ping-pong cycle. Cell 
2009;139:634.

16.	 Das D, Das A, Panda AC. Emerging role of long non-
coding RNAs and circular RNAs in pancreatic β cells. 
Non-coding RNA Investig 2018;12:2.

17.	 Tsai MC, Manor O, Wan Y, et al. Long non-coding RNA 
as modular scaffold of histone modification complexes. 
Science 2010;329:689-693.

18.	 Moran VA, Perera RJ, Khalil AM. Emerging functional 
and mechanistic paradigms of mammalian long non-
coding RNAs. Nucleic Acids Res 2012;40:6391-400.

19.	 Gutschner T, Hammerle M, Eißmann M, et al. The 
non-coding RNA MALAT1 is a critical regulator of the 
metastasis phenotype of lung cancer cells. Cancer Res 
2013;73:1180-9.

20.	 Awasthi R, Singh AK, Mishra G, et al. An overview 
of circular RNAs. In: Circular RNAs: Biogenesis and 

http://dx.doi.org/10.21037/ncri.2019.02.02
http://dx.doi.org/10.21037/ncri.2019.02.02
https://creativecommons.org/licenses/by-nc-nd/4.0/


Non-coding RNA Investigation, 2019Page 6 of 7

© Non-coding RNA Investigation. All rights reserved. Non-coding RNA Investig 2019;3:11ncri.amegroups.com

Functions. Junjie Xiao (Editor). Series: Advances in 
Experimental Medicine and Biology. Singapore: Springer 
Nature, 2018:3-14.

21.	 Xia L, Song M, Wang F. Circular RNAs: a novel tool in 
the development of digestive system biomarker. Non-
coding RNA Investig 2018;12:2.

22.	 Slaby O, Laga R, Sedlacek O. Therapeutic targeting of 
non-coding RNAs in cancer. Biochem J 2017;474:4219-51.

23.	 Mokhtarzadeh A, Alibakhshi A, Hashemi M, et al. 
Biodegradable nano-polymers as delivery vehicles for 
therapeutic small non-coding ribonucleic acids. J Control 
Release 2017;245:116-26.

24.	 Tian H, Chen J, Chen X. Nanoparticles for gene delivery. 
Small 2013;9:2034-44.

25.	 Xue HY, Guo P, Wen WC, et al. Lipid-based nanocarriers 
for RNA delivery. Curr Pharm Des 2015;21:3140-7.

26.	 Decastro M, Saijoh Y, Schoenwolf GC. Optimized cationic 
lipid-based gene delivery reagents for use in developing 
vertebrate embryos. Dev Dyn 2006;235:2210-9.

27.	 Dalby B, Cates S, Harris A, et al. Advanced transfection 
with Lipofectamine 2000 reagent: primary neurons, 
siRNA, and high-throughput applications. Methods 
2004;33:95-103.

28.	 Pathak K, Keshri L, Shah M. Lipid nanocarriers: influence 
of lipids on product development and pharmacokinetics. 
Crit Rev Ther Drug Carrier Syst 2011;28:357-93.

29.	 Sprangers AJ, Hao L, Banga RJ, et al. Liposomal spherical 
nucleic acids for regulating long non-coding RNAs in the 
nucleus. Small 2017;13:1602753.

30.	 Gao S, Tian H, Guo Y, et al. miRNA oligonucleotide 
and sponge for miRNA-21 inhibition mediated by 
PEI-PLL in breast cancer therapy. Acta Biomater 
2015;25:184-93.

31.	 Kim HJ, Miyata K, Nomoto T, et al. siRNA delivery 
from triblock copolymer micelles with spatially-
ordered compartments of PEG shell, siRNA-loaded 
intermediate layer, and hydrophobic core. Biomaterials 
2014;35:4548-56.

32.	 Kang HC, Kang HJ, Bae YH. A reducible polycationic 
gene vector derived from thiolated low molecular weight 
branched polyethyleneimine linked by 2-iminothiolane. 
Biomaterials 2011;32:1193-203.

33.	 Neuberg P, Kichler A. Recent developments in nucleic acid 
delivery with polyethylenimines. In: Advances in Genetics 
2014. Academic Press, 2014:263-88.

34.	 Pandey AP, Sawant KK. Polyethylenimine: A 
versatile, multifunctional non-viral vector for nucleic 

acid delivery. Mater Sci Eng C Mater Biol Appl 
2016;68:904-18.

35.	 Neu M, Fischer D, Kissel T. Recent advances in rational 
gene transfer vector design based on poly (ethylene imine) 
and its derivatives. J Gene Med 2005;7:992-1009.

36.	 Raof NA, Rajamani D, Chu HC, et al. The effects of 
transfection reagent polyethyleneimine (PEI) and non-
targeting control siRNAs on global gene expression 
in human aortic smooth muscle cells. BMC Genomics 
2016;17:20.

37.	 Knight M, Miller A, Liu Y, et al. Polyethyleneimine 
(PEI) mediated siRNA gene silencing in the Schistosoma 
mansoni snail host, Biomphalaria glabrata. PLoS Negl 
Trop Dis 2011;5:e1212.

38.	 Zhang T, Xue X, He D, et al. A prostate cancer-targeted 
polyarginine-disulfide linked PEI nanocarrier for delivery 
of microRNA. Cancer Lett 2015;365:156-65.

39.	 Nanjwade BK, Bechra HM, Derkar GK, et al. Dendrimers: 
emerging polymers for drug-delivery systems. Eur J Pharm 
Sci 2009;38:185-96.

40.	 Dufès C, Uchegbu IF, Schätzlein AG. Dendrimers in gene 
delivery. Adv Drug Deliv Rev 2005;57:2177-202.

41.	 Lee JH, Cha KE, Kim MS, et al. Nanosized 
polyamidoamine (PAMAM) dendrimer-induced apoptosis 
mediated by mitochondrial dysfunction. Toxicol Lett 
2009;190:202-7.

42.	 Mei M, Ren Y, Zhou X, et al. Suppression of breast 
cancer cells in vitro by polyamidoamine-dendrimer-
mediated 5-fluorouracil chemotherapy combined with 
antisense micro-RNA 21 gene therapy. J Appl Polym Sci 
2009;114:3760-6.

43.	 Li Y, Dai Y, Zhang X, et al. Three-layered polyplex as a 
microRNA targeted delivery system for breast cancer gene 
therapy. Nanotechnology 2017;28:285101.

44.	 Li J, Huang J, Yang X, et al. Gold nanoparticle-based 
2′-O-methyl modified DNA probes for breast cancerous 
theranostics. Talanta 2018;183:11-7.

45.	 Lukowski S, Neuhoferova E, Kinderman M, et al. 
Fluorescent Nanodiamonds are Efficient, Easy-to-Use 
Cyto-Compatible Vehicles for Monitored Delivery of 
Non-Coding Regulatory RNAs. J Biomed Nanotechnol 
2018;14:946-58.

46.	 Mourya VK, Inamdar NN. Chitosan-modifications and 
applications: opportunities galore. React Funct Polym 
2008;68:1013-51.

47.	 Dua K, Bebawy M, Awasthi R, et al. Application 
of chitosan and its derivatives in nanocarrier based 



Non-coding RNA Investigation, 2019 Page 7 of 7

© Non-coding RNA Investigation. All rights reserved. Non-coding RNA Investig 2019;3:11ncri.amegroups.com

pulmonary drug delivery systems. Pharm Nanotechnol 
2017;5:243-9.

48.	 Santos-Carballal B, Fernández Fernández E, Goycoolea 
F. Chitosan in non-viral gene delivery: Role of structure, 
characterization methods, and insights in cancer and rare 
diseases therapies. Polymers 2018;10:444.

49.	 Jayakumar R, Chennazhi KP, Muzzarelli RA, et al. 
Chitosan conjugated DNA nanoparticles in gene therapy. 
Carbohydr Polym 2010;79:1-8.

50.	 Jiang HL, Lim HT, Kim YK, et al. Chitosan-graft-
spermine as a gene carrier in vitro and in vivo. Eur J 
Pharm Biopharm 2011;77:36-42.

51.	 Howard KA, Rahbek UL, Liu X, et al. RNA interference 
in vitro and in vivo using a novel chitosan/siRNA 
nanoparticle system. Mol Ther 2006;14:476-84.

52.	 Wang S, Zhang J, Wang Y, et al. Hyaluronic acid-
coated PEI-PLGA nanoparticles mediated co-delivery of 
doxorubicin and miR-542-3p for triple negative breast 
cancer therapy. Nanomedicine 2016;12:411-20.

53.	 Shahbazi R, Asik E, Kahraman N, et al. Modified gold-
based siRNA nanotherapeutics for targeted therapy 
of triple-negative breast cancer. Nanomedicine 
2017;12:1961-73.

doi: 10.21037/ncri.2019.02.02
Cite this article as: Awasthi R, Madan JR, Malipeddi H, Dua K, 
Kulkarni GT. Therapeutic strategies for targeting non-coding 
RNAs with special emphasis on novel delivery systems. Non-
coding RNA Investig 2019;3:11. 


