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genes. Canonical miRNA genes are  
transcribed by RNA polymerase II into a 
250–300 nt precursor called pri-miRNA, 
which contains one or more imperfect 
hairpin loops approximately 32 nt in 
length (7). Pri-miRNAs are 5¢ capped 
and have a polyadenylated tail. The 
miRNAs are processed in two steps 
(8), the first occurring in the nucleus 
and the second in the cytoplasm. The 
pri-miRNA undergoes the first nucle-
olytic processing step by the concerted 
action of DGCR8 (in humans)/PASHA 
(in fruit flies), a protein containing the 
double-stranded RNA binding domain 
(dsRBD) and DROSHA, an RNase III 
family protein. DGCR8/PASHA directs 
DROSHA to cleave the pri-miRNA at the 
base of the hairpin stem, resulting in a 
~70 nt pre-miRNA hairpin with multiple 
bulges, mismatches, and the characteris-
tic RNase III enzyme cleavage signature 
of a 5¢ phosphate, 3¢ hydroxyl, and 2 nt 
3¢ overhang (9). The 2 nt 3¢ overhang is 
specifically recognized by the nuclear 
export protein EXPORTIN 5, which ex-
ports the pre-miRNA from the nucleus to 
the cytoplasm in a Ran-GTP-dependent 
manner (10). In the cytoplasm, the pre-
miRNA undergoes a second nucleolytic 
cleavage step mediated by an RNase III 
family protein, Dicer 1 (11) (Figure 1). 

hair cell defects and progressive loss of 
hearing (5). Hepatitis C virus replicates 
by the regulation of miR-122 activity (6). 
Several viruses express their own miR-
NAs to suppress their cellular mRNAs. 
New strategies have been developed to 
use miRNA in gene therapy. Limitations 
such as hybridization-related off-target 
effects and issues regarding delivery are 
still in the resolving pipeline to achieve 
the desired approach. Thus, specific mol-
ecules related to inappropriate function 
and association of specific abundant 
miRNAs provide new strategies in  
diagnostic and therapeutic approaches.

ThE microrNa SILENCING MaChINErY 
IN aNIMaLS

Biogenesis of microrNas
Transcription of miRNA genes follows 

a similar hallmark as protein-coding 

INTrODUCTION
Structurally, miRNAs are around 21–23 

nucleotides (nt) long and they function 
by directing Argonaute proteins to bind 
with mRNA targets with complemen-
tarity to repress their expression (1,2). 
To date, several miRNAs have been dis-
covered that are involved in the cellular 
processes, development, and suppression 
of target genes. Inappropriate expression 
of miRNAs is associated with diseases 
like cancer, diabetes, cardiac diseases, 
tissue-specific neurodegenerative disor-
ders, and other physiological problems. 
For example, let-7 miRNA inhibits cancer 
stem cell proliferation (3). Dysregulation 
of miR-103 and miR-208 leads to diabetes 
and obesity, whereas miR-375 regulates 
insulin hormone secretion (4). Mutation 
in miR-96 is associated with hearing 
loss. A very different mutation in miR-96 
was discovered in a mouse mutant with 
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The mmu-miR-451 forms a subclass 
of miRNAs that have a unique feature 
compared with canonical miRNAs that 
map to the stem region of pri-miRNA 
(19). DROSHA processes this mmu-
pri-miR-451 to 41 nt mmu-pre-miR-451 
(in contrast to normally ~70 nt long 
pre-miRNAs) (20, 21). This mmu- 
pre-miR-451 does not undergo a second 
Dicer1 dependent processing step in the 
cytoplasm; rather it is directly loaded 
into miRISC, where it is further pro-
cessed into its mature form by the action 
of AGO2 (in mouse) (22, 23).

regulation of microrNa Gene 
Transcription

Early experimental data suggested 
that expression of several miRNA genes 
was regulated temporally and spatially 
(24,25). A process similar to protein- 
coding genes controls transcription of 
canonical miRNA genes. Promoters of 
miRNA genes also have characteristic 
features such as TATA box, CpG islands, 
enhancers, initiation elements, and tran-
scription factor (TF) binding sequences 
(26). TFs regulate transcription of specific 
miRNAs in a tissue-specific or develop-
mental stage–specific manner. Autoreg-
ulatory feedback loops are a common 
method for controlling the expression 
of protein-coding genes. Similar strate-
gies are also found in the regulation of 
miRNA genes, as some of these genes are 
known to regulate TFs negatively, which 
are required for their own expression in 
an autoinhibitory fashion. For instance, 
miR-133b regulates the maturation and 
function of dopaminergic neurons in the 
mammalian midbrain using a negative 
feedback circuit with the transcription 
factor PITX3. PITX3 induces transcription 
of miR-133b, while miR-133b negatively 
regulates PITX3 (27,28).

Gene regulation by microrNas
Post maturation, miRNAs are required 

to be integrated with miRISC, a large 
multiprotein complex that carries out se-
quence-specific mRNA silencing activity. 
The most important catalytic component 
of miRISC is an Argonaute (AGO) family 

substrates into siRNAs (14). The cleavage 
of pre-miRNA by Dicer 1–TRBP/PACT/
LOQS occurs about two helical turns 
from the base of the stem and yields 
about 22 nt long miRNA/miRNA* 
duplex with characteristic 2 nt 3¢ over-
hangs in both strands (15). The miRNA 
strand accumulates to a greater level 
compared with the miRNA* partner. 
The well-conserved miRNA* may have 
some regulatory functions and distinct 
Argonaute sorting properties (16). Rel-
ative thermodynamic instability of the 
miRNA/miRNA* duplex dictates which 
strand will be preferentially loaded in 
the miRNA induced silencing complex 
(miRISC) or miRibo nucleoprotein com-
plex (miRNP). The duplex is most likely 
unwound by DEAD box helicase pro-
teins GEMIN3 (humans)/ARMITAGE 
(Drosophila) (17,18).

Humans have a single Dicer enzyme 
that functions in both short interfering 
RNA (siRNA) and miRNA pathways, 
while Drosophila has two Dicer enzymes 
(2). The siRNA consists of 21 nucleotides 
with 5¢ overhangs for interference at the 
translation level to prevent the synthesis 
of specific proteins on the basis of nucle-
otide sequences of their complementary 
mRNA. Drosophila Dicer 1 functions in 
the miRNA pathway in the cytoplasm, 
and Dicer 2 functions in the siRNA 
pathway in the nucleus, while C. elegans 
has a single Dicer enzyme (12). During 
the nucleolytic cleavage step, Dicer 1 is 
assisted by TRBP (humans)/PACT (hu-
mans)/Loquacious (Drosophila), which 
are dsRBD-containing proteins (dsRBP) 
(13). Drosophila Dicer 2 is assisted by 
R2D2 (a dsRBP) for processing of long 
dsRNA and shRNA (short hairpin RNA) 

Figure 1. Simplified diagram of general miRNA biogenesis. Complementary DNA of  
pri-miRNA synthesize hairpin structure Pre miRNA that carries 5¢ Cap and 3¢ poly A tail. 
Drosha and DGCR8 of dsRNA–binding protein complex cleaves nearly 55-70 nt long Pre-
cursor miRNA (pre-miRNA) and it is exported from nucleus to cytoplasm using Exportin 5 
enzymes. Pri miRNA together with Dicer and TAR RNA binding protein (TRBR) or PACT remove 
the loop and produce miRNA duplex from precursor RNA. MiRNA duplex is loaded to RISC 
complex and synthesized the mature miRNA for translation repression and transcriptional 
degradation.
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 therapy (42). In this case, reintroduction 
of miRNA leads to reactivation of several  
interrelated pathways, which are essen-
tially required for normal cellular behavior 
and inhibit those disease-inducing steps. 
miRNA replacement therapy includes a 
tumor suppressor, which inhibits onco-
genic pathways and promotes normal 
growth control mechanism apoptosis 
and tumor eradication (43). The specific 
delivery of miRNA mimics to tumors is 
challenging, therefore systematic miRNA 
is the only possible strategy that can be 
selectively used in siRNA therapeutics 
(44). On the other hand, the positive 
aspect of miRNA mimics is their high 
specificity. Based on recent studies, it is 
expected that administration of miRNA 
mimics to normal tissue is not likely to 
induce adverse effects, as the mimics- 
mediated affected cellular pathways  
are already activated or inactivated by 
endogenous miRNA (45,46).

in Drosophila S2 cells leads to dispersed 
miRNA-mediated silencing, which con-
firms its role in miRNA function (40). 
Translation inhibition by AGO2-RISC is 
independent of GW182 and is thought to 
work by a mechanism distinct from the 
AGO1-containing RISC (41). Functional 
consequences of such miRNA sorting 
in AGO1- and AGO2-containing RISC 
complexes are yet to be discovered. The 
mechanism for miRNA gene transcrip-
tion is summarized in Figure 3.

Modalities of Therapeutic microrNas
Currently, there are two main ap-

proaches to miRNA-based therapy, 
miRNA mimics and miRNA antago-
nists, which are associated with loss 
of function and gain of function of the 
diseased tissue, respectively. Loss of 
function of diseased tissue can easily be 
restored by miRNA mimics, which are 
generally known as miRNA replacement 

protein. The AGO proteins have a  
central PAZ (PIWI, Argonaute, and 
Zwille) domain and a C-terminal PIWI 
domain. The PAZ domain binds to the 3¢ 
end of miRNA, while the PIWI domain 
binds the 5¢ end. The DDH motif in the 
PIWI domain resembles the DDE motif 
of RNase H, a nuclease that catalyzes 
cleavage of RNA-DNA hybrids (29,30).

The majority of animal miRNAs bind 
their target mRNAs with imperfect com-
plementarities in the 3¢ UTR region of 
mRNA and usually lead to translation 
repression, without affecting the levels of 
target mRNA (31). Experiments on let-7 
miRNA show that initiation of cap- 
dependent translation of target mRNA 
is repressed, while cap-independent 
translation initiation (as in the case of in-
ternal ribosome entry site) or artificially 
through tethered eukaryotic initiation 
factor 4E and 4G (eIF4E and eIF4G) is 
not affected.

Cap of target mRNA by the eIF4E  
represses the initiation of translation.  
Artificial tethering of human AGO pro-
tein on the target mRNA leads to repres-
sion of translation, even in the absence of 
miRNA (Figure 2) (32). Similar findings 
were obtained by tethering AGO1 pro-
tein on the reporter RNAs in Drosophila 
(33), suggesting that the only function 
of miRNA is to target sequence-specific 
miRNA silencing complexes to target 
mRNA. Immunoassaying has revealed 
that all human AGO proteins concentrate 
in discrete foci that colocalize with cy-
toplasmic processing bodies or P bodies 
(PBs) (34). PBs are sites for degradation/
turnover of eukaryotic mRNAs (35). 
Decapping enzymes DCP1/2, 5¢–3¢ exo-
nuclease XRN1 and GW182 proteins are 
localized in PBs (also called GW bodies 
because of the presence of GW182 pro-
tein) (36) AGO proteins have been shown 
to physically interact with P body com-
ponents. Interestingly, miRNAs and their 
target mRNAs have been shown to be 
present in PBs (37). Mammalian GW182 
protein has been shown to bind miR-
NAs and sequester target mRNAs, thus 
contributing to its posttranscriptional 
regulation (2,38). Knockdown of GW182 

Figure 2. Process for miRNA-mediated gene regulation. The mechanism of two types of 
microRNA-mediated gene regulation are shown: (A) targeted mRNA degradation: De-
capped mRNAs are targeted by XRN1 (cytoplasm) that leads to degradation of mRNA. 
miRNA mediated mechanism affects the stability of mRNA and causes removal of the 
ends of mature mRNA in the cytoplasm and targeted mRNA is degraded (B) translation 
inhibition. Figure reproduced with permission of Frontiers Research Foundation. Sethi A, 
Kulkarni N, Sonar S, Lal G. (2013) Role of miRNAs in CD4 T cell plasticity during inflammation 
and tolerance. Front. Genet. 4:8 (cited as reference [39] in the current review).
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BCL2 (B cell lymphoma 2, oncogenic  
protein), which block apoptosis (54,55).

Overexpression of miRNAs with  
“oncogenic” potential, such as miR-17-92, 
accelerates C-myc–induced tumor genesis 
by suppressing pro-apoptotic factor E2F1 
(56). miR-372 and miR-373 target tumor 
suppressor LATS2 (large tumor suppres-
sor kinase 2) and induce tumorigenesis. 
These miRNAs are expressed specifically 
in testicular germ cell tumors. Overexpres-
sion of other miRNAs such as miR-155 is 
associated with B cell lymphomas (57,58).

miRNA also plays a significant role in 
cancer stem cells, which are defined as 
the seed of the tumor, with tumorige-
nicity and metastatic behavior, and are 
refractory to therapy (59). Cancer stem 
cells possess differentially expressed 
miRNA, which regulates their pheno-
typic characteristics. As an example, let-7 
and miR-34 are downregulated in cancer 
cells and at very low levels in cancer 
stem cells (60,61). It has been shown by 
functional assay that let-7 and miR-34  
interfere with cancer stem cell phenotypes 
in vitro and in vivo (62).

Cancer Therapies and Targeting 
Tumor Microenvironment

Another potential target for miR-
NA-based therapy is the tumor micro-
environment. Onco-miRs are involved 
in the onset and maintenance of cancer 
when upregulated. This dependence 
is classically termed as onco-miR ad-
diction. In effective anticancer therapy, 
oncogenes like EGFR and HER2 are 
targeted often. Therefore, inhibition 
of  onco-miRNAs by anti-miRNAs 
( antisense oligomer) provides a novel 
effective strategy in therapeutics (63,64).

Besides, cancer is not limited to  
malignant epithelial components, but 
different stromal cells such as fibroblasts, 
inflammatory cells, and endothelial cells 
form a specialized microenvironment 
(TME) to promote tumor formation, pro-
gression, and metastasis to other organs.

Researchers have shown that an acidic 
tumor microenvironment can be targeted 
by a construct of peptide nucleic acid 
 anti-miRNAs and a low pH–induced  

improper expression of miRNA genes. 
Aberrant expression of numerous 
miRNAs in tumor cells leads to errone-
ous regulation of their specific target 
mRNAs. Some oncogenic miRNAs are 
miR-10b, miR-155, miR-21, and miR- 
17-92, whereas miRNAs such as miR-26a, 
miR-126, miR-335, and members of  
let-7 and miR-34 are considered tumor- 
suppressor miRNAs (50,51). Evidence 
shows that miR-10b plays a role in metas-
tasis, whereas  inhibition of miR-10b ar-
rests cancer cell metastasis (52). miR-335 
inhibits metastases but fails to regulate 
proliferation and apoptosis of tumor cells 
(52,53). miRNAs can regulate several 
 oncogenes involved in different onco-
genic pathways. As an example, miR-34a 
can repress several proto-oncogenes, 
such as c-Met ( hepatocyte growth factor 
receptor) and cyclin- dependent kinase 4 
(promotes  progression of cell cycle) and 

MicroRNA antagonists generally inhibit 
endogenous miRNAs, which show gain 
of function in affected tissues. This goes 
along with other inhibitory therapeutic 
approaches that mainly target short inter-
fering RNAs and small inhibitory mole-
cules. In this process, a highly chemically 
modified miRNA passenger strand inter-
acts with the active miRNA strand with 
high affinity. The nascent miRNA duplex 
cannot be degraded or modified by RISC 
due to the irreversible machinery of 
miRNA antagonists (Figure 4) (48,49).

ThEraPEUTIC FUNCTIONS OF aNIMaL 
MICrOrNaS

MicrorNas in Cancer and Cancer 
Stem Cells

Currently, the association of miRNAs  
with cancer has been well reported.  
Epigenetic regulations mainly lead to  

Figure 3. Argonaute proteins in the RISC-miRNA complex helps in conversion of precursor 
miRNA to mature miRNA. Abbreviations: AGO, Argonaute; GTP, guanidine 5¢ triphosphate; 
Pol II, polymerase II; TRBP, transactivation-response-RNA binding protein. In the cytoplasm, 
the miRNA duplex is associated with Argonaute proteins of the RISC-miRNA complex. One 
of the strands of miRNA duplex, referred to as a guide strand, is retained in the AGO to 
form miRNA-induced silencing. Figure reproduced with permission of Elsevier. Matranga C, 
Zamore PD. (2007) Small silencing RNAs. Curr. Biol. 17:R789–R793. (cited as reference [47] in 
the current review).
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function as oncogenes or tumor-suppressor 
genes. Ongoing research has shown that 
miR-142-3p is a useful biomarker and  
potential therapeutic target in a variety 
of malignancies (68–71).

Earlier studies on miR-142-3p mainly 
focused on either expression frequency 
or prognostic impact; emerging data 
indicates involvement of miR-142-3p in 
immunological reactivity and activation 
(72–74), including immune suppression 
of T cells (75–79). On the other hand, 
miR142-3p may influence the differentia-
tion process of immune cell populations. 
Glioblastomas potentially recruit circu-
lating macrophages to tumor-associated 
areas and induce acclimatization to a 
tumor-supportive M2 phenotype, which 
can mediate suppression of immune  
expression and progression of invasion.

Let 7 and Bantam microrNa 
in Cancer

Let-7 is the one of the primitively  
discovered miRNA genes that regu-
lates the development of C. elegans (80). 
After earlier experiments (81), it was 
proposed that let-7–mediated inhibi-
tion of RAS leads to shorter survival 
of lung cancer patients (82). Reduced 
expression of let-7 was observed, which 
leads to upregulation of high mobility 
group AT-hook protein 2. This increases 
 anchorage-independent growth of the 
cell and oncogenesis (83). Let-7–induced 
growth inhibition was also reported in 
multiple cell lines with KRA-associated 
mutation and suppression of tumor 
growth in a human lung cancer xenograft 
model (84). The miRNA therapeutics 
companies (MiRNA Therapeutics, Beni-
tech, Biopharma, Arbutus Biopahrma) are 
struggling to develop let-7 as a potential 
miRNA replacement therapy for cancer 
treatment (85). It would be a grand suc-
cess if miRNA mimetic delivery were to 
have a potential therapeutic impact on 
anticancer treatment.

The bantam, a 21-nucleotide gene 
in Drosophila, is a potential miRNA or 
 proto-oncogene that actively promotes 
cell proliferation, death, and other de-
velopmental patterns. Patterning cues 

translation of miRNA therapeutics,  
researchers have been exploring vari-
ous nonviral miRNA delivery systems 
that can potentially be used for target-
ing miRNA to stromal cells within the 
tumor microenvironment (67).

Despite this progress, there are still 
enormous challenges, particularly in how 
to select the optimal cancer patients and 
how to establish the optimal treatment 
schemes. Therefore, well-established 
biomarker candidates and detection tech-
niques need be developed along with 
therapeutic strategies targeting CAFs 
and the other components in TME.

Researchers have shown that intense 
suppression of the immune system exist 
in the glioblastoma-associated microen-
vironment. This leads to invasion and 
progression of glioma and systemic inhi-
bition of antitumor immunity. The role of 
microRNAs (miRNAs), discussed already, 
is that they modulate tumor cell prolif-
eration and apoptosis and subsequently 

transmembrane structured peptide (pHLIP) 
to deliver anti-miRNA. It facilitates entry 
into the cell through a nonendocytic path-
way. This novel model of anti-miRNAs as 
an anticancer agent has a broad impact in 
 targeted drug delivery (66).

For initiation of tumor growth,  
angiogenesis, invasion, and metastasis, 
communication between stromal cells 
and tumor cells is very important. 
Stromal cells in the tumor microen-
vironment include tumor-associated 
fibroblasts, onco-macrophages, endo-
thelial cells, pericytes, and infiltrat-
ing immune cells. MicroRNAs in the 
tumor microenvironment have myriad 
roles in tumor development and pro-
gression. Interestingly, miRNAs are 
dysregulated in different stromal cells, 
and they have a major impact on the 
regulation of intercellular crosstalk in 
the tumor microenvironment. Since 
miRNA delivery is quite challenging 
and the biggest hurdle for clinical 

Figure 4. The implication and function of oligos or virus-based constructs can either hinder 
onco-miRNA expression or induce loss of expression of tumor-suppressor miRNA. A novel 
approach is using drug to alter miRNA expression by modulating their transcription and 
processing. Figure reproduced with permission of Elsevier. Fassan M, Baffa R. (2013) MicroRNAs 
and targeted therapy: small molecules of unlimited potentials. Curr. Opin. Genet. & Dev. 
23:75–7. (cited as reference [65] in the current review).



m i c r o R N A  I N  T H E R A P Y

6  |  B h a D r a  E T  a L .  |  M O L  M E D  2 2 : 7 5 9 - 7 7 5 ,  2 0 1 6

pantothenic acid kinases. Overexpression 
of these miRNAs results in deregulated 
glucose homeostasis, whereas inhibition 
shows improved glucose homeostasis 
and insulin sensitivity in leptin-deficient 
and diet-induced obese mice (110). Ex-
perimental data proved that miR-103 and 
miR-107 can directly target voltage-gated 
calcium channel Cav1, which acts as the 
crucial insulin receptor regulator (111). 
Therefore, these miRNAs can be an effi-
cient target for obesity-associated insulin 
resistance. Most of the miRNA target 
molecules are at the preclinical stage.

Pathogenic Virus and microRNAs:  
a Complex relation

Viruses possess an intracellular  
replication cycle and use miRNAs for 
infection, replication, and survival in the 
host system. Various ways of interfer-
ing with virus and host-system miRNA 
have been reported to date, and it has 
been observed that viruses drastically 
manipulate host-cell miRNA expression 
or produce their own miRNA to regulate 
infection and pathogenesis. Researchers 
have shown HIV and HCV as examples 
of this interplay, showing how fine-tuned 
miRNA expression is vital for regulating 
key host pathways that mediate infection 
and replication of virus, host immune 
bypass, and survival in the niche, which 
dictates the fate of the pathogen and host 
cell (112,113).

miRNAs are also involved in interac-
tions with pathogenic viruses. Virally 
encoded miRNAs interfere with normal 
cellular physiology such that a virus can 
continue its life cycle. miR-S1, a miRNA 
encoded by simian vacuolating virus 40 
(SV40), helps to keep the infected cells 
hidden from the immune system by 
targeting early viral mRNA-encoding T 
antigen for degradation (114,115). Her-
pes simplex virus 1 (HSV1)-encoded 
miRNA, miR-LAT, targets pro-apoptotic 
transforming growth factor β (TGFβ) and 
SMAD3, thereby inhibiting apoptosis 
of latently infected neurons (116,117). 
Host cells also use miRNA to regulate 
replication of viruses; for example, host 
cell–encoded miR-32 inhibits replication 

(hAgo2) may lead to misregulation of 
many miRs (59,61,96). This is also asso-
ciated with other neurodegenerative 
diseases such as Huntington’s disease, 
ataxia, epilepsy, traumatic injury (97),  
Tourette’s syndrome, neuropsychiatric 
diseases such as schizophrenia, and amyo-
trophic lateral sclerosis (ALS) (98–100).

microrNa in Cardiac Diseases and 
heart regeneration

The miRNAs miR-208 and miR-195 
(miR-15 family) are highly expressed 
in heart and cardiac ventricles (during 
postnatal switch), and miR-208 is en-
coded in the intronic region in mouse 
α-myosin heavy chain genes (101,102). 
According to experimental evidence 
miR-208 knockout mice developed 
normally but when induced with 
 pressure-overload-stress, gradual loss of 
cardiac function and failure of cardiac 
hypertrophic growth initiation were 
observed (85). Researchers have shown 
that miR-208 inhibition by a locked nu-
cleic acid (LNA) modified anti-miR could 
potentially protect rats from induced 
heart failure and hypertension (103). Cur-
rently, dose-dependent experiments are 
at the preclinical stage, to reduce cardiac 
toxicity (104–105).

miR-195 is widely expressed during 
the neonatal stage of cardiac regenera-
tion. Overexpression of miR-195 in the 
embryonic heart potentially leads to 
ventricular hyperplasia and septal faults 
(106). Experimental evidence has shown 
that several cell cycle genes along with 
checkpoint kinase1–targeted cardiomyo-
cyte proliferation can occur by regulation 
of miR-195 (107). Interestingly, miR-195 
inhibition by LNA-modified anti-miRs 
in pigs and mice showed steady effects 
on heart regeneration, whereas treated 
animals were devoid of myocardial in-
farction (108). Currently, therapeutics 
associated with miR-195 targets are at the 
preclinical stage (109).

microrNa in Insulin Sensitivity 
and Diabetes

Like miR-208, miR-103 and miR-107 are 
encoded within the intronic regions of 

regulate temporal and spatial bantam 
expression. It has been shown that bantam 
miRNA induces cell proliferation and 
inhibits apoptosis simultaneously. Scien-
tists have identified hid as a pro-apoptotic 
gene, which can be an effective target 
for regulation by the bantam miRNA. 
Researchers have reported that histone 
deacetylase inhibitor can regulate bantam 
miRNA expression, however HDAC in-
hibitor can promote the hid-induced apop-
tosis machinery (86,87). Experimental 
data support that the mitochondrial regu-
latory pathway in human cancer cell lines 
can be affected by HDAC inhibitor, which 
suggests a conservative feature of apop-
tosis between Drosophila and humans. 
Targeting hid supports the explanation for 
bantam’s negative regulation in apoptosis.

microrNa in Neurological Disorders
As delivery of oligonucleotide targets 

through the blood-brain barrier is very  
selective, miRNA therapeutic strategies 
for neurological disease are extremely 
challenging. Advanced research has shown 
that miRNAs are actively involved in the 
regeneration, regulation, and function of 
the central nervous system (88,89). Stud-
ies in C. elegans and cultured cell systems 
have shown that several distinct miRNAs 
are actively linked to neurodegener-
ative diseases, such as Parkinson’s and 
Alzheimer’s disease (90). Experimental 
data from AD patients’ brains has shown 
downregulation of miR 29ab-1 and miR-
107 (91,92). On the other hand, it has been 
predicted that miR-298 and miR-328 may 
be involved in modulation of amyloid pre-
cursor protein (APP) converting enzyme, 
which ultimately leads to  Alzheimer’s 
through APP processing (93,94). A val-
idated set of miRNAs has not yet been 
identified in AD-damaged regions, so the 
full impact of miRNAs in AD is still to  
be explored (95). Along with the several  
up and down regulations of selective  
miRNAs, an interesting link has been  
discovered with mutation of the LRRK2 
(leucine-rich repeat kinase 2) gene, which 
is a familiar to cause Parkinson’s disease. 
It has been suggested that the associa-
tion of LRRK2 with human Argonaute-2 
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therapeutic transgene. miRNA association 
in gene therapy can promote the potent 
expression of transgene. As an example, 
delivered transgene with the binding 
site for miR-122 can be easily silenced 
in hepatocytes because it has specificity 
for liver tissues (133). This strategy has 
been widely used to restrict transgene 
expression through a lentiviral vector in 
astroglial cells (134,135). In the mouse 
hippocampus, injection of engineered 
lentiviral vector with inserted miR-124 
target site to 3¢ UTR produces transgene 
expression in astrocytes and Bergmann 
glial cells, but not in Purkinje cells or  
pyramidal neurons (134,136).

Researchers have reported that  
detargeting of transgene by miRNAs is 
also possible, which leads to enhance-
ment of immune tolerance of an antigen 
coded by transgene. On the other hand, 
it has also been shown that a genetically 
engineered adenovirus, replication- 
selective oncolytic virus, can infect can-
cer cells selectively. The specificity of 
the miRNA-associated engineered virus 
makes it useful as a potent alternative to 
chemotherapy (137).

In stem cell therapy, removal of the 
pluripotent cell population is a criti-
cal process. To restrict unwanted cell 
proliferation and tumor formation, it 
is necessary to remove the stem cell 
population before transplanting back to 
the native cell population (138). Differ-
entiated pluripotent stem cell–specific 
miRNA can regulate suicide gene ex-
pression and fluorescent gene expres-
sion. Cell type–specific miRNA can 
block suicide gene expression to allow 
the lineage-specific differentiated cell 
to proliferate, whereas reporter gene 
can be turned off by miRNA to permit 
separation between differentiated cell 
and pluripotent cell (121). Transgene 
expression can be repressed in several 
cells or tissue types by a combina-
tion of multiple miRNA target sites. 
This advanced strategy can be used 
to achieve the desired level of trans-
gene expression by accurately aligning 
miRNA expression and enhancing  
target site affinity (139).

miRNA inhibitors may be used to per-
suade latent viruses into a tractable state 
of active replication, which can be a novel 
strategy in antiviral therapeutics (126,127).

reintroduction of Missing microrNa:  
a Therapeutic approach

Loss or reduced expression of particular 
miRNA leads to several diseases, such 
as cancer. It has been proven that let-7 
miRNA has the potential to suppress on-
cogenes such as Myc, Ras, and HMGA-2. 
Significantly low levels of let-7 and high 
HGGA-2 mRNA expression in tumors 
were found in 100 diagnosed ovarian 
cancer patients (83,128). Interestingly, it 
has been found that let-7 expression in 
cancer stem cell is lower than normal 
mamosphere cell, indicating that let-7 
may inhibit proliferation of cancer-induc-
ing stem cells (129). In B cell lymphocytic 
leukemia, deletion of miR-15 and miR-16 
is observed often, whereas in prostate 
cancer, miRNA expression reduces by 
80%. Thus, several miRNAs possess the 
classical features of tumor-suppressor 
genes. Substitution of these tumor sup-
pressor miRNAs can be a potential ap-
proach in tumor chemotherapy (130).

In many cases, missing miRNAs can 
easily be replenished by reintroducing 
new miRNAs. Multiple doses of siRNA 
are required due to their inefficient 
delivery, lower incorporation rate, and 
degradation. On the other hand, several 
viral vectors encoding short hairpin 
RNAs can infect cells, which ultimately 
supply mature miRNAs. Thus, miRNA 
expression can easily be optimized in a 
cell through delivery with a viral vector. 
Researchers have shown that Argonaute 
proteins and short hairpin RNA export-
ing proteins such as exportin-5 are able to 
limit the yield of total exogenous miRNA 
(131,132).

microrNa–Mediated Gene Therapy 
Improvement

Defective genes in several genetic 
diseases can be replaced by traditional 
gene therapy with a great efficacy. Due 
to a leaky promoter, it is challenging  
to obtain the proper expression of the 

of primate foamy virus type 1 (PFV1), 
while PFV1 encodes a protein, Tas, that 
suppresses miRNA-directed functions in 
mammalian cells and displays cross- 
kingdom antisilencing activities (118,119). 
There are examples where the virus 
exploits host miRNAs for its own advan-
tage. For instance, miR-122 is required 
for efficient replication of HCV, but it 
affects neither translation or stability of 
HCV RNA. It is believed that miR-122 
binding may provide a structural feature 
required for replication, or it may help 
in recruitment of protein factors required 
for replication (120).

Viral microrNa-Mediated response 
in Therapeutics

It has been shown that at least 66 
distinct miRNAs are produced by mam-
malian viruses (121). miRNA-producing 
viruses mainly belong to the herpes 
virus family (dsDNA), whereas other 
double-stranded DNA viruses such 
as papilloma virus and flavovirus, and 
RNA viruses such as retrovirus are re-
stricted from producing miRNA (121). 
Viral miRNAs curb the host immune 
response during infection by altering 
major histocompatibility complex class I 
chain–related molecule B (MICB) expres-
sion. miRNA expressed by pathogenic 
viruses, such as herpes virus associated 
with Kaposi’s sarcoma virus, Epstein-Barr 
virus, and human cytomegalovirus, 
target specific catalytic sites in MICB 
mRNA and inhibit its expression (92,121). 
Researchers have shown that human 
cytomegalovirus expresses miR-UL112, 
which targets the 3¢ untranslated region 
of MICB. This virus overlaps the binding 
site of cellular miRNA, miR-373 (122,123). 
Due to the presence of adjacent sites for 
miR-433a and miR-367a in MICB mRNA, 
interaction between viral miR-UL112 
and cellular miR-376a is feasible, which 
leads to silencing of MICB expression in 
a human cytomegalovirus–infected per-
son (124,125). It has also been shown that 
expression of two miRNAs, miR-429 and 
miR200b, regulates entry to the lytic phase 
of Epstein-Barr virus by suppressing ex-
pression of ZEB1 and ZEB2. Therefore, 
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toxicological concern to oligonucleotide 
therapeutics. Researchers have shown 
that the siRNA sense strand, which is 
fully complementary to RISC-bound 
miRNA, mediates immune stimulatory 
response (148). Replacement of the sense 
strand nucleotides with poly, which is 
not immunostimulatory, promotes rec-
ognition of nine nucleotides in the 3¢ 
end of the sense strand, which promotes 
TLR3 (toll-like receptor 3) activation 
(149). Although chemically modified oli-
gonucleotides are necessary to enhance 
their affinity for RNA binding and nu-
clease resistance, these modifications are 
known to induce sequence-independent 
toxicity in vivo. Common consequences 
such as inhibition of coagulation and 
complement cascade activation of im-
mune cells have been observed in this 
process. Phosphorothionate-containing 
oligonucleotides can inhibit coagulation 
and transiently enhance prolonged clot-
ting time in monkeys (109). This effect 
is associated with plasma concentration 
but devoid of sequence. So it is a major 
concern to improve the pharmacoki-
netic and pharmacodynamic profiles of 
oligonucleotide and to develop more 
efficient systems for delivery, enhance 
the therapeutic approach, and avoid the 
coagulation effect. On the other hand, it 
has been shown that hepatotoxicity can 
be induced in a sequence-independent 
manner, as several LNAs targeting dif-
ferent molecules, as well as mismatched 
nontargeting control oligonucleotides, re-
vealed identical issues related to toxicity. 
These findings highlight the necessity for 
careful evolution of modulated chemical 
combinations to generate a robust anti-
sense oligonucleotide (ASO) molecule 
with less toxicity (109,150).

OVErCOMING OBSTaCLES DUrING 
microrNa DELIVErY

Recently, it has been reported that 
several miRNAs are potentially in-
volved in onset of disease and its 
progression (mainly cancer). Based on 
disease and tissue targeting, several 
strategies should be carefully considered 
to achieve the desired efficient anti-miR 

therapeutic target for cerebral ischemic 
disease (143,145)

hybridization-Mediated 
Off-Target Effects

Currently, 28,645 miRNAs are listed 
in miRBase. On the basis of quantitative 
and biochemical assays, approximately 
200–250 miRNAs possess high expres-
sion, which can be used as a potential 
target for mechanistic and therapeutic 
studies. Among them, some miRNAs are 
from the same family, having a homol-
ogous seed region, so that anti-miRs are 
generally unable to differentiate between 
miRNAs from the same group with 
similar seed regions. This lack of target 
specificity can lead to differences in an-
tisense-associated inhibition of mRNAs 
and miRNAs. On the other hand, it is im-
portant to be cautious about the poten-
tial of specific anti-miRs to cross-inhibit 
molecules with identical seed regions 
at the time of a single mRNA-targeted 
therapeutic development. Researchers 
have shown that biosynthesis and mat-
uration of miRNA could be inhibited by 
morpholinos in a miRNA-specific man-
ner. On the basis of experimental data, 
it was reported that miR-375 inhibition 
could lead to distorted morphology of 
pancreatic islet cells (146,147). Biochem-
ically modified oligos have been tested 
for target mRNA binding, inhibition of 
its splicing, and translation in mamma-
lian systems and are under clinical trial. 
As miRNA biosynthesis is a multistep 
cascade process, its secondary structure 
is necessary for recruitment of associated 
enzymes. An identical process can be 
applied to targeting miRNA expression 
by disruption of synthesis of its precur-
sor, which can be an efficient strategy 
to solve the limitations behind targeting 
mature mRNAs (109).

hybridization-Independent 
Off-Target Effects

anti-miRNA and carrier molecules can 
be recognized by both innate and adap-
tive arms of the mammalian immune 
system. Effects of immune-stimulatory 
off target are of serious notable  

microrNa: regulator of Bone 
remodeling and Biomarker 
in Osteoporosis

Recent studies have found that miRNAs 
also play a critical regulatory role in remod-
eling bone formation and are involved in 
metabolic bone disorders (140). miRNAs 
such as miR-223, miR-103a, and miR-140 
have been reported to regulate bone me-
tabolism by modulating bone formation, 
reabsorption, and osteoblast-osteoclast 
activity (140,141). miRNA expression 
profiling data in osteoporosis and osteo-
porotic fracture patients have clearly de-
scribed that miRNAs play a crucial role 
in bone metabolism. miR-2861 regulates 
osteogenic differentiation of bone mar-
row mesenchymal stem cells (BMSCs), 
whereas miR-503 downregulates expres-
sion of the receptor activator of nuclear 
factor –κB (RANK), which ultimately 
leads to suppression of osteoclastogene-
sis in CD14 + peripheral blood mononu-
clear cells (PBMCs). Altogether, miRNA 
is an indispensable regulator in bone 
biology and can be used in a therapeutic 
strategy (142).

microrNas: Potential Therapeutic 
Targets for Cerebral Ischemia

As miRNAs have the potential to  
degrade and suppress mRNAs, they are 
extensively selected as targets in diag-
nostic and therapeutic biology. Table 1 
shows preferred miRNA targets in current 
diagnostics and therapeutics. Recent 
findings have shown that miRNA has 
an important role in regulation of oc-
currence and progression of cerebral 
ischemia (143). It has also been reported 
that circulating miRNAs in peripheral 
blood are deregulated in cerebral isch-
emia, to act as useful biomarkers for di-
agnosis and prognosis of this disease (144). 
miRNA gene-associated single nucleotide 
polymorphism (SNP) is responsible for 
complex functional consequences by in-
volving miRNA biogenesis or various target 
selection. Recent studies on miRNA-SNP 
have shown a significant correlation 
between miRNA and progression of isch-
emic disease, which defines miRNA as 
potential biomarker and diagnostic and 
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Table 1. Preferred miRNA targets in current diagnostics and therapeutics.

microRNA Association with therapeutics Target and function

miR-15 Cardiac ventricle regeneration
Chronic lymphocytic leukemia

Target for suppression of ventricle regeneration during postnatal 
switch (1,2)

miR-21 Hematopoietic tumors, fibrosis oncomiRNA (3)

miR-25 Gastric cancer, Heart failure, 
glioblastoma, lung cancer, prostate 
cancer

Upregulation leads to gastric cancer and heart failure (4–6)

miR-29b Acute lymphocytic leukemia, ovarian 
cancer

Tumor suppression, c-KIT inhibition (7,8)

miR-33 Metabolic disease, vascular disease Raising HDL levels by anti-miR–mediated inhibition of miR-33 
through its effects on cholesterol transport and atherosclerosis 
regression (9,10)

miR-34b/c Lung cancer Tumor suppression (11)

miR-92a Neoangiogenesis AntagomiR administration resulted in enhanced blood vessel 
growth, functional improvement of damaged tissue in models of 
hind limb ischemia and myocardial infarction (12)

miR-103 Insulin sensitivity, biomarker for 
colorectal cancer

Involved in dysregulation of glucose homeostasis (13,14)

miR-122 HCV infection Liver-specific, modulates HCV infection (15)

miR-140 Bone cancer miR-140–mediated cellular pathways may be reactivated 
or inhibited for treating skeletal injury or dysfunction in 
adulthood (16)

miR-148 Gastric cancer MiR-148a down-regulation leads to gastric cancer.(17)

miR-150 Acute myeloid leukemia, pancreatic 
cancer;

Tumor suppressor, targets FLT3 and Myb (18,19)

miR-155 Breast cancer, inflammatory diseases Tumor suppression by downregulating RAD51 and cancer cell 
sensitization (20,21)

miR-181a/b Acute myeloid leukemia Prevents tumor cell growth (22)

miR-183 Insulin resistance and other hepatic 
dysfunction

Insulin signaling (23)

miR-195 Heart regeneration, diabetic 
cardiomyopathy

Inhibits heart regeneration, reduces diabetic cardiomyopathy 
(24,25)

miR-208 Cardiac disease Involved in hypertension and heart failure (26)

miR-221 Hepatocellular carcinoma Targets p57 and p27, oncomiRNA (27)

miR-375 Breast cancer Forced expression can resensitize cells (28)

miR-451 Myeloproliferative diseases, lung 
cancer

miR-451–deficient erythroblasts due to upregulation of this miRNA 
(29,30)

miR-467 Hyperglycemia-induced angiogenesis, 
breast cancer

Inhibits tumor growth and angiogenesis (31)

miR-494 Lung cancer Modulates cell proliferation and apoptosis (32)

miR-495 Gastric cancer, acute myeloid 
leukemia, medulloblastoma

Can block cell migration and invasion (33,34)

1.  Porrello ER, et al. (2013) Regulation of neonatal and adult mammalian heart regeneration by the miR-15 family. Proc. Nat. Acad. Sci. 
U.S.A. 110:187–92.

2. Pekarsky Y, Croce CM. (2015) Role of miR-15/16 in CLL. Cell Death Differ. 22:6–11.
3. Hugo S, et al. (2013) Targeting miR-21 Induces Autophagy and Chemosensitivity of Leukemia Cells. Current Drug Targets. 14:1135–43.
4.  Zhao H, Wang Y, Yang L, Jiang R, Li W. (2013) miR-25 promotes gastric cancer cells growth and motility by targeting RECK. Mol. Cell. 

Biochem. 385:207–13.
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get. 6:40799–814.
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33:178–85.
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13. Williams MD, Mitchell GM. (2012) MicroRNAs in Insulin Resistance and Obesity. Exper. Diabetes Res. 2012:8.
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Table 1. Continued.

delivery. Tissues from organs such as 
kidney, liver, spleen, and lung are more 
easily accessible than from other organs, 
which provide sufficient delivery by an-
tisense oligonucleotides without using 
carriers, whereas chemically formulated 
carrier molecule is needed to deliver 

ASOs in solid tumors (151). It has been 
shown that overexpression of miR17-92, 
a highly induced miRNA in solid tu-
mors and hematological  malignancies, 
increases cell proliferation and suppres-
sion of apoptosis by affecting the BCL-2 
interacting mediator, phosphatase, and 

tensing homologue and expression of 
the p21 gene (152,153). Thus targeting 
such miRNAs is a reasonable approach 
for tumor growth inhibition. Therefore, 
different types of conditions need to be 
considered in order to develop such tar-
geting system. First, as the anti-miRNAs 
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are negatively charged, the nanoparticles 
should be positively charged for efficient 
binding (109). Second, the nanoparti-
cles should be encoded with targeting 
molecules, which can efficiently and 
selectively contact with target cell 
surface–associated antigen. The outer 
surface of the nanoparticle should pos-
sess hydrophilic groups, so that it can 
bypass the rapid clearance through the 
reticuloendothelial  system and increase 
circulation time after injection into the 
bloodstream. Last, the size of the final 
complex should be within 100 nm in 
diameter, along with uniform size dis-
tribution, and big enough to prevent 
rapid clearance through the kidney 
but small enough to penetrate the tar-
get tissue. On the other hand, there is 
another limitation, how to reach a sig-
nificant dose inside the cell to achieve 
efficient inhibition of miRNA. These 
limitations can be listed as follows: 1) 
slow penetration of miRNAs into tumor 
tissues due to mechanical and biological 
barriers, 2) quick degradation of unpro-
cessed miRNA mimics and miRNA an-
tagonists and clearance from the blood 
circulation, 3) miRNA (ssRNA or dsRNA 
homologue)- mediated immunotoxicity, 
4) neurotoxicity due to exposure to miR-
NAs, 5) inefficient gene silencing due to 
poor intracellular delivery and aggre-
gation of naked miRNAs within the en-
dosomes, 6)  miRNA-mediated off-target 
effects, 7) altered function of therapeutic 
 miRNAs due to saturated or insufficient 
miRNA processing  enzymes (154–157).

Clinical trials are ongoing and  
several therapeutics-associated com-
panies are engaged in overcoming 
these challenges to accomplish the most 
 efficient result (109). Synthesis and 
development of miRNA-mediated ther-
apeutics in commercial industries are 
listed in Table 2.

In Vivo microrNa Delivery Strategies 
in Cancer Therapeutics

Prolonged research has been ongoing 
to explore the features of tumors and 
tumor microenvironments for efficient 
and improved miRNA delivery. Notably, 

there are two types of strategies to  
deliver miRNA in vivo, local and systemic 
delivery (158).

Local Delivery of miRNAs. Local  
administration of miRNAs (with or with-
out carriers) and intratumor injection are 
used to demonstrate antitumor effects 
and moderate gene silencing. Higher 
bioavailability can provide desired gene 
silencing by local miRNA delivery. In-
terestingly, it has been shown that local 
delivery of miRNA expresses less toxicity 
than systemic delivery (121).

Several types of local delivery  
strategies have been developed, which 
range from direct intramural injection 
of miRNA vector to formulation of 
nanoparticles with modified surface 
properties. In glioblastoma multiforme, 
intracranial delivery of miRNA is used 
for treatment (158)

Topical delivery for skin disease  
provides easy accessibility to the target 
region and a focused and potential sys-
temic delivery with fewer side effects. 
Researchers have experimentally shown 
gene silencing by penetrating the skin 
with a spherical nanoparticle conjugate 
(SNA-Ncs) with modified gold cores 
and covalently immobilized siRNA 
(160) (optical delivery of siRNA-based 
spherical nucleic acid nanoparticle 
conjugates for gene regulation). We 
concluded that it is a promising ef-
fective delivery system in skin cancer 
 therapeutic study (161).

Scientists have also shown that  
modified miRNA can be used for effi-
cient miRNA delivery. Some siRNAs can 
act as miRNA antagonists or miRNA 
inducers, which can be delivered in-
tratumorally in cancer therapeutics. 
For  example, c-myc is downregulated 
by NP-DCAMK-1 saran, and notch-1 
expression is regulated by upregulation 
of let-7a and miR-144 miRNA expression 
in the colorectal cancer engraft model. 
This xenograft model ultimately leads 
to inhibition of tumor growth. As a 
limitation, it has been proposed that 
local delivery is not an effective option 
for late-stage metastatic tumor. So it is 
important to establish a well-developed 

systemic delivery strategy to meet the 
current need for miRNA-mediated 
 cancer therapy (162).

Systemic delivery of microRNAs. 
Nanoparticle-based delivery of siD-
CAMKL-1 increases miR-144 and inhibits 
colorectal cancer tumor growth via a 
notch-1–dependent mechanism.

Several systemic delivery strategies 
are in the pipeline to overcome the 
obstacles of in vivo miRNA delivery 
to achieve the most efficient result in 
cancer therapeutics. A widely used strat-
egy developed for synthetic delivery 
of miRNA into tumors is to synthesize 
chemically modified miRNAs or miRNA 
antagonists such as anti-miRNA  
oligonucleotides (AMOs) (163).

The modified miRNA antagonists and 
miRNA mimics can protect themselves 
from nuclease degradation in circulation. 
On the other hand, a targeting moiety for 
intercellular uptake is necessary for this 
modified miRNA. Along with this, the 
small-modified miRNA may have rapid 
clearance through renal and hepatic sys-
tems, resulting in short half-lives (164).

Another delivery strategy has been 
established by designing nanoparticle 
formulation for passive diffusion with 
increased permeability and retention.

Other systemic strategies include 
modification of miRNA antagonists and 
miRNA mimics, modification of the 2’ 
OH group, locked nucleic acid modi-
fication, modification of the passenger 
strand, virus-mediated miRNA delivery, 
nonviral miRNA delivery, inorganic 
nanoparticle-based miRNA delivery, 
polymer-based synthetic miRNA deliv-
ery, and miRNA delivery using liposome 
(132,155,156,165,166).

USING EXOSOMES aS a DELIVErY 
VEhICLE

There are several traditional  
methods, such as direct cell-to-cell 
contact, chemical receptor–mediated 
communication, and cell-cell synapse, 
used for cell-cell communication. Recent 
studies have discovered that delivery 
of RNA by exosomes through systemic 
circulation is an identical process to 
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Table 2. Synthesis and development of miRNA-mediated therapeutics in commercial industries.

Company Aim and target
Associated disease and 

therapeutics
Target miRNA and 

function Reference

Marina Biotech 
(Bothell, WA, USA)

Nucleic acid–based 
therapeutics 
(conformationally 
restricted nucleotide) and 
liposomal-based delivery 
methods

Therapeutics for familial 
adenomatous polyposis, 
bladder cancer, and 
hepatocellular carcinoma

miR-122, miR-21 http://www.marinabio.
com/pipeline/
nucleic-acid-drugs/

Rooij et al.(1,2)

Rosetta Genomics 
(Rehovot, Israel)

MiRNA-based diagnostic 
tests

Cancer diagnostics (e.g., 
lung, renal, bladder, 
mesothelioma)

Mimic of naturally 
occurring 
microRNA-34

https://rosettagx.com/
technology/microrna

Rooij et al.(2)

Regulus Therapeutics 
(Carlsbad, CA, USA)

Alport syndrome treatment 
development

Kidney dysfunction Inhibition of miRNA-
21 by RG-012

 http://www.regulusrx.
com.

Regulus Therapeutics Preclinical developing stage 
for RG-101

HCV infection GalNAc-conjugated 
anti-miR targeting 
microRNA-122

 http://www.regulusrx.
com.

Asuragen, (Austin, TX, 
USA)

Phase 1b and 2 trials in 2016 Hepatocellular carcinoma, 
other solid tumors and 
hematologic malignancies

miRX34  www.miRNArx.com.

Regulus Therapeutics Preclinical stage Immunoinflammatory, 
cardiovascular, metabolic 
disease, oncology, fibrosis 
and hepatitis C infection

miRNA inhibitors using 
2¢-methoxyethyl, 
2¢-fluoro RNA, 
bicyclic ribose 
modifications

 http://www.regulusrx.
com.

Li et al.(3)

Santaris Pharma 
(Hørsholm, 
Denmark, and San 
Diego, CA, USA)

RNA-targeted therapeutics 
(locked nucleic acid 
platform); miR-122 
inhibitor: Phase I 
completed, Phase II 
initiated

Therapeutics for metabolic 
disorders (e.g., diabetes and 
cardiovascular disease), 
infectious and inflammatory 
diseases (e.g., HCV 
infection), cancer, and rare 
genetic disorders

miR-122 targeted; 
miRNA inhibitors 
using locked 
nucleic acid 
chemistry

http://www.roche.com/
index.htm

Rooij et al.(2)

miRagen Therapeutics 
(Boulder, CO, USA)

Preclinical Therapeutics for 
cardiovascular and muscle 
diseases, polycythemia vera, 
and metabolic disease

miRNA (miR-208, 
15, 451, 29, 92, 
143, 145, 206, 378) 
inhibition and 
replacement

Rooij et al.(2)

MiRNA Therapeutics Clinically tested MRX34(anti-
miR-34) development

Non-small cell lung cancer, 
prostate cancer, and 
myeloma

miR-34 as oncogene http://www.
miRNAtherapeutics.
com/pipeline/miRNA-
MRX34.html

RXi Pharmaceuticals 
(Worcester, MA, 
USA)

RNAi therapeutic 
compounds (self-
delivering RNAi)

Therapeutics for fibrosis and 
reduction of dermal scarring

http://www.rxipharma.
com/

Rooij et al.

1. van Rooij E, Kauppinen S. (2014) Development of microRNA therapeutics is coming of age. EMBO Mol. Med. 6:851–64.
2. van Rooij E, Purcell AL, Levin AA. (2012) Developing MicroRNA Therapeutics. Circ. Res. 110:496–507.
3. Li Z, Rana TM. (2014) Therapeutic targeting of microRNAs: current status and future challenges. Nat. Rev. Drug. Discov. 13:622–38.
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hormonal action. It has also been 
demonstrated that miRNA participates 
in RNA granule formation, stress granule 
synthesis, processing bodies, and gly-
cine-tryptophan–rich cytoplasmic bodies 
(GW bodies), which are involved in post-
transcriptional modification and epigen-
etic modulation. The interaction of GW 
bodies and RNA granules is a crucial 
step for releasing miRNA during endo-
some formation (167). Earlier studies 
suggested that miRNA could be loaded 
efficiently into exosomes and actively 
transferred by exosomes (168). Figure 5 
shows the schematic representation of 
cytoplasmic miRNA trafficking in the 
endosomal-exosomal cascade pathway. 
Exosomes delivering miRNAs to respec-
tive cells makes them an ideal trans-
port for gene therapy, so that specific 
RNA-containing exosomes will need 
to be modified accordingly. Nowadays, 
miRNA trafficking through exosomes is 
a widely used model for studying tumor 
and neuronal diseases (Figure 5) (169).

artificial microrNas and microrNa 
Technology

Aberrant expression of miRNAs is  
associated with several human multigenic 
diseases and can serve as a biomarker for 
diagnostics. High-resolution expression 
profiling of miRNAs in cancer cell lines 
and human tumors suggests that miRNA 
signatures may be useful in categorizing, 
detecting, and predicting the course of 
human cancers (170). miRNA expres-
sion profiles can be used to distinguish 
the lineage of solid tumors and classify 
poorly differentiated cancer specimens 
(171). Asuragen has launched a qRT-
PCR–based miRNA diagnostic test for 
differentiation between chronic pancreatitis 
and pancreatic cancer patients. A blood-
based noninvasive miRNA signature assay 
has been developed for detection of malig-
nant lung cancer. Rosetta Genomics has 
launched a miRNA-based diagnostic test 
for identification of the primary origin of 
cancer of uncertain or unknown origin. 
This test offers a wide panel of 42 iden-
tifiable tumor origins for accurate clas-
sification. Targeting them with artificial 

Figure 5. (A) Trafficking and delivery vehicle of miRNA in cells, the specific miRNA 
 endocy-toses into endocytic vesicles that generate early endosome. Many endogenous 
miRNAs are involved in RNA granule formation, including glycine and tryptophane-rich 
bodies (GW), processing bodies (PB), and stress granules (SG), which invariably fuse with 
multi-vesicular bodies (MVB) and the plasma membrane. Then exosomes are released 
through exocytosis into the extracellular space. Reproduced with permission (169). (B) 
Different processes for miRNA delivery in vivo. Numerous strategies, including modified 
miRNA, antagonistic or miRNA mimics, viral vector, organic and nonorganic viral vectors 
were used for therapeutic delivery. (a-f) Different types of modified nanoparticles are 
used for miRNA delivery. (b) Viral vector system for delivery (c) Silica nano particles used 
for delivering in overexpressed tumors; (d) Polymer based organic non-viral vector for gene 
therapy; (e) nano particle based on liposome; (f) modulated with anti-bodies or ligand for 
cancer associated delivery. Figure reproduced with permission of Elsevier B.V. Chen Y,  
Gao D-Y, Huang L. (2015) In vivo delivery of miRNAs for cancer therapy: Challenges and 
strategies. Adv. Drug Del. Rev. 81:128–41. (cited as reference [156] in the current review).
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shelf life of animal products. Use of miRNA 
as a technology holds a lot of promise for 
a wide spectrum of diagnostic and thera-
peutic possibilities, which at the same time 
necessitates further work for better under-
standing of this relatively nascent field to 
achieve the best consequences.
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