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Abstract- microRNAs (miRNAs) are small non-coding RNAs ~22nt in length that regulate gene expression 
post transcriptionally by binding to their 3’UTR. In the last 27 years, since its discovery, tremendous 
progress has been made to determine its functional significance in the spatio-temporal regulation of 
gene expression; they act cordially to regulate gene networks or pathways. miRNA being stable, are also 
found in body fluid serving as a potential biomarker. Despite knowing a lot about miRNAs function, its 
use in clinical phase is still in its infancy- with poor outcome in clinical trials and difficulty in its tissue-
specific delivery. This review provides a snapshot of the progress of miRNA field in past few years and 

challenges associated with its clinical applications.  
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Background 

The discovery of microRNAs (miRNAs) marked 

the beginning of an era of designating role to 

otherwise considered junk non-coding RNAs. 

These small non-coding RNAs, called microRNAs, 

control the gene expression during development 

and disease; and are one of the major 

mechanisms of spatio-temporal regulation. This 

further leads to the discovery of other non-

coding RNAs, such as long non-coding RNAs, 

circular RNAs, and piwi RNAs1, 2. This review 

solitary focuses on miRNAs, how its field has 

progressed through 27 years and what are the 

challenges associated with their therapeutic 

usage.  

In 1993, two articles were published back-to-

back by Ambros and Ruvkun team in Cell3, 4, 

demonstrating the post-transcriptional 

regulation of lin-14 gene in C. elegans 

development by a non-coding RNA- lin-4 for the 

first time. From their earlier studies, they found 

that LIN-14 protein shows temporal expression 

at different stages of C. elegans development 

without change in its mRNA, indicating post- 

 

transcriptional regulation. They found that lin-4 

negatively regulates LIN-14 and the regulatory 

elements were present in the lin-14 3’UTR as 

determined by deletion experiments. However, 

the mechanistic details were not known. Both 

groups independently discovered in 1993 that 

lin-4 exists as 22nt and 61nt long fragment, 

which we now know as mature and precursor 

miRNA that acts by binding to the 

complementary regions in 3’UTR of lin-14.  

Surprisingly, there was no other miRNA study 

published for seven years. Then both teams 

came together and published another miRNA, 

namely let-7 that was found to inhibit the 

inhibitor - lin-41, which in turn blocks the action 

of LIN-29 - an adult specification transcription 

factor in C. elegans, thus relieving the lin-41 

inhibition5 and controlling adult development. 

Further, Ruvkun and team found that let-7 was 

conserved among various species including 

vertebrates demonstrating its expression in 

various human tissues6.  The discovery of miRNA 

in humans led to a spike in the studies on miRNAs 
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in human development and disease, along with 

development of bioinformatic tools to build 

miRNA database, predicting genes encoding 

miRNAs and their targets. Interestingly, the 

number of miRNAs in a complex organism, such 

as humans, were found to be higher when 

compared to plants or flies, indicating their 

evolutionary role and mechanism of regulating 

complicated organisms7-9. Thus, the secret lies in 

the non-coding part of the genome that controls 

the protein coding genes enabling them for 

diverse functions.  

The first miRNA study in human disease was in 

2002, where Calin et al. found that miR-15 and 

miR-16 regions were deleted in B-cell chronic 

lymphocytic leukemia from peripheral blood 

samples of patients10. Thus, it took about 10 

years for the miRNA field to progress from C. 

elegans to humans. However, they did not focus 

on molecular mechanism to speculate any 

causative link between the miRNA and leukemia 

in this study. Many other studies also 

determined the role of miRNAs in human disease 

and development, which is thoroughly reviewed 

by Ardekani and Naeini11. Further, Sayed and 

Abdellatif comprehensively reviewed miRNAs 

involved in various biological processes such as 

hematopoiesis, cardiac hypertrophy, cardiac 

ischemia, myogenesis, glioblastoma and various 

kind of cancers12. This article provides a beautiful 

representation of these pathways. Looking 

closer into the effects of these miRNAs, it was 

observed that some miRNA, such as miR-21, are 

pleiotropic in their action and regulate multiple 

processes, such as hematopoiesis, cardiac 

fibrosis and cancer. Such miRNAs are difficult to 

target due to their diverse actions in different 

tissues. On the other hand, tissue-specific miRNA 

could be an attractive therapeutic target, such as 

miRNA cluster consisting of miR-338–3p, miR-

219a-5p, miR-124–3p and miR-9–5p that is brain 

specific and miR-507, miR-514a-3p and miR-

509–5p that are expressed exclusively in testis. 

Beyond these, there are single miRNAs, such as 

miR-122-5p that are expressed only in the 

lungs13. As determined from miRNA atlas, about 

83.7% of miRNAs are abundant across all tissues; 

thus, care should be taken when choosing 

miRNAs for therapeutic application, encouraging 

tissue-specific labelling. The detailed miRNA 

profiling of each human tissue is available on 

miRNA atlas- http://ccb-web.cs.uni-

saarland.de/tissueatlas. Overall timeline of 

miRNA discovery is represented in Figure 1. 

 

           Figure 1. Timeline of miRNA discovery from C. elegans to clinical trials in humans. 

Furthermore, many molecular mechanisms exist 

to control miRNA expression and function14. 

Some of them generate isomiRs- that are 

miRNAs differing in sequence or length due to 

nucleotide addition, deletion at 5’ or 3’ termini, 

or substitution. The nucleotides can be deleted 

http://ccb-web.cs.uni-saarland.de/tissueatlas-
http://ccb-web.cs.uni-saarland.de/tissueatlas-
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by template dependent exonuclease and can be 

added by non-template dependent nucleotidyl 

transferase. The substitution can occur by A-to-I 

or C-to-U editing of miRNA by ADAR (Adenosine 

deaminase acting on RNA) and APOBEC 

(apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide-like) enzymes 

respectively15, 16. These isomiRs can in turn affect 

the stability and binding ability of miRNA to its 

targets. For example, editing occurring in the 

seed region can alter its target binding ability, 

thereby, binding to a completely new set of 

targets. Increased miRNA editing has been 

associated with cancer17 and brain 

development18, 19. All these studies indicate 

potential use of edited miRNA as a biomarker 

and therapeutic tool. 

Other ways of affecting miRNA expression 

include regulation of proteins involved in miRNA 

biogenesis, such as Ago, Drosha, Dicer, exportin 

etc. Intronic miRNA-expressing within a host 

gene, can follow its host gene expression. Thus, 

factors regulating the host genes can in turn 

affect miRNA and alter its downstream 

mediators. miRNA expression can also be 

regulated epigenetically by altering its DNA or 

histone methylation and acetylation. Lastly, 

many exogenous factors can modify miRNA 

expression patterns, such as stress, steroid 

hormones, hypoxia, carcinogens, and so on20, 21. 

One example of mediating effects of hypoxia is 

by HIF-1α, which is a transcription factor and 

controls various miRNAs directly and indirectly22. 

Similarly, many studies have predicted the 

relationship between transcription factor and 

miRNAs, hence, forming an intricate network23, 

24. 

In addition to therapeutic targets, miRNAs serve 

as a biomarker as they are stable, and are easily 

detected in tissue fluid as free form or enclosed 

in vesicles. In 2007, Valadi et al. were the first to 

demonstrate that miRNAs can communicate 

between cells via exosomes in mast cells25. Later, 

Chen et al. in 2008 also showed presence of 

miRNA in serum where they found increased 

levels of miR-25 and miR-223 in lung cancer 

(n=152) as compared to healthy control (n=75)26. 

Furthermore, numerous studies demonstrated 

altered levels of miRNAs in patients’ sera of 

various diseases and also as a mode of 

communication between cells that is reviewed 

extensively in the literature27-29. The major 

challenges associated with miRNAs as biomarker 

is the absence of proper normalization control, 

usage of small sample size, not characterizing 

patients’ samples in terms of sub-classification of 

the disease and including other clinical co-

morbidities30. Thus, the use of a universal 

method for miRNA isolation and normalization 

would be a better strategy for identification of 

miRNAs as biomarkers to apply to a bigger 

population.  For example, Faraldi et al. has found 

hsa-miR-320d as a reference miRNA by using 

various normalization strategies to overcome 

this problem31; thus, many studies like this are 

encouraged. Having a miRNA-based committee 

might be helpful in establishing a gold standard 

method for miRNA research to get a fruitful 

outcome. 

Studies focused on miRNA biology follow a very 

standardized approach as shown in Figure 2. The 

first step is to discover a miRNA(s)-gene target 

pair(s) using bioinformatics prediction softwares 

that are mostly based on sequence 

complementarity between the miRNA seed 

region and 3’UTR site. Chen et al. have compiled 

a list of bioinformatics tools that assist in 

identification of miRNAs, their sequence and 

pre-miR structure, target prediction- both 

computationally and experimentally, and miRNA 

interaction network to other miRNA, and so on32. 

The main focus has been given to target 

prediction tools that are based on different 

principles, such as sequence complementarity to 

the seed region (TargetScan), self-organization 

map (mirSOM), or experimentally validated 

miRNA (DIANE TarBase). Once a miRNA and its 
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target gene(s) are identified, their binding is 

validated by 3’UTR luciferase promoter assay, 

followed by gain and loss of experiments in both 

cellular and animal models to determine their 

biological function; followed by testing their 

translational ability in human samples. 

According to miRBase, 1917 human miRNAs 

have been identified till now, but only a few have 

made their way to clinical validation and trials. 

This is possibly due to diverse effect of miRNAs 

on many genes/pathways, making it difficult to 

use therapeutically. Thus, to make progress in 

miRNA field, care should be given towards its 

validation in human studies and improving its 

tissue-specific delivery. Many modes of delivery 

of miRNAs are available that carry modified 

miRNAs mimics or antagomirs to prevent their 

degradation. They are further enclosed into 

vesicles made from polymer, lipid, viral vector, 

membrane vesicles, nanoparticles, etc. for in 

vivo delivery and uptake by tissue33, 34. They are 

sometimes labeled by ligands to take up by 

specific cell receptors, but such studies are scarce. Thus, more focus should be given to cell specific 

delivery of miRNAs to overcome off-target effects. 

 

Figure 2. Standardized approach for miRNA study.  
A miRNA study is begun by first identifying the miRNA or gene of interest and finding its target using 

bioinformatics approach. Followed by in vitro binding using luciferase assay and gain and loss of function 
in cellular and animal model of disease. Lastly validating its human relevance by determining its 
expression or function in patients’ samples. 
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Lastly, we searched the keyword ‘miRNA’ in the 

clinical trials database (https://clinicaltrials.gov/) 

to determine the progress of miRNA and found 

945 trials, as of Oct 2020. The distribution of 

these trials in terms of their status is shown in 

Figure 3. Among these, 488 were observational 

and 457 interventional; interestingly in 

interventional studies, most of them were based 

on miRNAs as diagnostic marker, very few 

included drugs that altered miRNA expression 

and function. The status of most of the 

interventional studies was unknown at that time, 

only one of them reported their outcome as an 

adverse effect. This study was the phase-I trial of 

administration of miR34a enclosed in liposome 

vesicle in patients with advanced solid tumors. 

The trial was closed early due to immune related 

adverse outcomes and death of 4 patients35, 

indicating infancy of miRNA in clinics. Thus, cell 

specific delivery and uptake of miRNAs and 

protection from off-target immune responses 

should be the focus of future studies. Another 

strategy to improve the translational potential is 

the use of an appropriate animal model that 

mimics actual disease conditions or utilization of 

different models based on different molecular 

mechanisms of disease. This could assist in 

improved outcome of miRNAs therapy.  The 

dynamic regulation of miRNAs is difficult to 

comprehend, their differential regulation in 

tissues makes miRNAs therapeutic a blessing in 

disguise. Thus, the progress from bench to 

bedside could be possible if the process of 

miRNAs discovery and development could be 

streamlined. 
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