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Abstract

Background: MicroRNAs (miRNAs) represent a novel class of single-stranded RNA molecules of 18–22 nucleotides
that serve as powerful tools in the regulation of gene expression. They are important regulatory molecules in
several biological processes.

Main body: Alteration in the expression profiles of miRNAs have been found in several diseases. It is anticipated
that miRNA expression profiling can become a novel diagnostic tool in the future.
Hence, this review evaluates the implications of miRNAs in various diseases and the recent advances in miRNA
expression level detection and their target identification. A systematic approach to review existing literature
available on databases such as Medline, PubMed, and EMBASE was conducted to have a better understanding of
mechanisms mediating miRNA-dependent gene regulation and their role as diagnostic markers and therapeutic
agents.

Conclusion: A clear understanding of the complex multilevel regulation of miRNA expression is a prerequisite to
explicate the origin of a wide variety of diseases. It is understandable that miRNAs offer potential targets both in
diagnostics and therapeutics of a multitude of diseases. The inclusion of specific miRNA expression profiles as
biomarkers may lead to crucial advancements in facilitating disease diagnosis and classification, monitoring its
prognosis, and treatment. However, standardization of methods has a pivotal role in the success of extensive use of
miRNA expression profiling in routine clinical settings.
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Background
MicroRNAs (miRNAs) are 21–25 nucleotide, single-
stranded, non-coding RNA molecules that play an
important role in regulating gene expression. Fol-
lowing the discovery of the first miRNA, lin-4, in
Caenorhabditis elegans in the year 1993, several
miRNAs have been discovered with the recent de-
velopment of high-throughput sequencing technolo-
gies and computational and bioinformatics
prediction methods [1, 2]. miRNAs play a vital role
in the regulation of diverse processes, including cell

proliferation, apoptosis, fat metabolism,
hematopoietic differentiation, and regulation of im-
mune system [3]. The aberrant miRNA expression
has profound implications in a wide range of hu-
man diseases such as schizophrenia, diabetes, can-
cer, and infectious and autoimmune diseases [4].
The recent studies in relation to miRNA expression
profiling are proving it to be clinically relevant to
diagnosis, progression, and outcome of certain dis-
eases [5].
Thus, this review overviews the implications of miR-

NAs in various diseases and the recent advances in mo-
lecular diagnostics and therapeutics. It will also provide
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noteworthy insights into human miRNA biogenesis and
regulation.

Main text
Methods
The review was conducted following the methodology
suggested by Arksey and O’Malley [6]. The search for
relevant literature was conducted via Google search en-
gine using the search terms “Micro-RNA”, “mechanism
of MicroRNA gene regulation”, “MicroRNA in diseases”,
“miRNA function”, “miRNAs as diagnostic markers”,
and “miRNA in therapeutics”. Two authors independ-
ently searched through the literature, which was then
compared, and duplicate articles were eliminated. Even-
tually, 25 unique academic publications were included in
this review. Figure 1 shows the study selection process
with the help of a PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) flow diagram
[7]. A narrative synthesis was used to analyze the find-
ings of the research articles.

Biogenesis and gene regulation
We need to foremost understand the current concepts
of the mechanisms of miRNA-mediated gene regulation,
in order to elucidate their probable target sites in mo-
lecular diagnostics and therapeutics. miRNA precursors
are commonly found in clusters, within intergenic re-
gions and introns of protein-coding genes [8, 9]. The
majority of miRNAs is transcribed by RNA polymerase
II, following which, these primary miRNAs (pri-miR-
NAs) undergo processing by the microprocessor com-
plex, consisting of an RNA-binding protein DGCR8 and
a ribonuclease III enzyme, Drosha, to form precursor
miRNAs (pre-miRNAs). Their transport into the cyto-
plasm is mediated by an exportin 5/RanGTP complex
for further processing by cytoplasmic RNase III endo-
nuclease Dicer to generate a mature miRNA duplex [10].
Finally, the miRNA duplex is incorporated into the
Argonaute (Ago) family of proteins to generate an ef-
fector complex. Usually, one strand of miRNA (known
as passenger strand) is degraded, whereas the other

Fig. 1 Study selection process using PRISMA
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strand remained bound to Ago as mature miRNA (guide
strand). Recently, non-canonical miRNA biogenesis
pathways have also been elucidated which may be
grouped into Drosha/DGCR8-independent and Dicer-
independent pathways [11–13]. miRNAs interact with
complementary sequences called miRNA response ele-
ments (MREs), usually at the 3′ UTR of their target
mRNAs to induce translational repression or degrad-
ation [14, 15]. Upregulation of a specific gene can in-
crease the MRE load of a particular miRNA, thereby
sequestering that miRNA away from other mRNA tar-
gets [16, 17]. This concept may be utilized for thera-
peutic intervention as well. Following miRNA: target
mRNA interaction, the formation of RNA-induced silen-
cing complex (RISC) starts with the recruitment of the
GW182 family of proteins and other effector proteins,
followed by degradation by exoribonuclease [18]. Al-
though most studies focus on how miRNAs inhibit gene
expression, some have also reported microRNA-
mediated translational activation, involving AGO2 and
FXR protein 1 instead of GW182 family proteins [19].
The biogenesis of miRNA and the miRNA-directed
regulation of target mRNA is depicted in Fig. 2.

Increasing evidence suggests that extracellular miRNAs
act as intercellular signaling molecules and can activate
downstream signaling events, eventually leading to bio-
logical functions. miRNAs are present in nearly all body
fluids such as serum, cerebrospinal fluid, saliva, breast
milk, urine, tears, colostrum, peritoneal fluid, bronchial
lavage, seminal fluid, and ovarian follicular fluid. These
circulating miRNAs are associated with exosomes, micro-
vesicles, and apoptotic bodies or bound with protective
proteins, which confer them stability at room temperature
for up to 4 days and in extreme conditions such as boiling,
multiple freeze-thaw cycles, and high or low pH. There-
fore, they have immense potential to serve as excellent
biomarkers for a variety of diseases [20].

Oncogenic and tumor suppressor miRNAs
Over the past decade, a multitude of miRNAs has been rec-
ognized as dysregulated in many disease states, particularly
cancer. It is now evident that the aberrant miRNA expres-
sion profoundly affects cancer-related signaling pathways
such as cell proliferation, cell cycle control, apoptosis, dif-
ferentiation, migration, and metabolism [21, 22]. Quite a
number of miRNAs have been categorized as oncogenic or

Fig. 2 Biogenesis of miRNA and formation of RISC leading to regulation of target mRNA by miRNA
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tumor suppressive. Nevertheless, in order to define a par-
ticular miRNA gene as an oncogene or a tumor suppressor
can be challenging because their expression patterns are
tissue-specific. Furthermore, a single miRNA can regulate
multiple targets controlling different signaling pathways
[23]. Thus, the functional status of a specific miRNA may
change according to the setting, as a tumor suppressor in
one situation and an oncogene in another.
miR-21 was termed as first oncogenic miRNA due to

its universal overexpression in multiple malignancies
such as glioblastomas and breast, colon, and pancreatic
cancer [24]. Recently, it has been evidenced that miR-21
represses four tumor suppressor genes in order to pro-
mote cell transformation, tumor growth, invasion, and
metastasis [25–27]. Similarly, miR-155 is found to be
highly expressed in certain types of B cell lymphomas
and breast, lung, cervical, and colon cancer [28–30].
miR-21 and miR-155 are being explored as promising
therapeutic targets for controlling carcinogenesis [31].
On the other end of the spectrum, there is a loss of
tumor suppressive actions of miR-15a and miR-16-1 in
chronic lymphocytic leukemia and multiple myeloma
and let-7 in lung and breast cancers [32]. In these cases,
miRNA replacement therapy is being explored to restore
the function of lost miRNAs in the diseased cells [33].
Atypical miRNA expression can also result from the

altered activity of transcription factors in cancer cells. A
classic example is transcription factor Myc, which binds
to miRNA promoter and results in downregulation of
miRNAs such as let-7, miR-15a/16-1, miR-26a, and
miR-34 family members having anti-proliferative and
pro-apoptotic activities [34, 35]. The transcription factor
p53, commonly known as the guardian of the genome, is
mutated in 50% of human cancers. To the exhaustive list
of transcriptional targets of p53 are included the miR-
NAs such as miR-34 family, miR-107, miR-200, and
miR-192 that inhibit tumorigenesis [36, 37]. This, in
turn, further enhances tumor suppressor role of p53.

Scope of miRNA-based diagnostics and therapeutics in
human diseases
miRNA is an emerging star in the field of diagnostics
and therapeutics. As the regulatory role of miRNAs in
the pathological processes of numerous diseases is being
recognized, they are gradually entering as potential tar-
gets in diverse fields such as cancer, cardiovascular dis-
eases, stroke, and neurological disorders such as
Alzheimer’s disease, multiple sclerosis, and viral infec-
tions [38, 39]. This is bestowed to the fact that these cir-
culating biomarkers are quite stable in serum and other
body fluids. They are thermodynamically preserved
under extreme conditions and can be detected by several
techniques [40]. Moreover, miRNAs are quite consistent
in formalin-fixed tissues. Their expression profiling is

more reliable than mRNA profiling during the classifica-
tion of different tumor types as well as identification of
metastatic cancers of unknown primary origin [41–44].
Asuragen, a pioneering pharmaceutical company, initiated
the first ever miRNA-based diagnostic test to differentiate
between pancreatic cancer and pancreatitis [45]. There are
ongoing trials going on consistently in the development of
miRNA-targeted drugs for diverse diseases [46].

miRNAs as diagnostic and prognostic markers in human
diseases
The list of miRNAs which may be used as potential bio-
markers in diverse diseases is exhaustive. Studies have
suggested that miR-30a, miR-126, miR-145, miR-122,
miR-221, miR-223, and let-7 family members could be
used as reliable markers for the early diagnosis of ische-
mic stroke. Further, miR-124-3p and miR-16 are poten-
tial diagnostic markers to discriminate hemorrhagic and
ischemic stroke [47]. The expression profile of miR-30
has also been found to be altered in patients with acute
myocardial infarction [48]. Elevated levels of circulating
hsa-miR-133b may indicate patients requiring urgent
coronary revascularization [49]. A panel of circulating
miRNAs (hsa-miR132-3p, -150-5p, and -186-5p) could
differentiate between patients with stable vs unstable an-
gina [50]. Certain platelet-rich miRNAs have shown the
prospect of been used as biomarkers in cardiac arrhyth-
mias particularly atrial fibrillation [51]. miRNA expression
profiling assays may provide valuable information to guide
drug regimen selection, particularly in cancer. The high
miR-21 expression is associated with a poor therapeutic
outcome in patients with colon adenocarcinoma receiving
fluorouracil-based chemotherapy [52]. MicroRNA-181a
may serve as a novel diagnostic and prognostic indicator
to monitor the involvement of the central nervous system
in childhood acute leukemia [53].
miR-132 plays an important fine-tuning role in the

physiological regulation of renin level, and thereby regulates
electrolyte and blood volume homeostasis [54]. There is
also a significant role of miRNAs in the pathogenesis of
many allergic diseases, including asthma, eosinophilic
esophagitis, allergic rhinitis, and eczema [55, 56]. Studies
implying the involvement of microRNAs in mycobacterial
infections are also being unraveled. MicroRNA signatures
of tuberculosis as diagnostic biomarkers may provide new
avenues for studying the immune response in this field
[57]. Furthermore, a significant role of miRNAs has been
attributed in the acute rejection process of renal allografts
[58]. Despite advances in the field of allogeneic
hematopoietic stem cell transplantation, the availability of
sensitive biomarkers that can help in early detection of
graft-versus-host disease (GVHD) and monitor its severity
is quite limited. A recent study showed a panel comprising
four circulatory miRNAs (miR-423, miR-199-3p, miR-93,
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and miR-377) that may detect GVHD in patients earlier
compared to clinical diagnosis, which may aid in much re-
quired early intervention in such cases [59]. Table 1 shows
important commercially available miRNA-based diagnostic
markers.

miRNA expression detection
Both serum and tissue samples are suitable for miRNA
expression profiling. The present techniques used for de-
tecting miRNAs include Northern blotting (NB), quanti-
tative reverse transcription-polymerase chain reaction
(RT-qPCR), in situ hybridization (ISH), microarrays, and
RNA sequencing.
NB is a readily available technique for miRNA analysis.

It has an advantage of detecting both the miRNA pre-
cursors and mature miRNAs; however, it is expensive,
laborious, time-consuming, and of low throughput. Fur-
ther, NB is generally used for only semi-quantitative
analysis [60, 61]. RT-qPCR is a gold standard approach
for detection and quantification of miRNA expression
[62]. This technique has high sensitivity and specificity;
nevertheless, it still has a drawback of low-throughput
miRNA profiling [63]. Further, it is very demanding to
design PCR primers of too small size since a typical
miRNA measures 21–24 base pairs only [62].
The parallel analysis of a vast number of miRNAs may be

achieved by miRNA microarray-based methods. The ample
amount of high-quality RNA samples is a must here, which
may be challenging at times. To overcome this drawback,
microfluidic systems requiring only a small amount of input
material and allowing single-cell miRNA profiling is now
available [64]. Several technical variants such as
immobilization chemistry and microarray chip signal detec-
tion methods have been developed in the last decade to fa-
cilitate easy and fast miRNA identification [65, 66]. The
relative expression level of miRNA of interest across differ-
ent tissue compartments can be readily determined using
in situ hybridization even without RNA isolation. Microflui-
dic devices for automatic FISH applications are also being
developed [67–69].
Emergence of next-generation sequencing (NGS) tech-

nology has provided a convenient platform to study and
facilitate the discovery of novel circulating miRNAs,
whereby it is possible to sequence multiple samples at
one time. In comparison to microarray technology, NGS
is more sensitive and specific and does not suffer from

issues such as background noise and cross-hybridization;
nevertheless, the high expense comes as a hurdle for its
extensive usage in routine laboratories [70]. There is also
an advancement of sensitive technologies such as silicon
miRNA biosensors and carbon nanotube hybrids that
have been developed for miRNA detection [71–74].

miRNA target prediction tools
It is known that a vast number of targets occur for any
given miRNA. The computational approach model facili-
tates the process of narrowing down the potential target
sites for an individual miRNA. There is a comprehensive
list of available miRNA target prediction tools, each with a
distinct approach to miRNA target prediction. Some
popular online target prediction tools are miRanda-
mirSVR, TargetScan, DIANA-micro T-CDS, TargetMiner,
SVMicrO, and RNAhybrid [75]. These software tools have
enormous capabilities, are easy to use, and ensure periodic
updates and maintenance of the software.
However, it is noteworthy that these online tools cannot

totally assure the actual targets of the miRNA. This is be-
cause, apart from seed matching and binding of comple-
mentary RNA strands, the factors that affect the targets of
a particular miRNA include structural accessibility to 3′
UTR of the mRNA, epigenetic modifications preventing
miRNA binding, and the presence of competing endogen-
ous RNAs [76]. The current limitations in miRNA target
prediction tools will definitely be overcome as we gain
more understanding of the processes of gene regulation.

miRNA in point of care diagnostics
The point-of-care (POC) diagnostics is an ever-
expanding field aiming to achieve a better patient out-
come on the basis of early diagnosis. The development
of POC systems for miRNA detection is widely spread-
ing its wings in the horizon. The current strategies for
miRNA quantification such as NB, ISH, RT-qPCR, mi-
croarrays, and NGS have their limitations at POC testing
level; therefore, new technologies are constantly being
explored for detection of miRNA in this domain.
The first POC technique of interest is isothermal amp-

lification that can rapidly and efficiently amplify small
nucleic acids without precise control of temperature cyc-
ling under simple conditions. A number of isothermal
amplification techniques have been developed lately,
such as branched rolling circle amplification (BRCA),

Table 1 Commercially available miRNA-based diagnostics

Diagnostic marker Number of miRNAs in panel Disorder Company

ThyraMIR/ThyGENX 10 Thyroid cancer Interpace Diagnostics/Asuragen

OsteomiR 19 Osteoporosis TAmiRNA

ThrombomiR 11 Cardiovascular diseases TAmiRNA

miRview mets 64 Cancers of unknown primary origin (CUP) Rosetta Genomics/Precision Therapeutics

Saini et al. Egyptian Journal of Medical Human Genetics            (2021) 22:4 Page 5 of 9



exponential amplification reaction (EXPAR), hybridization
chain reaction (HCR), catalytic hairpin assembly (CHA),
strand-displacement amplification (SDA), duplex-specific
nuclease signal amplification (DSNSA), and loop-mediated
isothermal amplification (LAMP) [77]. Lateral flow assay
(LFA)-based POC devices are one of the most convenient
systems used for target miRNA detection. These devices
are easy to operate, reasonably priced, highly sensitive, and
specific due to minimum interferences [78, 79]. Lateral flow
nucleic acid biosensors for detection of miRNA-21 and
miRNA-224 have been developed recently [80, 81]. A pH-
responsive miRNA amplification method has been devel-
oped by Feng et al. to quantify miRNA-21 in cancer cells
[82], and the results were comparable with that of RT-
qPCR analysis. Oligonucleotide template reactions have
been successfully applied to a wide range of chemistries.
The procedure is isothermal, highly cost-effective, and does
not require any amplification step. This method allows the
quantitative identification of circulating miRNA bio-
markers, such as miR-375, miR-141, and miR-132, in blood
samples [83, 84].
Nano beads and electrochemical and microfluidic chip-

based systems are also suited for POC diagnostics wherein
miRNA can be directly detected in the clinical samples
without any amplification [85, 86]. Nevertheless, the de-
velopment of POC for miRNA detection is still in an in-
fant stage and needs further research and development.

miRNA in therapeutics
The recent understanding of the role of miRNAs in the
pathogenesis of several diseases anticipates that miRNAs
are the next important class of therapeutic molecules.
There are two strategies via which miRNAs may be used
in the development of new therapies. Firstly, miRNA an-
tagonists could provide a therapeutic benefit by lowering
down the upregulated endogenous miRNA expression,
and thereby leading to the regulation of target gene(s) in
diseased tissues [87, 88]. One of the classic examples is
that of miR-122, a liver-specific miRNA, which plays an
important role in the replication of hepatitis C virus
(HCV) and is found to be upregulated in HCV-positive
patients [89–91]. Miravirsen, a modified locked nucleic
acid (LNA) miRNA antagonist under clinical trial, is an
experimental drug for the treatment of such patients. It
acts by sequestering and inhibiting miR-122 from bind-
ing to the HCV genome, thereby preventing its multipli-
cation [92]. These promising results foresee the potential
of LNA-associated miRNA in treating other refractory
diseases such as cancer. Peptide nucleic acids (PNA) are
also analogs with high stability and specificity with a
neutral charge, therefore easier to transfer in the bio-
logical system. A successful example is that of naked
PNA-based antisense miR-155, which causes specific in-
hibition of B cell population in cultures or mouse

models [93, 94]. This drug is considered as an appropri-
ate research candidate for therapeutic intervention to
treat different kinds of leukemia.
The second line of treatment in relation to miRNA is

miRNA replacement therapy where miRNA mimics,
such as miR-34a and let-7, are used to restore the func-
tion of lost miRNAs in the specific cells [33, 95, 96].
Similarly, miR-143/145 cluster has been found lost in a
variety of cancers, and their re-expression with the help
of miRNA mimics is considered a promising mode of
therapy [97]. The fact that the systemic administration
of a liposome-formulated miR-143/145 expression vector
resulted in reduced outgrowth of pancreatic cancer sup-
ports the concept well [98]. Table 2 compiles some of
the ongoing projects on miRNA-based therapeutics.
miRNA-based candidate drugs are still in the develop-
mental phase, and none has yet been approved for med-
ical intervention.
miRNA delivery to the target tissue has been an active

area of research. This will not only prevent side-effects
of drugs or genes on other body tissues but also will
possibly be more effective due to specific tissue being
targeted by the maximum concentration of miRNA ther-
apy. However, miRNA replacement therapy can be chal-
lenging due to factors such as rapid degradation by
RNase, triggering of the immune response, insufficient
cellular uptake, and possible cytotoxicity. Both viral and
non-viral vectors are available for miRNA delivery; how-
ever, the major disadvantage with viral vectors is the
stimulation of the immune system. Therefore, non-viral
vectors and synthetic carriers are more appropriate.
These carriers may be classified as lipid-based, low mo-
lecular weight polyethyleneimine-based nanoparticles,
dendrimer-based, poly lactide-co-glycolide (PLGA) parti-
cles, and other non-viral miRNA carriers [99, 100]. In-
tranasal topical delivery of the miRNA mimics/
antagonists to the lung can potentially be used in the
treatment of allergic diseases [101]. Nevertheless, there
still remain hurdles in tissue-specific targeting and deliv-
ery of these small therapeutic molecules.

Future prospectives
Many more miRNAs and their functions are expected to
be explored soon with ever-evolving sequencing tech-
nologies. Additionally, more insight will be gained into
the diagnosis and mechanisms of miRNA regulation
conclusively. Since several miRNAs have multiple target
genes, therefore, what predicts the relationship between
multiple members of a miRNA gene family and multiple
target genes remains an inevitable question to be an-
swered in the future. The study of compartmentalization
of miRNAs within body fluids is among one of the inter-
esting fields of future research.
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The young developing field of miRNAs is likely to ad-
vance many preclinical projects to humans in the com-
ing decade. The entry of miRNAs from the laboratory to
the pharmaceutical industry is showing encouraging re-
sults. The use of extracellular miRNAs as molecular bio-
markers in diverse diseases is a very attractive and
promising concept. Additionally, they might offer advan-
tages of reflecting specific cellular pathophysiological al-
terations. They could also allow early diagnosis and
identification of subjects at risk before the actual appear-
ance of the disease.
Although miRNAs may be labeled as versatile bio-

markers well-suited for reflecting the pathophysiological
processes underlying diseases, there are still a number of
limitations. The large variation observed for miRNAs
within the same population could make the identifica-
tion of diagnostic range very challenging. Further studies
are required to confidently differentiate between “nor-
mal” and “altered” levels of miRNA expression, specific
to a particular tissue. They may also have to be adjusted
according to the race, gender, and age. The present
scenario shows technical difficulties and variations in
high-throughput profiling studies between labs and
across different platforms. Standardization of universal
procedures such as the collection of sample, extraction,
storage, profiling techniques, and statistical comparison
of different techniques along with rigorous quality con-
trol will pave the way for induction of miRNA expres-
sion profiling in routine diagnostics to a large extent.
The need of the hour is alternative methodological ap-

proaches for measurement of circulating miRNAs that
are reliable, fast, and cheaper. The non-invasive sources
of body fluids such as saliva and urine for the measure-
ment of miRNA expression still remain unexplored to a
larger extent. In the burgeoning field of RNA therapeu-
tics, a major challenge also lies in the targeted delivery
of miRNA mimics or antagonists to diseased cells
in vivo. Furthermore, choosing the most appropriate
technology to modulate the miRNA expression is also a
difficult task. With many kinds of research ongoing in
this field, miRNA mimics may be used as an effective
therapeutic method in cancers and other diseases as well
in near future.

Conclusions
The field of miRNAs is like a rising star which has grad-
ually advanced from an infant stage to the level where
miRNAs are rapidly entering the clinic as important
diagnostic and promising therapeutic tools. This review
provides an overview of a multitude of technologies that
have been developed for miRNA quantitation, profiling,
and target detection, and suggests relevant evidence for
future research directions on applied aspects of miRNA
in clinical settings. A study of specific miRNA expres-
sion profiles may lead to crucial advancements for diag-
nosis, facilitating disease classification, monitoring
prognosis, and treatment. The development of miRNA-
targeted drugs is an arduous task, and more trials are
must in the area of RNA therapeutics.
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