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Abstract

MicroRNAs (miRNAs) are small non-coding RNAs that play a significant role in various biological
and pathological processes, including cell proliferation and apoptosis. Several miRNAs have been
implicated in human cancer through methods such as Northern blot analysis, qRT-PCR, miRNA
microarray and Next Generation Sequencing. Research has shown that miRNAs can function as either
oncogenes or tumor suppressors making them potential targets for innovative therapeutic strategies.
Despite their potential, miRNA-based therapeutics faces significant challenges and setbacks in clinical
trials. Significant issues include the need to reduce immunogenic reactions and determine optimal
dosing for effective therapeutic outcomes. A thorough risk evaluation of miRNA therapeutics is
essential to prevent overdosing and reduce off-target effects. Nevertheless, the therapeutic potential of
miRNAs for cancer is clear and further research is necessary to establish their efficacy and safety as
clinical treatments, paving the way for miRNA-based therapies to become viable options in cancer
treatment. This review discusses the role of miRNAs as oncogenes or tumor suppressors, their potential
as biomarkers and their therapeutic strategies.
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Introduction

MicroRNAs are small, non-coding RNAs that consist of ~23 nucleotides and are primarily involved
in mRNA regulation by promoting its degradation and also in balancing the protein levels (Wang et
al., 2016; Etheridge et al., 2011; Chevillet et al., 2014; Kai et al., 2018). They were discovered in 1993
and were described as “mediators of temporal pattern formation” in Caenorhabditis elegans
(Wightman et al., 1993; Lee et al., 1993; Lee et al., 2001; Lau et al., 2001; Hydbring et al., 2013).
Studies have shown that miRNA sequences comprise up to 1% of the human genome (Friedman et al.,
2009).The principal function of miRNAs in humans is to regulate gene expression (O'Brien et al.,
2018) by mRNA degradation and regulation of transcription and translation through both canonical
and non-canonical mechanisms (Kai et al., 2018). The canonical mechanism involves the binding of
miRISC, containing the miRNA guide strand, to the 3'-UTR of the target mRNA (Chevillet et al.,
2014). This occurs according to the miRNA’s seed sequence (the first 2-7 nucleotides from the 5’ end).
This binding initiates mRNA deadenylation, translation repression, and eventually, degradation
(Bartel, 2009; Huntzinger et al., 2011; Eichhorn et al, 2014). However, approximately 60% of
miRNA-mRNA interactions in human cells are non-canonical (Helwak et al., 2013), suggesting that
their chains are not always complementary (Jonas et al., 2015). This suggests that a single miRNA can
target many mRNAs and a single mRNA can have multiple miRNA binding sites, possibly regulating
various biological processes (Chevillet et al., 2014).0One of the major global health concerns is cancer.
Cancer development involves five important stages which include initiation, promotion, malignant
conversion, progression and metastasis. Various oncogenes and tumor suppressor genes have been
identified but the molecular mechanisms responsible for cancer development and its prevention remain
evasive. Remarkably, more than 50% of miRNA genes are located in cancer-associated genomic
regions or fragile sites (Calin et al, 2004), implying a major role of miRNAs in cancer
pathogenesis.Currently, thousands of miRNAs have been predicted across animals, plants and viruses
by implementing various methods (Zhang et al., 2006b) which include experimental techniques (Lee
et al., 2001), computational approaches (Brown et al., 2005), and expressed sequence tag (EST) and
genomic survey sequence (GSS) analysis (Zhang et al., 2005; Zhang et al., 2006a). However, only a
few have been experimentally proven (Griffiths-Jones et al., 2006). The computational evaluation
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shows that miRNAs may add up to more than 1% of the total protein-coding genes (Lai ef al., 2003;
Lim et al., 2003a; Lim et al., 2003b) and over 30% of protein-coding genes may be miRNA targets
(Berezikov et al., 2005; Lewis et al., 2005).Recent developments have elevated our understanding of
the origins, functions and therapeutic applications of miRNA. Studies have revealed that levels of some
circulating miRNAs involved in angiogenesis and cardiac muscle contractility are determined by the
magnitude and duration of exercise, thereby specifying their role in mediating the physiological
cardiac adaptation to exercise (Baggish et al., 2011; Clauss et al., 2016; Cui et al., 2017). Furthermore,
miRNAs play an important role in creating induced pluripotent stem cells (iPS) where they are
repressed by reprogramming factors, converting average fibroblasts into iPS cells (Ranganathan et al,,
2014).Nevertheless, the most promising role of miRNAs is their prospect as biomarkers. Evidence
indicates their important role as biomarkers in cancer through exosome-mediated intercellular
communication (Wong et al., 2019; Zhang et al., 2018; Gao et al., 2018), in neurology for the diagnosis
and prognosis of Alzheimer’s disease (Wiedrick et al., 2019), spinal cord injury (Tigchelaar et al.,
2019), epilepsy (Raoof et al., 2018) or neurodegenerative diseases (Sheinerman et al., 2013). This
review provides a concise overview of miRNA biogenesis and highlights their dual roles as oncogenes
and tumor suppressors with specific examples. It also explores the potential of miRNAs as biomarkers
and their possible therapeutic strategies and their applications, citing some notable clinical trials.
Finally, it concludes by addressing the current challenges faced in miRNA-based therapies and
outlining their prospects.

Bt | ewosoors [ <= D=
history

— |

RT-gPCR Znec:: Biomarkers

Northern blot .
hybridization Therapeutics

OncomiRs

Clinical trials

i

Sequencing

Tumour

m— Suppressors
hybridization

Brief History

In 1993, Lee et al., made a groundbreaking discovery that significantly advanced our understanding
of gene regulation. They identified microRNAs (miRNASs), a class of non-coding RNAs that play a
crucial role in the regulation of gene expression, in the nematode Caenorhabditis elegans. They found
that the down regulation of the lin-14 protein in these organisms was essential for the transition from
the first larval stage (L1) to the second larval stage (L2). This process depended on the transcription
of another gene, lin-4. Intriguingly, the lin-4 gene did not encode a protein but instead produced two
small RNAs, approximately 21 and 61 nucleotides long. The longer sequence formed a stem-loop
structure, serving as a precursor for the shorter RNA. Subsequent studies by Lee et al., 1993 and
Wightman et al., 1993 revealed that the smaller RNA had antisense complementarity to multiple sites
in the 3" untranslated region (UTR) of lin-14 mRNA and this binding between complementary sites
diminished lin-14 protein levels without changing mRNA levels. These studies proposed a model in
which base pairing between numerous lin-4 small RNAs and the complementary sites in the 3’ UTR
of lin-14 mRNA causes translational repression of lin-14 thereby facilitating progression from L1 to
L2 in C. elegans development. Initially, this mechanism of gene regulation was thought to be unique
to C. elegans but later in 2000, two independent groups discovered that a small RNA called let-7 was
important for transitioning from a later larval stage to adult in C. elegans (Reinhart et al., 2000; Slack
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et al., 2000). Homologs of let-7 were discovered in many organisms, including humans (Pasquinelli et
al., 2000), marking a pivotal expansion of miRNA research. Following these discoveries, there was a
huge surge in research where numerous laboratories started cloning many small RNAs from humans,
flies and worms. These non-coding RNAs, 19 to 24 nucleotides long, were derived from a long
precursor with a stem-loop structure (Bartel, 2004). It was found that many of these miRNAs were
evolutionary conserved across species and showed cell-type specificity. This recognition and
validation of miRNAs led to extensive research aimed at identifying new miRNAs which resulted in
the discovery of numerous miRNAs across different species of plants and animals. In 2002, the miRNA
registry, miRBase, was established as the primary online repository for miRNA sequences, annotation,
nomenclature, and target prediction information (Griffiths-Jones, 2004; Griffiths-Jones et al., 2008).
The latest edition, miRbase version 22, includes 38,589 entries representing hairpin precursor miRNAs
that express 48,885 mature miRNA products across 271 different species. Despite these advances, the
biological significance of many annotated miRNAs remains unknown and requires further validation.

Methodology

Research has explored molecular testing to improve the diagnostic process and create effective
treatment plans. The goal is to identify miRNAs involved in common diseases worldwide and discover
new ones associated with these conditions. However, this endeavour has proven challenging due to the
recent emergence of miRNA research. There are still uncertainties regarding detection limits, the range
of concentrations in body fluids, and how these parameters change with factors such as age, gender
and health status (Gillespie et al., 2018).

RT-qPCR:

Quantitative reverse transcriptase PCR (RT-qPCR) is widely considered the gold-standard method for
quantifying miRNAs (Gillespie et al., 2018; Chen et al., 2018; Yuan et al., 2018). The primary PCR
technique used is stem-loop RT-based TagMan microRNA assay, which is known for its high
sensitivity and specificity (Chen et al., 2011). It is a two-step process, in which the first step requires
the binding of miRNA molecules with primers at their 3’-end, followed by stem-loop reverse
transcription. The second step involves real-time PCR to quantify the targeted miRNAs (Chen et al.,
2005).

Other available methods include direct RT-based and poly (A) tailing-based SYBR miRNA assays
(Chen et al., 2011), but these techniques may have sensing errors for the samples used and
contamination risk during the amplification steps (Gillespie et al., 2018).

Northern blot hybridization:

Another method for quantitative assessments of miRNAs is northern blot hybridization, which
involves the separation of total RNA on a polyacrylamide gel, that possesses the property of
denaturation, followed by its transfer on a nylon membrane after which the RNA undergoes UV cross-
linking and finally, hybridization with a radioactive substance (Pacak et al., 2016; Barciszewska-Pacak
etal., 2015; Kruszka et al., 2014; Smoczynska et al., 2019). However, this technique is labor-intensive,
requires large amounts of RNA and may omit rare types of miRNAs (Smoczynska et al., 2019). Efforts
have been made to improve the method, thereby leading to the usage of lower quantities of RNA and
shorter execution times (Pall ef al., 2008; Wang et al., 2010; Varallyay et al., 2007).

miRNA microarray:

While northern blotting is widely used for miRNA analysis, it has limitations, which include unequal
hybridization efficiency (Thomson et al, 2004), and difficulty in detecting multiple miRNAs
simultaneously. It is important to compare miRNA expression patterns between cancerous and normal
cells in cancer research. Thereby, suggesting that it is more useful to have methods that detect all
miRNA expressions at the same time. Two-colour fluorescence-based microarray technology (DNA
microarray) has been adapted for miRNA detection. Modified DNA microarray technology is used by
various laboratories to form miRNA microarray technology (Babak et al., 2004; Barad et al., 2004;
Liang et al., 2004; Liu et al., 2004; Nelson ef al., 2004; Thomson et al., 2004). Thomson ef al., 2004
developed a custom dual-channel miRNA microarray platform and used it to study the expression
levels of 124 mammalian miRNAs. They found that the expression patterns of miRNAs are quite
different between adult mouse tissue and embryonic stem cells (Thomson ef al., 2004). Lu et al., 2005
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generated a strategy to detect miRNA expression profiles in various human cancers. To solve the issues
about probe specificity in miRNA microarray analysis, they performed hybridization in solution after
which they quantified the polymer heads which were hybridized to miRNA species using multicolour
flow sorting. This method can be used to find out miRNA expression profiles even in poorly
differentiated tumors in cancers. This method helps us to enhance our understanding of the relationship
between cancerous and normal tissues (Liang et al., 2005; Liu et al., 2004). Additionally, it has been
extensively used to examine miRNA roles in cancer (Calin et al., 2005; lorio et al., 2005; Lu et al.,
2005) and has identified several miRNA oncogenes and tumor suppressors.

In situ hybridization (ISH) and Next-Generation Sequencing (NGS):

These are additional methods for identifying miRNAs. /n sifu hybridization uses radioactive,
fluorescent or dioxygenin probes to bind the target RNA allowing comparison of miRNA expression
in different cells. However, it is labour-intensive, time-consuming and susceptible to errors (Javelle et
al., 2012). Next-generation sequencing is a highly accurate technique capable of detecting single
miRNAs with the accuracy of one nucleotide, but its high costs limit its broader accessibility
(Smoczynska et al., 2019).

Result

Biogenesis of miRNA:

An overview of miRNA biogenesis is illustrated in Fig 1. Initially, miRNA transcripts are transcribed
by RNA polymerase II as long primary miRNAs (pri-miRNAs), which are several hundred nucleotides
long and feature a 5’ guanosine cap and a 3’ polyadenylated tail. These can be non-coding or reside
within the introns of coding genes. The pri-miRNA is then processed into ~70- to 120-nucleotide
precursor RNA (pre-miRNA) by a multiprotein complex known as Microprocessor (Fig. 1A). This
complex includes Drosha, a ~160-kDa nuclear RNase III enzyme (Lee et al., 2003) that is highly
conserved in animals but not in plants (Wu ef al., 2000). Drosha dimerizes with DGCRS (also known
as Pasha) to form the functional Microprocessor complex (Fig. 1A) (Denli et al., 2004; Gregory et al.,
2004; Han et al., 2004; Landthaler et al., 2004). The transcribed pre-miRNA, characterized by a 5’
phosphate and a ~2-nucleotide 3’ overhang, is then transported to the cytoplasm by exportin 5 (Exp-
5), a Ran-dependent nuclear transport receptor (Fig. 1B) (Lund ef al., 2004; Yi et al., 2003). In the
cytoplasm, the pre-miRNAs are further processed into mature ~18- to 23-nucleotide duplexes by
Dicer-1 with the help of protein kinase RNA activator and transactivation response RNA binding
protein (Fig. 1C, D) (Chendrimada et al., 2005; Lee et al., 2006; Lee ef al., 2002). The two miRNA
strands are separated based on factors like thermodynamic asymmetry and stability of base pairing at
the 5’ end. One strand, known as the guide strand, combines with Argonaute (AGO) proteins and other
RNA-binding proteins forming an RNA-induced silencing complex (RISC) (Fig. 1E) (Schwarz et al.,
2003). The miRNA strand with stable base pairing at the 5’ end (known as the passenger or miR*
strand) is usually degraded (Czech et al., 2009; Okamura et al., 2009). The guide strand, typically the
one with the most unstable base pairing at the 5’ end, directs the complex to the mRNA target through
sequence complementarity, resulting in its degradation or translational repression (Fig. 1F). Ago2
proteins have been localized to P-bodies where miRNAs with their mRNA targets are stored for
degradation or translational repression (Castilla-Llorente et al., 2012). Recent evidence also indicates
that miRNA biogenesis can occur independently of the Microprocessor. Examples include pre—
miRNA-like hairpins called “Mirtrons” that form from spliced and debranched short hairpin introns,
as well as some small nucleolar RNAs (snoRNAs) and endogenous short hairpin RNAs (shRNAs)
(Babiarz et al., 2008; Ender et al., 2008; Okamura et al., 2007; Saraiya et al., 2008).



108 Vol.19, No.02(I), July-December : 2024

I><Al><d><ll] Template DNA

Transcription by RNA Polymerase II

mRNA Translational
degradation inhibition

Fig 1. Biogenesis of miRNA.

Role of miRNAs in Cancer

Oncogenic miRNAs (OncomiRs):

OncomiRs are miRNAs that are overexpressed in tumors, leading to the repression of tumor suppressor
mRNAs therefore promoting tumor cell proliferation and metastasis (Figure 2) (Svoronos et al., 2016).
They can down regulate the expression of pro-apoptotic genes, thus inhibiting programmed cell death
and promoting cell survival, a key characteristic of cancer. Some oncomiRs also promote angiogenesis
by targeting genes involved in angiogenic signaling pathways, thereby facilitating tumor growth and
metastasis (Chakrabortty et al., 2023). Numerous oncomiRs with various roles in cancer growth have
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been identified. The miR-17-92 cluster (miRs-17, -18a, -19a, -20a, -19b, and -92a) down regulates.
PTEN (phosphate and tensin homolog), E2F, the transforming growth factor-f (TGF-P) signalling
pathway, B cell lymphoma/leukaemia 2-like protein 11 (BCL2L11) and thrombospondin-1 (TSP-1)
are down regulated by the miR-17-92 cluster which includes miR-17, miR-18a, miR-19a, miR-19b,
miR-20a, and miR-92a [103]. This cluster promotes tumor growth and is overexpressed in small-cell
lung cancer, colon cancer, hepatocellular carcinoma, thyroid cancer, colorectal adenoma organoids,
and renal cell carcinoma (Zhu et al., 2015; Tsuchida et al., 2011; Takakura et al., 2008; Hayashita et
al., 2005; Martens-de et al., 2022; Lu et al., 2022).Additionally, miR-21 is associated with the down
regulation of PTEN, Tropomyosin 1 (TPM1), and programmed cell death 4 (PDCD4). Overexpression
of miR-21 has been reported in various cancers, including breast, ovarian and colon cancer (Menon et
al., 2022; Ozgun et al., 2013; Echevarria-Vargas et al., 2014).

Tumor-suppressor miRNAs (TS-miRNAs):

Tumor-suppressor miRNAs are miRNAs that inhibit cancer progression (Figure 2) (Svoronos et al.,
2016). Their down regulation promotes cancer development and proliferation. They can directly target
and inhibit the expression of oncogenes, which promote tumorigenesis when overexpressed or mutated
(Calin et al., 2004). They are often located in cancer-associated genomic regions or fragile sites,
making them more susceptible to mutations. Their down regulation can result from dysfunctional
proteins involved in their biogenesis or genetic alterations (Macfarlane et al, 2010). Reduced
expression of key miRNA biogenesis components such as Drosha, DiGeorge Critical Region 8
(DCGRSY) and Dicer significantly decreases miRNA production leading to a more transformed cell
phenotype (Yang ef al., 2010; Qu ef al., 2016; Baradaran et al., 2019; Wen et al., 2011; Zhao ef al.,
2018; Link et al., 2016).For instance, loss of TS-miRNA, miR-16, is associated with the progression
of chronic lymphocytic leukemia, gastric, prostate, and pancreatic tumors (Xia et al., 2008; Shen et
al., 2012; Musumeci et al., 2011; Cimmin et al., 2005; Calin et al., 2002). The Let-7 family miRNAs
are tumor suppressors that target the Ras and Myc oncogenes (Johnson et al., 2005). Ectopic expression
of the Let-7 miRNA family has been shown to induce cell death in lung cancer cells (Kumar et al.,
2008). Korourian et al., 2017 revealed that miR-31 functions as a tumor suppressor gene in gastric
cancer tumorigenesis. It down regulates RhoA, thus decreasing carcinogenesis. This study suggested
that increasing miR-31 levels could serve as a potential therapeutic target for the treatment of gastric
cancer in the future.

Tumor Suppressor
Oncogenic miR iR
Inhibits tumor- Inhibits translation of
suppressor gene miRNAs encoding for
oncogene.
Promotes tumor cell Inhibits
growth. tumorigenesis.

Fig 2. miRNAs as gngomiRs and tumor suppressors.

Discussion
miRNAs as Potential Cancer Biomarkers:
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Advancements in techniques like microRNAome sequencing, microRNA-specific quantitative PCR
and in vivo antisense technologies are believed to greatly influence clinical oncology in the future.
Identifying sensitive and specific biomarkers, especially those detectable in body fluids, is essential
for the early diagnosis of cancer. Early detection through minimally invasive screening tests can
significantly enhance treatment effectiveness and reduce healthcare costs. Current research indicates
the important role of miRNAs in cancer development and progression, making them valuable tools as
cancer biomarkers. Studies have demonstrated that miRNAs can be stably detected in plasma and
serum. Due to their release into circulation and remarkable stability, specific miRNA levels in plasma
and other biological fluids can serve as diagnostic and prognostic biomarkers for various diseases,
including cancer (Figure 3) (Takasaki, 2014). The challenge in using miRNAs as diagnostic tools,
however, lies in detecting specific miRNAs of interest accurately. A novel DNA nanomachine was
developed, recently, to selectively visualize miR-21 in cancer cells (Agarwal et al., 2021). This
nanomachine uses a zeolite imidazole framework-8 (ZIF-8) metal-organic framework (MOF)
combined with two hairpin probes (Y1 and Y2) labelled with fluorescent dye for signal amplification.
In the acidic extracellular environment, the MOF decomposes, releasing the hairpin molecules. These
molecules are then captured by targeted miR-21, triggering catalytic hairpin assembly (CHA)
amplification. This allows the detection of the miRNA at a remarkably low sensitivity (27pM) (Kai et
al., 2018). Such advancements highlight the potential of targeting miRNAs to develop highly sensitive
diagnostics for cancer cells (Yao ef al., 2022). Comparative analyses of miRNA expression profiles
between healthy tissues and tumor samples have revealed unique patterns that can distinguish tumor
from non-tumor cells indicating that miRNA expression profiling could serve as an efficient diagnostic
tool (Yanaihara et al., 2006).
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Fig 3. miRNAs as cancer biomarkers.

a. Diagnosis:

Circulating miRNAs have emerged as promising biomarkers for the diagnosis and early detection of
various cancers. They are readily available in body fluids such as urine, plasma and saliva, making
them suitable for non-invasive diagnosis. For example, urinary miRNA biomarkers have shown
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significant potential for early detection of colorectal cancer. A study demonstrated that levels of miR-
129-1-3p and miR-566 were significantly increased in urine samples from patients in primary tumor
tissues compared to normal tissues (Iwasaki et al., 2022). Similarly, exosomal miRNAs have been
investigated for their diagnostic potential. Exosomes are small vesicles secreted by cells that contain
various molecular components, including miRNA. A study revealed that elevated levels of exosomal
miR-23a and miR-1246 could detect colon cancer in its early stages and differentiate between healthy
and malignant tissues (Ogata-Kawata ef al., 2014). This highlights the utility of exosomal miRNAs as
biomarkers for early cancer diagnosis, offering a minimally invasive diagnostic tool. In melanoma,
circulating plasma miRNAs have shown promise as potential biomarkers. Levels of miR149-3p,
miR150-5p and miR193a-5p were reported to be significantly higher in plasma samples from
melanoma patients compared to healthy individuals (Fogli et al., 2017). Oesophageal cancer is another
area where miRNA biomarkers in body fluids have been explored. Overexpression of miR-144, miR-
10b, miR-451 and miR-21 was reported in saliva from oesophageal cancer patients compared to
healthy patients (Xie et al., 2013). Detecting miRNAs in saliva offers a non-invasive and easily
accessible method for early cancer diagnosis, which could significantly improve patient prognosis.

b. Prognosis:

MicroRNA (miRNA) expression profiles have emerged as important clinical tools, providing valuable
prognostic information about patient outcomes. These profiles can correlate with survival rates across
different tumor types, even in early pathological conditions. For example, low levels of the let-7
miRNA family and high levels of miR-155 are associated with poor prognosis in lung cancer
(Yanaihara et al., 2006). Let-7 miRNAs are known to function as tumor suppressors and their reduced
expression is linked to increased tumor growth. MiR-155 is often up regulated and is implicated in
promoting tumor growth and metastasis. In another study on lung cancer, high levels of miR-137,
miR372 and miR-182 correlated with poor prognosis, while high levels of miR-221 and let-7a appear
to have protective effects. These miRNA expression profiles not only provide prognostic information
but also serve as predictors of tumor recurrence (Yu ef al., 2008). In ovarian cancer patients, high levels
of circulating cell-free miRNAs (cf-miRNA), such as miR-92a, miR-200c, miR-320b, miR-320c, miR-
335, miR-375 and miR-486, are significantly associated with adverse clinical features, suggesting that
these cf-miRNAs can serve as independent prognostic markers (Gahlawat et al., 2022). The potential
of cf-miRNAs as independent prognostic markers is significant. They offer a minimally invasive
method to monitor disease progression, assess treatment efficacy and predict patient outcomes.

¢. Tumor Staging:

MicroRNAs (miRNAs) provide crucial clinical information by differentiating disease stages, including
localized and metastatic cancer. Their expression profiles correlate with disease progression, helping
to choose the right therapeutic interventions and monitor strategies based on the patient’s unique
miRNA expression profile. In prostate cancer, overexpression of miR-141, miR-200 and miR-375 is
associated with increased tumor aggressiveness and metastasis (Farran et al., 2018; Shukla et al.,
2017). Similarly, in colon cancer, elevated levels of miRNA-122 and some miRNA-200 family
members in the plasma of patients are indicative of metastatic disease (Maierthaler et al., 2017).

d. Treatment Resistance:

miRNAs serve as valuable indicators of sensitivity or resistance to chemotherapeutic agents, providing
information that can guide treatment strategies. For example, overexpression of miR-34a, miR-205
and miR-31 is associated with increased sensitivity to taxanes. Contrarily, miR-106b overexpression
is linked to radiotherapy resistance, while miR-449a overexpression increases sensitivity to it (Li et
al.,, 2011; Ni et al., 2017; Thieu et al., 2014). Triple-negative breast cancers (TNBC) are particularly
aggressive and rapidly develop chemotherapy resistance. Genotoxic treatments like doxorubicin (Dox)
significantly increase miR-181a expression in TNBC cells, which in turn promote metastasis. This
miRNA is regulated by the transcription factor STAT3. BAX, a direct target of miR-181a, is
suppressed, reducing apoptosis and promoting cell invasion. Consequently, elevated miR-181a levels
contribute to chemotherapy resistance and increased metastatic potential in TNBC.Targeting miR-181a
with specific antagonists could potentially increase TNBC cell sensitivity to chemotherapy and reduce
metastasis. By inhibiting miR-181a, the expression of BAX would be restored, promoting apoptosis
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and reducing cell invasion. This approach represents a promising therapeutic strategy to overcome
chemotherapy resistance in TNBC and improve patient outcomes (Niu et al., 2016).

Various miRNAs Therapeutic Strategies:

miRNA-based therapies:

Endogenous miRNAs are essential for maintaining cellular homeostasis by regulating gene expression.
In cancer cells, genomic and transcriptomic alterations can disrupt miRNA expression profiles, leading
to widespread transcriptional changes. These disruptions can result in the up regulation of oncogenes
and/or down regulation of tumor suppressors, facilitating metastasis (Bartel, 2009).Most miRNA-
targeted cancer therapies focus on restoring or inhibiting dysregulated miRNAs (Raue et al., 2021).
Restoration involves reintroducing miRNAs that are down regulated in cancer cells to inhibit oncogene
expression, while inhibition targets overexpressed miRNAs to prevent the suppression of tumor
suppressor genes. Recently, miRNA-based detargeting strategies have been used for cell and tissue-
specific targeted therapies (Dhungel et al., 2018). This innovative approach utilizes the binding sites
of down regulated miRNAs in cancer cells to prevent the therapy from targeting normal cells, thus
minimizing off-target effects. This strategy is particularly beneficial for genetic therapies that involve
therapeutic gene transfer.

The above-mentioned approaches are detailed below:

1. miRNA replacement:

Restoring down regulated miRNAs in cancer is one approach to target metastasis. This can be achieved
using miRNA mimics (Hosseinahli ef al., 2018), which are small synthetic RNA duplexes containing
an antisense strand identical to the endogenous miRNA. The sense strand can be chemically modified
to increase stability and enhance cellular uptake. The sense strand may also contain many mismatches
to minimize off-target effects. These mimics are loaded into the RISC complex and inhibit downstream
targets (Fig. 4a) (van Rooji ef al., 2014). MiRNA mimics have been widely studied for therapeutic
purposes in both in vitro and in-vivo cancer models. For example, a combined delivery of miR-195-
5p, miR-101-3p and miR-338-5p mimics effectively reduced tumor growth and the number of
metastatic nodules in animal models of lung cancer (Liu ef al., 2021).

2. miRNA inhibition:

Another approach is to inhibit up regulated oncomiRs, restoring silenced tumor suppressors (Nguyen
et al., 2017).MiRNA inhibitors are single-stranded oligonucleotides complementary to an endogenous
miRNA. These inhibitors bind to the miRNA and prevent its incorporation into the RISC complex
(Fig. 4b) (Rupaimoole et al., 2017). Several types of miRNA inhibitors have shown therapeutic
advantages both in vitro and in vivo including antisense oligonucleotides (ASOs) (Ge et al., 2019),
antagomirs (Xie et al., 2020), miRNA sponges (Tay et al., 2015), miRNA masks (Zhang et al., 2016),
locked nucleic acid (LNA) anti-miRNAs (Nedaeinia et al., 2016) and small miRNA Zippers (Meng et
al., 2017).

a. Synthetic Antisense Oligonucleotides (ASOs):

ASOs are single-stranded, chemically modified DNA molecules, 20-25 nucleotides long, with a full
complementarity to a target miRNA. ASOs form an ASO-miRNA duplex that can lead to miRNA
cleavage and up regulation of the target mRNA thus, inhibiting the binding of mature miRNA to its
target mRNA (Bajan et al., 2020). ASOs have been approved by the FDA for treating Duchenne
muscular dystrophy and spinal muscular atrophy through exon-skipping strategies to restore the
dystrophin expression (Rinaldi ef al., 2018). In cancer therapy and metastasis inhibition, pre-clinical
studies have been shown with ASOs. For example, Ge et al., 2019 designed an ASO to target miR-21,
which is overexpressed in NSCLC and regulates the activity of PTEN. The ASO-based drug was
successful in reducing miR-21 expression and inducing apoptosis in H1650 NSCLC cell lines. ASOs
targeting miR-21 and miR-10b in triple-negative breast cancer (TNBC) cell lines and tumor xenografts
induced cancer apoptosis and inhibited tumor growth and metastasis in a TNBC mouse model
(Devulapally et al., 2015) [31].

b. Antagomir antisense oligonucleotides:

Antagomirs are artificially synthesized single-stranded RNA, 23 nucleotides long, complementary to
a miRNA. They can be chemically modified with a cholesterol moiety for greater stability. In a
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pancreatic cancer mouse model, a cholesterol-modified CXCR4 antagonist delivered with
nanoparticles via an intraperitoneal delivery to localize efficacy and limit systemic side, demonstrated
reduced metastatic activity and complete inhibition of liver metastasis when antagomirs against miR-
210 and siRNA against KRAS were co-delivered (Xie et al., 2020).

c. miRNA sponges antisense oligonucleotide:

miRNA sponges are short, synthetic transcripts mimicking the 3" UTR of mRNAs targeted by the
miRNA, acting as decoys to inhibit miRNA regulation of their target mRNAs (Fig. 4¢) (Tay et al.,
2015). Successful miRNA sponging has been reported for a single miRNA (Ebert et al., 2010). Liang
et al., 2016 designed a miRNA sponge plasmid that targets miR-10b in metastatic breast cancer cell
lines, thus, inhibiting cancer growth, proliferation, migration and invasion. Furthermore, in another
study, a multi-potent miRNA sponge inhibited these four oncogenes, miR-155, miR-21, miR-221 and
miR-222 and promoted anti-tumor effects in human breast cancer and pancreatic cancer cells, thus,
demonstrating greater efficacy in inhibiting proliferation compared to single miRNA-targeted sponges
(Jung et al., 2015).

d. miRNA-masking antisense oligonucleotide:

miRNA-Masking (miR-Mask) oligonucleotides protect mRNAs from miRNA-mediated repression by
shielding the miRNA binding sites on the mRNA (Fig. 4d). This approach requires full
complementarity for better specificity and inhibits miRNA-mediated repression without affecting
miRNA expression. Zhang et al., 2016 studied the effects of a miR-mask designed to complement the
miR-522 binding site within DENND2D and discovered reduced cell migration and invasion in
NSCLC cells.

e. Locked nucleic acid (LNA) antisense oligonucleotide:

Locked nucleic acid anti-miRs (LNA-i-miR) are chemically modified oligonucleotides. They are
formed by connecting the 2’ oxygen and 4’ carbon to create an extra methylene bridge, locking the
ribose ring, thus providing higher thermal and in vivo stability and greater binding affinity to mRNA
targets. LNA targeting miR-21 reduced invasiveness and inhibited the proliferation of human
colorectal adenocarcinoma cells (Nedaeinia et al., 2016). Furthermore, Lima et al., 2018 developed an
approach in which LNA was efficient even when they were delivered at low doses. They targeted miR-
9 with LNAs which promoted CDH1 expression, re-establishing E-cadherin in human gastric cancer
cells. Another study demonstrated that the delivery of LNA-i-miRs against miR-663a and miR-4787-
5p decreased TGFB1-induced EMT, thus, reducing tumor burden and metastasis in an orthotopic
mouse model of pancreatic cancer (Mody et al., 2016).

f. Small RNA zippers:

Small RNA zippers are oligonucleotides complementary to the second and the first halves of a miRNA
that are synthesized and delivered into the cells. They form a duplex of multiple miRNA copies to
inhibit miRNA function. These have increased affinity, specificity and stability. Using miRNA zippers
in breast cancer cell lines resulted in 70-90% inhibition of miR-221 and miR-17 rescuing their target
genes and reversing the oncogenic effects of miR-221. The in vivo applications of miRNA zippers have

~

not been tested yet (Meng et al., 2017).
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Fig 4. miRNA-based therapies.

Clinical trials
Despite their promising potential, there are no accepted miRNA pharmaceuticals cited
on ClinicalTrials.gov. This is due to difficulties faced in developing miRNA-based drugs for cancer
treatment. A notable example of a miRNA drug terminated in clinical trial phase I and whose planned
phase II study was withdrawn, was MRX34 from Mirna Therapeutics, Inc. This trial is elaborated
below:
1. Official title: A Multicenter Phase | Study of MRX34, MicroRNA miR-RX34 Liposomal
Injection.
i.Clinical Trial Identifier (ID): NCT01829971

ii.Phase of Clinical Trial: Phase 1

iii.Objective: To assess the MRX34 safety in primary liver cancer patients or patients with other selected
solid tumors, replenish depleted miR-34, and restore its function in the pS3/WNT cellular pathways.

iv.Study Design:

a. Type of Study: Interventional.
b. No. of Participants: 155.
c. Duration of Study:

o Study Start Date: 04-2013

o Study Completion Date: 05-2017
V.Study Location:

Countries:

. US (Arizona and Texas).

. Republic of Korea (Seoul).
vi.Patient Population:

a. Inclusion Criteria:
J Age: 18 years or older
o Patients with histologically confirmed viral-related hepatocellular carcinoma, small-cell lung

cancer, non-cutaneous/ non-uveal melanoma, ovarian cancer, triple-negative breast cancer, sarcoma,
bladder cancer and renal cell carcinoma.

o Eastern Cooperative Oncology Group (ECOG) performance status < 1

o Acceptable liver function:

¢ Total bilirubin < 1.5 times the upper limit of normal (ULN); for patients with hepatocellular
carcinoma only, total bilirubin < 3 mg/dL.

o Aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline phosphatase
(ALP) <5 x ULN.

o Acceptable renal function:

o Serum creatinine < 1.5 times the ULN or calculated creatinine clearance > 60 mL/min/1.73 m2
for patients with creatinine levels above 1.5 times the institutional normal.

. Acceptable hematological status:

o Absolute Neutrophil Count (ANC) > 1500 cells/mm3.

o Platelet count > 100,000 plts/mm3 (without transfusion); > 75,000 plts/mm3 for patients with

hepatocellular carcinoma.
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0 Haemoglobin > 9 g/dL
o For hematologic malignancy patients, blood count values cited above do not apply.
o Prothrombin time (PT) or International Normalized Ratio (INR) < 1.25 x ULN; for patients
with hepatocellular carcinoma only, INR <1.7 or prothrombin time (PT) or < 4 seconds above ULN
(i.e. Child-Pugh Score is no greater than 1 for the coagulation parameter); for patients with
hepatocellular carcinoma only, serum albumin > 2.8 g/dL (i.e. Child-Pugh Score for alboumin is no
greater than 2). For the hematologic malignancy patients, the coagulation and albumin status cited
above do not apply.
. For hepatocellular carcinoma patients only- Child-Pugh Class A (score 5-6) disease. The score
for hepatic encephalopathy must be 1; the score for ascites must be no greater than 2 and clinically
irrelevant; for the determination of the Child-Pugh Class.

b. Exclusion Criteria:

) Myocardial infarction within the past 6 months, unstable and/or symptomatic arrhythmia or
ischemia on ECG.

o Active, uncontrolled bacterial, viral or fungal infections requiring systemic therapy.

. Pregnant or nursing women.

o Known HIV infection.

. Serious non-malignant disease (e.g., hydronephrosis, liver failure, heart failure, or other
conditions) that could compromise protocol objectives.

) Patients with a recent history of hemorrhage or predisposition to hemorrhage.

. Patients who require therapeutic doses of coumadin-type anticoagulants (maximum daily dose
of 1mg allowed for port line patency).

) Patients with cirrhosis classified as Child-Pugh B or C.

) Patients with central nervous system (CNS) metastasis. Intrathecal chemotherapy is allowed
for CNS prophylaxis or therapy.

. Patients with contraindications to dexamethasone.

c. Gender: All genders.
d. Age: 18 years and older (Adult, Older Adult)
vii.Intervention:
a. Drug: MRX34
b. Administration Route: Intravenous.
c. Dosage: MRX34 administered daily for 5 consecutive days with 2 weeks off (total of 21 days)
for 3 cycles followed by a no-treatment observation period.
viii.Results: Common adverse events among 85 patients included fever [72% of patients at all grades,

with 4% experiencing severe (Grade 3) fever], chills (53% of patients, with 14% experiencing chills),
fatigue (51% of patients, with 9% experiencing severe fatigue), back/neck pain (36% of patients, with
5% experiencing severe pain), nausea (36% of patients, with 1% experiencing severe nausea) and
dyspnoea (25% of patients, with 4% experiencing severe dyspnoea). The recommended phase 2 dose
was 70 mg/m? for hepatocellular carcinoma and 93 mg/m? for non-hepatocellular carcinoma cancers.
Pharmacodynamics results showed miR-34a delivery to tumors and dose-dependent modulation of
target gene expression in white blood cells. Three patients had partial responses and 16 had stable
disease lasting >4 cycles (median 19 weeks, range 11-55) (Hong et al., 2020).

ix.Status: Terminated

x.Reason for termination: Five immune-related serious adverse events.

xi.Conclusion: MRX34 treatment with dexamethasone premedication, demonstrated a manageable
toxicity profile for most patients and some clinical activity. Despite the early closure of the trial due to
serious immune-mediated adverse events resulting in four patient deaths, the dose-dependent
modulation of target genes provided proof-of-concept for miRNA-based cancer therapy.
Another clinical trial that highlighted the need for further research to optimize the efficacy of the
treatment is elaborated on below:
2. Official title: MesomiR 1: A Phase | Study of Intravenously Administered Epidermal Growth
Factor Receptor -Targeted, EnGenelC Delivery Vehicle (EDV)-Packaged, miR-16 Mimic



116 Vol.19, No.02(I), July-December : 2024
(TargomiRs) for Patients with Malignant Pleural Mesothelioma (MPM) and Advanced Non-Small Cell
Lung Cancer (NSCLC) Failing on Standard Therapy.

I. Clinical Trial Identifier (ID): NCT02369198

ii. Phase of Clinical Trial: Phase 1

iii. Objective: To evaluate the safety, optimal dosage and efficacy of TargomiRs in patients with
recurrent malignant pleural mesothelioma (MPM) and non-small cell lung cancer (NSCLC).

iv. Study Design:

a. Type of Study: Interventional.

b. No. of Participants: 27(Actual).

C. Duration of Study:

o Study Start Date: 09-2014

o Study Completion Date: 04-01-2017

\A Study Location: New South Wales, Australia.
vi. Patient Population:

a. Inclusion Criteria:

) Histological or cytological documentation of MPM or NSCLC and evidence of EGFR
expression in tumor tissue.

. Progression during or following the administration of standard 1st, 2nd or 3rd line therapy
regimens.

) Patient must have at least one measurable lesion according to the RECIST 1.1 for NSCLC and
modified RECIST criteria for MPM.

. Male or female patients at least 18 years of age. Eastern Cooperative Oncology Group (ECOG)
performance status of O or 1.

) Life expectancy of at least 3 months.

) Women of childbearing potential and men must agree to use adequate contraception from the

time of signing of the informed consent form until at least 3 months after the last study drug
administration.

J Total bilirubin < 1.5 x the upper limit of normal (ULN), ALT and AST < 2.5 x ULN, Amylase
< 1.5 x ULN, Serum creatinine < 1.5 x ULN, GFR > 60 ml/min/m2, INR/PTT < 1.5 x ULN (patients
who are therapeutically treated with an agent such as warfarin or heparin will be allowed to participate
provided that no prior evidence of underlying abnormality in coagulation parameters exists. Close
monitoring with at least weekly evaluations will be performed until INR/APTT is stable (before
administering the first dose)).

. Platelet count > 100.000 and < 800.000, Haemoglobin (Hb) > 9 g/dl, Absolute Neutrophil count
(ANC) > 1500/mma3. Alkaline phosphatase limit < 2.5 x ULN.

b. Exclusion Criteria:

. Previous phase | drug treatment for the current diagnosis. Previous or concurrent cancer that is
distinct in primary site or histology from MPM or NSCLC within 10 years from the date of screening
EXCEPT for curatively treated cervical cancer in situ, non-melanoma skin cancer and superficial
bladder tumors (Ta, Tis and T1).

. Presence of Salmonella antibodies.Herbal supplements (such as St John's Wort), nutritional
supplements and also (multi)-vitamins taken within the last 30 days before dosing on Day 1 (and
continued use, if appropriate), must be reviewed and approved by the local investigator.

. Major surgical procedures in the last four weeks. Pregnancy or breastfeeding. Congestive heart
failure > New York Heart Association (NYHA) class 2. Unstable angina (angina at rest) or new-onset
angina (< 3 months).Myocardial infarction less than 6 months before eligibility screening.

. Cardiac arrhythmias requiring anti-arrhythmic therapy (beta-blockers or digoxin are
permitted).
o Uncontrolled hypertension (Systolic blood pressure > 150 mmHg or diastolic pressure > 90

mm Hg despite optimal medical management).
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. Avrterial or venous thrombotic or embolic events such as cerebrovascular accident (including
Transient Ischemic Attacks), deep vein thrombosis or pulmonary embolism within 6 months before
the screening radiographic studies.

. On-going infection > grade 2 NCI-CTCAE version 4.0 HIV infection. Chronic hepatitis B or
C. Patients with a seizure disorder requiring medication. Symptomatic brain metastasis (es). The
patient must not be undergoing acute steroid therapy or steroid tapering (Chronic steroid therapy is
acceptable provided that the dose is stable for one month before and following screening radiographic
studies).

) Patients with a history of bleeding diathesis: Any hemorrhage or bleeding event of CTCAE
Grade 3 within 4 weeks of the proposed start of study medication.

o Renal failure requiring hemo-or peritoneal dialysis. Substance abuse, medical, psychological
or social conditions that may interfere with the patient's participation in the study or evaluation of the
study results.

. Known hypersensitivity to bacterial proteins. Any medical condition that is unstable or could
jeopardize the safety of the patient and his/her compliance in the study.

) Unresolved toxicity higher than NCI-CTCAE (version 4.0) Grade 2 attributed to any prior
therapy/procedure excluding alopecia.

c. Gender: All

d. Age: 18 Years and older (Adult, Older Adult).

vii. Intervention:
. Drug: TargomiRs
o TargomiRs consist of three main components:

1. A miR-16-based microRNA mimic. The miR-16 family has been implicated as a tumor suppressor
in a range of cancer types. This mimic is a double-stranded, 23-base pair, synthetic RNA molecule.

2. Drug delivery vehicle - EDVs. EDVs are non-living bacterial minicells (nanoparticles). They
function as leak-resistant micro-reservoir carriers that allow efficient drug packaging.

3. Targeting moiety. The EDVs are targeted to EGFR-expressing cancer cells with an anti-EGFR
bispecific antibody.

o Administration Route: Intravenous

. Dosage: Phase 1 Planned dose levels

o) Dose level 1: 5 billion once a week.

o Dose level 2: 5 billion twice a week.

o) Dose level 3: 5 billion once a week with cardiac monitoring.

o Dose level 4: 2.5 billion twice a week with cardiac monitoring.

o) Dose level 5: Same as dose level 3 with dexamethasone challenge.

All patients start with a micro dose of one billion, increasing their dose over 2 weeks and reach their
phase 1 dose level on week 3.

viii.  Results: In this trial a total of 27 patients were enrolled between September 29, 2014 and
November 24, 2016, of which 26 patients received at least one TargomiR dose (one patient died before
treatment could begin). Five dose-limiting toxicities were observed: infusion-related inflammatory
symptoms and coronary ischemia in two patients who received 5 x 10° TargomiRs twice weekly,
anaphylaxis and cardiomyopathy in two patients who received 5 x 10° TargomiRs once weekly with
reduced dexamethasone prophylaxis and non-cardiac pain in one patient who received 5 x
10° TargomiRs once weekly. The maximum tolerated dose was established to be 5 x 10° TargomiRs
once weekly. TargomiR infusions were accompanied by transient lymphopenia in 25 [96%] of 26
patients, temporal hypophosphatemia in 17 [65%] of 26 patients, elevated aspartate aminotransferase
or alanine aminotransferase levels in six [23%] of 26 patients and increased alkaline phosphatase blood
concentrations in two [8%] patients. Cardiac events were noted in five patients: three patients had
electrocardiographic changes, one patient had ischemia and one patient experienced Takotsubo
cardiomyopathy. Out of the 22 patients assessed for response by CT, one had a partial response, 15
had stable disease and six had progressive disease. The proportion of patients who achieved an
objective response was one of 22 and the duration of the objective response in that patient was 32



118 Vol.19, No.02(I), July-December : 2024
weeks. The median overall survival was 200 days and during the trial, there were 21 deaths, 20 of
which were related to tumor progression and one due to bowel perforation (van Zandwijk et al., 2017).
ix. Status: Completed.

Conclusion

The above-mentioned clinical trials illustrate the several challenges faced, such as toxicity and
immunogenicity, in developing miRNA-based therapeutics. These pose significant barriers to fully
utilizing the therapeutic potential of miRNAs and translating this potential into effective treatments.
Furthermore, for the successful implementation of miRNA therapeutics, the development of improved
targeted delivery systems is important. These systems must be capable of specifically targeting and
delivering miRNA therapeutics to the desired tissues or cells (Chakraborty et al., 2020). The future of
RNA-based therapies heavily relies on these targeted delivery mechanisms, which include lipid and
polymer nanoparticles, cellular or extracellular vesicle packaging, hybrid systems, and viral vectors.
These methods aim to improve the therapeutic efficacy of miRNA therapies while decreasing potential
side effects (Seyhan, 2024). Moreover, the sensitivity, specificity, selectivity, toxicity and overall
clinical applicability of miRNA therapeutics need to be tackled. Given that each miRNA can regulate
multiple genes, a single miRNA might impact many cellular pathways by interacting with multiple
targets, a phenomenon known as “too many targets for miRNA effect” (TMTME) (Zhang et al., 2021).
Conversely, each mRNA can be regulated by multiple miRNAs. While these properties make miRNAs
a powerful therapeutic class, they also present significant challenges in managing adverse effects
observed in clinical trials (Diener et al., 2022). Zhang et al., 2021 suggested that adverse events in
clinical trials involving miRNA therapeutics might be due to these broad-ranging effects of miRNAs.
Additionally, the types of miRNA can differ throughout different stages of cancer, complicating target
prediction. However, this variability might be advantageous for associating specific miRNAs with
particular cancer stages; thus, suggesting the necessity of novel approaches for predicting and
validating miRNA targets (Seyhan, 2024).Another issue that needs to be tackled includes
immunogenic reactions. Although viral delivery systems enhance cellular uptake and miRNA
expressions, they are linked with various side effects, including immunogenicity (Monahan et al.,
2021). A better understanding of the prevalence of these immunogenic reactions from viral transfer
systems is important, specifically clarifying the extent to which these reactions occur. Many miRNAs
are abnormally expressed in various cancers, functioning either as oncogenes or tumor suppressors,
making them potential biomarkers (Seyhan, 2024), therapeutic targets and therapeutics (Li ef al.,
2017). However, there are significant challenges regarding sensitivity, specificity, selectivity and off-
target effects, as each miRNA regulates multiple targets and each target is regulated by multiple
miRNAs, leading to undesired toxicity and limiting their therapeutic use. Most miRNA therapeutics
are still in the preclinical or early phases of human clinical trials. It remains to be seen how other
miRNA therapeutics will perform in human trials concerning toxicity or side effects. Some clinical
trials with miRNA therapeutics have reported serious adverse events. For instance, MRX34, a miRNA
liposomal injection developed by Mirna Therapeutics, Inc. was withdrawn (NCT02862145) or
terminated (NCT01829971) from a phase 1 clinical trial for melanoma, due to serious adverse events
(Begetal., 2017; Hong et al., 2020; Desantis ef al., 2020). Consequently, multiple challenges must be
solved to bring therapeutic miRNAs into clinical practice. These include determining miRNA
specificity, sensitivity and selectivity to intended targets, reducing immunogenic reactions and adverse
events, determining optimal dosing for desired therapeutic effects while minimizing side effects
(Diener et al., 2022) and developing better methods for targeted delivery. Despite these challenges, the
potential of miRNA therapeutic approaches for various diseases is evident. Further research will be
necessary to determine whether miRNAs can effectively be used as therapeutics or therapeutic targets
in clinical implementations.

Acknowledgment

The authors would like to point out that this study was carried out on its own initiative, without the
support of any particular grants from government, business, or non-profit funding organizations. The
compilation of papers referenced in this analysis is based only on publicly available manuscripts and



119 Vol.19, No.02(I), July-December : 2024
secondary data sources related to miRNA. The authors also state that they really hope that their
citations of contributions to the techniques of miRNA assessment, biosynthesis, efficacies against
cancer and as tumor suppressors, clinical trials as well as prospective therapeutic functions covering
the years 1993 to 2023, would not be overlooked.

Authors Contribution

Every author has made a contribution to this research project.

Conflict of Interest

The writers declare that they have no conflicts of interest and reaffirm their dedication to openness.

References/ Citations

1. Agarwal P, Crepps MP, Stahr NA, Kretzschmar WP, Harris HC, Prasad N, Levy SE, Smith BF.
Identification of canine circulating miRNAs as tumor biospecific markers using Next-Generation
Sequencing and Q-RT-PCR. Biochemistry and Biophysics Reports. Vol: 28, pp: 1-5. 2021.

2. Babak T, Zhang W, Morris Q, Blencowe BJ, Hughes TR. Probing microRNAs with
microarrays: tissue specificity and functional inference. RNA. Vol: 10(11), pp: 1813—-1819. 2004.

3. Babiarz JE, Ruby JG, Wang Y, Bartel DP, Blelloch R. Mouse ES cells express endogenous
shRNAs, siRNAs, and other Microprocessor-independent, Dicer-dependent small RNAs. Genes &
Development. Vol: 22(20), pp: 2773-2785. 2008.

4. Baggish AL, Hale A, Weiner RB, Lewis GD, Systrom D, Wang F, Wang TJ, Chan SY. Dynamic
regulation of circulating microRNA during acute exhaustive exercise and sustained aerobic exercise
training. The Journal of Physiology. Vol: 589, pp: 3983-3994. 2011.

5. Bajan S, Hutvagner G. RNA-Based Therapeutics: from anti-sense oligonucleotides to
miRNAs. Cells. Vol: 9(1), pp: 1-27. 2020.

6. Barad O, Meiri E, Avniel A, Aharonov R, Barzilai A, Bentwich I, Einav U, Glad S, Hurban P,
Karov Y, Lobenhofer EK, Sharon E, Shiboleth YM, Shtutman M, Bentwich Z, Einat P. MicroRNA
expression detected by oligonucleotide microarrays: system establishment and expression profiling in
human tissues. Genome Research. Vol: 14(12), pp: 2486-2494. 2004.

7. Baradaran B, Shahbazi R, Khordadmehr M. Dysregulation of key microRNAs in pancreatic
cancer development. Biomedicine & Pharmacotherapy. Vol: 109, pp: 1008-1015. 2019.

8. Barciszewska-Pacak M, Milanowska K, Knop K, Bielewicz D, Nuc P, Plewka P, Pacak AM,
Vazquez F, Karlowski W, Jarmolowski A, Szweykowska-Kulinska Z. Arabidopsis microRNA
expression regulation in a wide range of abiotic stress responses. Frontiers in Plant Science. Vol: 6,
pp: 1-14. 2015.

9. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cel/l. Vol: 116(2), pp:
281-297.2004.

10. Bartel DP. MicroRNAs: Target recognition and regulatory functions. Cell. Vol: 136(2), pp:
215-233.2009.

11. Beg MS, Brenner AJ, Sachdev J, Borad M, Kang YK, Stoudemire J, Smith S, Bader AG, Kim
S, Hong DS. Phase I study of MRX34, a liposomal miR-34a mimic, administered twice weekly in
patients with advanced solid tumors. Investigational New Drugs. Vol: 35(2), pp: 180—-188. 2017.

12. Berezikov E, Guryev V, van de Belt J, Wienholds E, Plasterk RHA, Cuppen E. Phylogenetic
shadowing and computational identification of human microRNA genes. Cell. Vol: 120(1), pp: 21-24.
2005.

13. Brown JR, Sanseau P. A computational view of microRNAs and their targets. Drug Discovery
Today. Vol: 10(8), pp: 595-601. 2005.

14. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, Aldler H, Rattan S, Keating M,
Rai K, Rassenti L, Kipps T, Negrini M, Bullrich F, Croce CM. Frequent deletions and down-regulation
of micro-RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proceedings of the
National Academy of Sciences of the United States of America. Vol: 99(24), pp: 15524-15529. 2002.
15. Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu M, Wojcik SE, Iorio MV, Visone R,
Sever NI, Fabbri M, Iuliano R, Palumbo T, Pichiorri F, Roldo C, Garzon R, Sevignani C, Rassenti L,
Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M, Croce CM. A MicroRNA signature associated with



120 Vol.19, No.02(I), July-December : 2024
prognosis and progression in chronic lymphocytic leukemia. New England Journal of Medicine. Vol:
353(17), pp: 1793—-1801. 2005.

16. Calin GA, Sevignani C, Dan Dumitru C, Hyslop T, Noch E, Yendamuri S, Shimizu M, Rattan
S, Bullrich F, Negrini M, Croce CM. Human microRNA genes are frequently located at fragile sites
and genomic regions involved in cancers. Proceedings of the National Academy of Sciences of the
United States of America. Vol: 101(9), pp: 2999-3004. 2004.

17. Castilla-Llorente V, Spraggon L, Okamura M, Naseeruddin S, Adamow M, Qamar S, Liu J.
Mammalian GW220/TNGW1 is essential for the formation of GW/P bodies containing miRISC.
Journal of Cell Biology. Vol: 198(4), pp: 529-544. 2012.

18. Chakrabortty A, Patton DJ, Smith BF, Agarwal P. miRNAs: Potential as Biomarkers and
Therapeutic Targets for Cancer. Genes. Vol: 14(7), pp: 1-18. 2023.

19. Chakraborty C, Sharma AR, Sharma G, Lee SS. Therapeutic advances of miRNAs: A
preclinical and clinical update. Journal of Advanced Research. Vol: 28, pp: 127-138. 2020.

20. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, Barbisin M, Xu NL,
Mahuvakar VR, Andersen MR, Lao KQ, Livak KJ, Guegler KJ. Real-time quantification of
microRNAs by stem-loop RT-PCR. Nucleic Acids Research. Vol: 33(20), pp: 1-9. 2005.

21. Chen C, Tan R, Wong L, Fekete R, Halsey J. Quantitation of microRNAs by real-time RT-
qPCR. Methods in Molecular Biology. Vol: 687, pp: 113—134. 2011.

22.  Chen YX, Huang KJ, Niu KX. Recent advances in signal amplification strategy based on
oligonucleotide and nanomaterials for microRNA detection review. Biosensors & Bioelectronics. Vol:
99, pp: 612—624. 2018.

23. Chendrimada TP, Gregory RI, Kumaraswamy E, Norman J, Cooch N, Nishikura K, Shiekhattar
R. TRBP recruits the Dicer complex to Ago2 for microRNA processing and gene silencing. Nature.
Vol: 436(7051), pp: 740-744. 2005.

24. Chevillet JR, Lee I, Briggs HA, He Y, Wang K. Issues and prospects of microRNA-based
biomarkers in blood and other body fluids. Molecules. Vol: 19(5), pp: 6080—6105. 2014.

25. Cimmin A, Calin GA, Fabbri M, lorio MV, Ferracin M, Shimizu M, Wojcik SE, Ageilan RI,
Zupo S, Dono M, Rassenti L, Alder H, Volinia Stefano, Liu CG, Kipps TJ, Negrini M, Croce CM.
miR-15 and miR-16 induce apoptosis by targeting BCL2. Proceedings of the National Academy of
Sciences of the United States of America. Vol: 102(39), pp: 13944-13949. 2005.

26. Clauss S, Wakili R, Hildebrand B, Kaab S, Hoster E, Klier I, Martens E, Hanley A, Hanssen
H, Halle M, Nickel T. MicroRNAs as Biomarkers for Acute Atrial Remodeling in Marathon Runners
(The miRathon Study—A Sub-Study of the Munich Marathon Study). PLoS ONE. Vol: 11(2), pp: 1-
23.2016.

27. Cui S, Sun B, Yin X, Guo X, Chao D, Zhang C, Zhang CY, Chen X, Ma J. Time-course
responses of circulating microRNAs to three resistance training protocols in healthy young men.
Scientific Reports. Vol: 7(1), pp: 1-13. 2017.

28. Czech B, Zhou R, Erlich Y, Brennecke J, Binari R, Villalta, Gordon A, Perrimon N, Hannon
GJ. Hierarchical rules for Argonaute loading in Drosophila. Molecular Cell. Vol: 36(3), pp: 445-456.
2009.

29.  Denli AM, Tops BBIJ, Plasterk RHA, Ketting RF, Hannon GJ. Processing of primary
microRNAs by the Microprocessor complex. Nature. Vol: 432(7014), pp: 231-235. 2004.

30. Desantis V, Saltarella I, Lamanuzzi A, Melaccio A, Solimando AG, Mariggio MA, Racanelli
V, Paradiso A, Vacca A, Frassanito MA. MicroRNAs-Based Nano-Strategies as New Therapeutic
Approach in Multiple Myeloma to Overcome Disease Progression and Drug Resistance. International
Journal of Molecular Sciences. Vol: 21(9), pp: 1-17. 2020.

31. Devulapally R, Sekar NM, Sekar TV, Foygel K, Massoud TF, Willmann JK, Paulmurugan R.
Polymer nanoparticles mediated codelivery of antimiR-10b and antimiR-21 for achieving triple-
negative breast cancer therapy. ACS Nano. Vol: 9(3), pp: 2290-2302. 2015.

32. Dhungel B, Ramlogan-Steel CA, Steel JC. MicroRNA-regulated gene delivery systems for
research and therapeutic purposes. Molecules. Vol: 23(7), pp: 1-14. 2018.

33. Diener C, Keller A, Meese E. Emerging concepts of miRNA therapeutics: From cells to clinic.
Trends in Genetics. Vol: 38(6), pp: 613—626. 2022.



121 Vol.19, No.02(I), July-December : 2024
34. Ebert MS, Sharp PA. MicroRNA sponges: progress and possibilities. RNA. Vol: 16(11), pp:
2043-2050. 2010.

35. Echevarria-Vargas IM, Valiyeva F, Vivas-Mejia PE. Upregulation of miR-21 in cisplatin
resistant ovarian cancer via JNK-1/c-Jun pathway. PLoS ONE. Vol: 9(5), pp: 1-11. 2014.

36. Eichhorn SW, Guo H, McGeary SE, Rodriguez-Mias RA, Shin C, Baek D, Hsu SH, Ghoshal
K, Villen J, Barte]l DP. mRNA destabilization is the dominant effect of mammalian microRNAs by the
time substantial repression ensues. Molecular Cell. Vol: 56(1), pp: 104-115. 2014.

37. Ender C, Krek A, Friedlander MR, Beitzinger M, Weinmann L, Chen W, Pfeffer S, Rajewsky
N, Meister G. A human snoRNA with microRNA-like functions. Molecular Cell. Vol: 32(4), pp: 519—
528.2008.

38. Etheridge A, Lee I, Hood L, Galas D, Wang K. Extracellular microRNA: A new source of
biomarkers. Mutation Research. Vol: 717(1-2), pp: 85-90. 2011.

39. Farran B, Dyson G, Craig D, Dombkowski A, Beebe-Dimmer JL, Powell 1J, Podgorski I,
Heilbrun L, Bolton S, Bock CH. A study of circulating microRNAs identifies a new potential
biomarker panel to distinguish aggressive prostate cancer. Carcinogenesis. Vol: 39(4), pp: 556-561.
2018.

40. Fogli S, Polini B, Carpi S, Pardini B, Naccarati A, Dubbini N, Lanza M, Breschi MC, Romanini
A, Nieri P. Identification of plasma microRNAs as new potential biomarkers with high diagnostic
power in human cutaneous melanoma. Tumor Biology. Vol: 39(5), pp: 1-8. 2017.

41. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets
of microRNAs. Genome Research. Vol: 19(1), pp: 92—-105. 2009.

42. Gahlawat AW, Witte T, Haarhuis L, Schott S. A novel circulating miRNA panel for non-
invasive ovarian cancer diagnosis and prognosis. British Journal of Cancer. Vol: 127(8), pp: 1550—
1556. 2022.

43. Gao C, Zhou C, Zhuang J, Liu L, Liu C, Li H, Liu G, Wei J, Sun C. MicroRNA expression in
cervical cancer: Novel diagnostic and prognostic biomarkers. Journal of Cellular Biochemistry. Vol:
119(8), pp: 7080—7090. 2018.

44.  GeJH, Zhu JW, Fu HY, Shi WB, Zhang CL. An antisense oligonucleotide drug targeting miR-
21 induces H1650 apoptosis and caspase activation. Technology in Cancer Research & Treatment. Vol:
18, pp: 1-18. 2019.

45. Gillespie P, Ladame S, O’Hare D. Molecular methods in electrochemical microRNA detection.
The Analyst. Vol: 144(1), pp: 114-129. 2018.

46. Gregory RI, Yan KP, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, Shiekhattar R. The
Microprocessor complex mediates the genesis of microRNAs. Nature. Vol: 432(7014), pp: 235-240.
2004.

47. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ. miRBase: microRNA
sequences, targets and gene nomenclature. Nucleic Acids Research. Vol: 34, pp: 140—144. 2006.

48.  Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for microRNA
genomics. Nucleic Acids Research. Vol: 36, pp: 154—158. 2008.

49.  Griffiths-Jones S. The microRNA Registry. Nucleic Acids Research. Vol: 32, pp: 109-111.
2004.

50. Han J, Lee Y, Yeom KH, Kim YK, Jin H, Kim VN. The Drosha-DGCRS8 complex in primary
microRNA processing. Genes & Development. Vol: 18(24), pp: 3016-3027. 2004.

51. Hayashita Y, Osada H, Tatematsu Y, Yamada H, Yanagisawa K, Tomida S, Yatabe Y, Kawahara
K, Sekido Y, Takahashi T. A polycistronic microRNA cluster, miR-17-92, is overexpressed in human
lung cancers and enhances cell proliferation. Cancer Research. Vol: 65(21), pp: 9628-9632. 2005.
52.  Helwak A, Kudla G, Dudnakova T, Tollervey D. Mapping the human miRNA interactome by
CLASH reveals frequent noncanonical binding. Cell. Vol: 153(3), pp: 654-665. 2013.

53. Hong DS, Kang YK, Borad M, Sachdev J, Ejadi S, Lim HY, Brenner AJ, Park K, Lee JL, Kim
TY, Shin S, Becerra CR, Falchook G, Stoudemire J, Martin D, Kelnar K, Peltier H, Bonato V, Bader
AG, Smith S, Kim S, O’Neill V, Beg MS. Phase 1 study of MRX34, a liposomal miR-34a mimic, in
patients with advanced solid tumors. British Journal of Cancer. Vol: 122(11), pp: 1630-1637. 2020.



122 Vol.19, No.02(I), July-December : 2024
54. Hosseinahli N, Aghapour M, Duijf PHG, Baradaran. Treating cancer with microRNA
replacement therapy: a literature review. Journal of Cellular Physiology. Vol: 233(8), pp: 5574-5588.
2018.

55.  Huntzinger E, Izaurralde E. Gene silencing by microRNAs: Contributions of translational
repression and mRNA decay. Nature Reviews. Genetics. Vol: 12(2), pp: 99-110. 2011.

56.  Hydbring P, Badalian-Very G. Clinical applications of microRNAs. F1000Research. Vol: 2, pp:
1-16. 2013.

57. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, Magri E, Pedriali M, Fabbri
M, Campiglio M, Menard S, Palazzo JP, Rosenberg A, Musiani P, Volinia S, Nenci I, Calin GA,
Querzoli P, Negrini M, Croce CM. MicroRNA gene expression deregulation in human breast cancer.
Cancer Research. Vol: 65(16), pp: 7065-7070. 2005.

58. Iwasaki H, Shimura T, Kitagawa M, Yamada T, Nishigaki R, Fukusada S, Okuda Y, Katano T,
Horike SI, Kataoka H. A Novel Urinary miRNA Biomarker for Early Detection of Colorectal Cancer.
Cancers. Vol: 14(2), pp: 1-11. 2022.

59. Javelle M, Timmermans MCP. In situ localization of small RNAs in plants by using LNA
probes. Nature Protocols. Vol: 7(3), pp: 533-541. 2012.

60. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A, Labourier E, Reinert KL,
Brown D, Slack FJ. RAS is regulated by the let-7 microRNA family. Cell. Vol: 120(5), pp: 635-647.
2005.

61. Jonas S, Izaurralde E. Towards a molecular understanding of microRNA-mediated gene
silencing. Nature Reviews. Genetics. Vol: 16(7), pp: 421-433. 2015.

62. Jung J, Yeom C, Choi YS, Kim S, Lee EJ, Park MJ, Kang SW, Kim SB, Chang S. Simultaneous
inhibition of multiple oncogenic miRNAs by a multi-potent microRNA sponge. Oncotarget. Vol:
6(24), pp: 20370-20387. 2015.

63. Kai K, Dittmar RL, Sen S. Secretory microRNAs as biomarkers of cancer. Seminars in Cell
and Developmental Biology. Vol: 78, pp: 22-36. 2018.

64. Korourian A, Roudi R, Shariftabrizi A, Madjd Z. MicroRNA-31 inhibits RhoA-mediated tumor
invasion and chemotherapy resistance in MKN-45 gastric adenocarcinoma cells. Experimental Biology
and Medicine (Maywood, N.J.). Vol: 242(18), pp: 1842-1847. 2017.

65. Kruszka K, Pacak A, Swida-Barteczka A, Nuc P, Alaba S, Wroblewska Z, Karlowski W,
Jarmolowski A, Szweykowska-Kulinska Z. Transcriptionally and post-transcriptionally regulated
microRNAs in heat stress response in barley. Journal of Experimental Botany. Vol: 65(20), pp: 6123—
6135. 2014.

66. Kumar MS, Erkeland SJ, Pester RE, Chen CY, Ebert MS, Sharp PA, Jacks T. Suppression of
non-small cell lung tumor development by the let-7 microRNA family. Proceedings of the National
Academy of Sciences of the United States of America. Vol: 105(10), pp: 3903—-3908. 2008.

67. Lai EC, Tomancak P, Williams RW, Rubin GM. Computational identification of Drosophila
microRNA genes. Genome Biology. Vol: 4(7), pp: 1-20. 2003.

68.  Landthaler M, Yalcin A, Tuschl T. The human DiGeorge syndrome critical region gene 8 and
its D. melanogaster homolog are required for miRNA biogenesis. Current Biology. Vol: 14(23), pp:
2162-2167.2004.

69. Lau NC, Lim LP, Weinstein EG, Bartel DP. An abundant class of tiny RNAs with probable
regulatory roles in Caenorhabditis elegans. Science. Vol: 294(5543), pp: 858-862. 2001.

70. Lee RC, Ambros V. An extensive class of small RNAs in Caenorhabditis elegans. Science. Vol:
294(5543), pp: 862—-864. 2001.

71.  Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small
RNAs with antisense complementarity to lin-14. Cell. Vol: 75(5), pp: 843-854. 1993.

72. Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost P, Radmark O, Kim S, Kim VN.
The nuclear RNase III Drosha initiates microRNA processing. Nature. Vol: 425(6956), pp: 415-419.
2003.

73. Lee Y, Hur I, Park SY, Kim YK, Suh MR, Kim VN. The role of PACT in the RNA silencing
pathway. The EMBO Journal. Vol: 25(3), pp: 522-532. 2006.



123 Vol.19, No.02(I), July-December : 2024
74. Lee Y, Jeon K, Lee JT, Kim S, Kim VN. MicroRNA maturation: stepwise processing and
subcellular localization. EMBO Journal. Vol: 21(17), pp: 4663—-4670. 2002.

75. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates
that thousands of human genes are microRNA targets. Cell. Vol: 120(1), pp: 15-20. 2005.

76. Li B, Shi XB, Nori D, Chao CK, Chen AM, Valicenti R, White RAVW. Down-regulation of
microRNA 106b is involved in p21-mediated cell cycle arrest in response to radiation in prostate cancer
cells. The Prostate. Vol: 71(6), pp: 567-574. 2011.

77. LiLJ, Leng RX, Fan YG, Pan HF, Ye DQ. Translation of noncoding RNAs: Focus on IncRNAs,
pri-miRNAs, and circRNAs. Experimental Cell Research. Vol: 361, pp: 1-8. 2017.

78. Liang AL, Zhang TT, Zhou N, Wu CY, Lin MH, Liu YJ. MiRNA-10b sponge: an anti-breast
cancer study in vitro. Oncology Reports. Vol: 35(4), pp: 1950-1958. 2016.

79. Liang RQ, Li W, Li Y, Tan CY, Li JX, Jin YX, Ruan KC. An oligonucleotide microarray for
microRNA expression analysis based on labeling RNA with quantum dot and nanogold probe. Nucleic
Acids Research. Vol: 33(2), pp: 1-8. 2005.

80. Lim LP, Glasner ME, Yekta S, Burge CB, Bartel DP. Vertebrate microRNA genes. Science. Vol:
299(5612), pp: 1-20. 2003.

81. Lim LP, Lau NC, Weinstein EG, Abdelhakim A, Yekta S, Rhoades MW, Burge CB, Bartel DP.
The microRNAs of Caenorhabditis elegans. Genes & Development. Vol: 17(8), pp: 991-1008. 2003.
82. Lima JF, Carvalho J, Pinto-Ribeiro I, Almeida C, Wengel J, Cerqueira L, Figueiredo C, Oliveira
C, Azevedo NF. Targeting miR-9 in gastric cancer cells using locked nucleic acid oligonucleotides.
BMC Molecular Biology. Vol: 19(1), pp: 1-13. 2018.

83. Link S, Grund SE, Diederichs S. Alternative splicing affects the subcellular localization of
Drosha. Nucleic Acids Research. Vol: 44(11), pp: 5330-5343. 2016.

84. Liu CG, Calin GA, Meloon B, Gamliel N, Sevignani C, Ferracin M, Dumitru CD, Shimizu M,
Zupo S, Dono M, Alder H, Bullrich F, Negrini M, Croce CM. An oligonucleotide microchip for
genome-wide microRNA profiling in human and mouse tissues. Proceedings of the National Academy
of Sciences of the United States of America. Vol: 101(26), pp: 9740-9744. 2004.

85. Liu SH, Hsu KW, Lai YL, Lin YF, Chen FH, Peng PH, Lin LJ, Wu HH, Li CY, Wang SC, Wu
MZ, Sher YP, Cheng WC. Systematic identification of clinically relevant miRNAs for potential
miRNA-based therapy in lung adenocarcinoma. Molecular Therapy. Nucleic Acids. Vol: 25, pp: 1-10.
2021.

86. Lu F, Zhao X, Zhang Z, Xiong M, Wang Y, Sun Y, He B, Zhu J. The diagnostic and prognostic
value of the miR-17-92 cluster in hepatocellular carcinoma: A meta-analysis. Frontiers in Genetics.
Vol: 13, pp: 1-16. 2022.

87. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, Sweet Cordero A, Ebet BL,
Mak RH, Ferrando AA, Downing JR, Jacks T, Horvitz HR, Golub TR. MicroRNA expression profiles
classify human cancers. Nature. Vol: 435(7043), pp: 834—838. 2005.

88. Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear export of micro-RNA
precursors. Science. Vol: 303(5654), pp: 95-98. 2004.

89. Macfarlane LA, Murphy PR. MicroRNA: Biogenesis, Function and Role in Cancer. Current
Genomics. Vol: 11(7), pp: 537-561. 2010.

90. Maierthaler M, Benner A, Hoffmeister M, Surowy H, Jansen L, Knebel P, Chang-Claude J,
Brenner H, Burwinkel B. Plasma miR-122 and miR-200 family are prognostic markers in colorectal
cancer. International Journal of Cancer. Vol: 140(1), pp: 176-187. 2017.

91. Martens-de Kemp SR, Komor MA, Hegi R, Bolijn AS, Tijssen M, de Groen FLM, Depla A,
van Leerdam M, Meijer GA, Fijneman RJA, Carvalho B. Overexpression of the miR-17-92 cluster in
colorectal adenoma organoids causes a carcinoma-like gene expression signature. Neoplasia. Vol: 32,
pp: 1-13. 2022.

92. Meng L, Liu C, Lu J, Zhao Q, Deng S, Wang G, Qiao J, Zhang C, Zhen L, Lu Y, Li W, Zhang
Y, Pestell RG, Fan H, Chen YH, Liu Z, Yu Z. Small RNA zippers lock miRNA molecules and block
miRNA function in mammalian cells. Nature Communications. Vol: 8, pp: 1-10. 2017.

93. Menon A, Abd-Aziz N, Khalid K, Poh CL, Naidu R. miRNA: A Promising Therapeutic Target
in Cancer. International Journal of Molecular Sciences. Vol: 23(19), pp: 1-29. 2022.



124 Vol.19, No.02(I), July-December : 2024
94, Mody HR, Hung SW, AlSaggar M, Griffin J, Govindarajan R. Inhibition of S-
adenosylmethionine-dependent methyltransferase attenuates TGFB1-induced EMT and metastasis in
pancreatic cancer: putative roles of miR-663a and miR-4787-5p. Molecular Cancer Research. Vol:
14(11), pp: 1124-1135. 2016
95. Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: A comprehensive update on its genomics,
genetics, functions and increasingly important and numerous roles in health and disease. Cell Death
& Differentiation. Vol: 20, pp: 1603-1614. 2013.

96.  Monahan PE, Négrier C, Tarantino M, Valentino LA, Mingozzi F. Emerging Immunogenicity
and Genotoxicity Considerations of Adeno-Associated Virus Vector Gene Therapy for Hemophilia.
Journal of Clinical Medicine. Vol: 10(11), pp: 1-24. 2021.

97. Musumeci M, Coppola V, Addario A, Patrizii M, Maugeri-Sacca M, Memeo L, Colarossi C,
Francescangeli F, Biffoni M, Collura D, Giacobbe A, D’Urso L, Falchi M, Venneri MA, Muto G, De
Maria R, Bonci D. Control of tumor and microenvironment cross-talk by miR-15a and miR-16 in
prostate cancer. Oncogene. Vol: 30, pp: 4231-4242. 2011.

98. Nedaeinia R, Sharifi M, Avan A, Kazemi M, Rafiee L, Ghayour-Mobarhan M. Locked nucleic
acid anti-miR-21 inhibits cell growth and invasive behaviors of a colorectal adenocarcinoma cell line:
LNA-anti-miR as a novel approach. Cancer Gene Therapy. Vol: 23(8), pp: 246-253. 2016.

99, Nelson PT, Baldwin DA, Scearce LM, Oberholtzer JC, Tobias JW, Mourelatos Z. Microarray-
based, high-throughput gene expression profiling of microRNAs. Nature Methods. Vol: 1(2), pp: 155—
161. 2004.

100. Nguyen DD, Chang S. Development of novel therapeutic agents by inhibition of oncogenic
MicroRNAs. International Journal of Molecular Sciences. Vol: 19(1), pp: 1-17. 2017.

101. NiJ, Bucci J, Chang L, Malouf D, Graham P, Li Y. Targeting MicroRNAs in Prostate Cancer
Radiotherapy. Theranostics. Vol: 7(13), pp: 3243-3259. 2017.

102. NiulJ, Xue A, Chi Y, Xue J, Wang W, Zhao Z, Fan M, Yang CH, Shao ZM, Pfeffer LM, Wu J,
Wu ZH. Induction of miRNA-181a by genotoxic treatments promotes chemotherapeutic resistance and
metastasis in breast cancer. Oncogene. Vol: 35, pp: 1302-1313. 2016.

103. O’Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA Biogenesis, Mechanisms of
Actions, and Circulation. Frontiers in Endocrinology. Vol: 9, pp: 1-12. 2018.

104. Ogata-Kawata H, Izumiya M, Kurioka D, Honma Y, Yamada Y, Furuta K, Gunji T, Ohta H,
Okamoto H, Sonoda H, Watanabe M, Nakagama H, Yokota J, Kohno T, Tsuchiya N. Circulating
exosomal microRNAs as biomarkers of colon cancer. PLoS ONE. Vol: 9(4), pp: 1-9. 2014.

105. Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC. The mirtron pathway generates
microRNA-class regulatory RNAs in Drosophila. Cell. Vol: 130(1), pp: 89—100. 2007.

106. OkamuraK, Liu N, Lai EC. Distinct mechanisms for microRNA strand selection by Drosophila
Argonautes. Molecular Cell. Vol: 36(3), pp: 431-444. 2009.

107. Ozgun A, Karagoz B, Bilgi O, Tuncel T, Baloglu H, Kandemir EG. MicroRNA-21 as an
indicator of aggressive phenotype in breast cancer. Onkologie. Vol: 36(3), pp: 115-118. 2013.

108. Pacak A, Barciszewska-Pacak M, Swida-Barteczka A, Kruszka K, Sega P, Milanowska K,
Jakobsen I, Jarmolowski A, Szweykowska-Kulinska Z. Heat Stress Affects Pi-related Genes
Expression and Inorganic Phosphate Deposition/Accumulation in Barley. Frontiers in Plant Science.
Vol: 7, pp: 1-19. 2016.

109. Pall GS, Hamilton AJ. Improved northern blot method for enhanced detection of small RNA.
Nature Protocols. Vol: 3(6), pp: 1077-1084. 2008.

110. Pasquinelli AE, Reinhart BJ, Slack F, Martindale MQ, Kurodo MI, Maller B, Hayward DC,
Ball EE, Degnan B, Muller, Spring J, Srinivasan A, Fishman M, Finnerty J, Corbo J, Levine M, Leahy
P, Davidson E, Ruvkun G. Conservation of the sequence and temporal expression of let-7
heterochronic regulatory RNA. Nature. Vol: 408(6808), pp: 86—89. 2000.

111. Qu H, Zheng L, Song H, Jiao W, Li D, Fang E, Wang X, Mei H, Pu J, Huang K, Tong Q.
microRNA-558 facilitates the expression of hypoxia-inducible factor 2 a through binding to 5°-
untranslated regions in neuroblastoma. Oncotarget. Vol: 7(26), pp: 40657-40673. 2016.

112. Ranganathan K, Sivasankar V. MicroRNAs—Biology and clinical applications. Journal of
Oral and Maxillofacial Pathology. Vol: 18(2), pp: 229-234. 2014.



125 Vol.19, No.02(I), July-December : 2024
113. Raoof R, Bauer S, El Naggar H, Connolly NMC, Brennan GP, Brindley E, Hill T, McArdle H,
Spain E, Forster RJ, Prehn JHM, Hamer H, Delanty N, Rosenow F, Mooney C, Henshall DC. Dual-
center, dual-platform microRNA profiling identifies potential plasma biomarkers of adult temporal
lobe epilepsy. EBioMedicine. Vol: 38, pp: 127-141. 2018.

114. Raue R, Frank AC, Syed SN, Brune B. Therapeutic targeting of MicroRNAs in the tumor
microenvironment. International Journal of Molecular Sciences. Vol: 22(4), pp: 2210—2247. 2021.
115. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, Horvitz HR,
Ruvkun G. The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis elegans.
Nature. Vol: 403(6772), pp: 901-906. 2000.

116. Rinaldi C and Wood MJA. Antisense oligonucleotides: the next frontier for treatment of
neurological disorders. Nature Reviews. Neurology. Vol: 14(1), pp: 9-21. 2018.

117. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of
cancer and other diseases. Nature Reviews. Drug Discovery. Vol: 16(3), pp: 203-222. 2017.

118. Saraiya AA, Wang CC. snoRNA, a novel precursor of microRNA in Giardia lamblia. PLoS
Pathogens. Vol: 4(11), pp: 1-10. 2008.

119. Schwarz DS, Hutvagner G, Du T, Xu Z, Aronin N, Zamore PD. Asymmetry in the assembly of
the RNAi enzyme complex. Cell. Vol: 115(2), pp: 199-208. 2003.

120. Seyhan AA. Circulating microRNAs as Potential Biomarkers in Pancreatic Cancer-Advances
and Challenges. International Journal of Molecular Sciences. Vol: 24, pp: 1-35. 2023.

121. Seyhan AA. Trials and Tribulations of MicroRNA Therapeutics. International Journal of
Molecular Sciences. Vol: 25, pp: 1-41. 2024.

122. Sheinerman KS, Umansky SR. Circulating cell-free microRNA as biomarkers for screening,
diagnosis and monitoring of neurodegenerative diseases and other neurologic pathologies. Frontiers
in Cellular Neuroscience. Vol: 7, pp: 1-10. 2013.

123.  Shen J, Wan R, Hu G, Yang L, Xiong J, Wang F, Shen J, He S, Guo X, Ni J, Guo C, Wang X.
miR-15b and miR-16 induce the apoptosis of rat activated pancreatic stellate cells by targeting Bcl-2
in vitro. Pancreatology. Vol: 12(2), pp: 91-99. 2012.

124. Shukla KK, Misra S, Pareek P, Mishra V, Singhal B, Sharma P. Recent scenario of microRNA
as diagnostic and prognostic biomarkers of prostate cancer. Urologic Oncology. Vol: 35(3), pp: 92—
101.2017.

125. Slack FJ, Basson M, Liu Z, Ambros V, Horvitz HR, Ruvkun G. The lin-41 RBCC gene acts in
the C. elegans heterochronic pathway between the let-7 regulatory RNA and the LIN-29 transcription
factor. Molecular Cell. Vol: 5(4), pp: 659—669. 2000.

126. Smoczynska A, Sega P, Stepien A, Knop K, Jarmolowski A, Pacak A, Szweykowska-Kulinska
Z. miRNA Detection by Stem-Loop RT-qPCR in Studying microRNA Biogenesis and microRNA
Responsiveness to Abiotic Stresses. Methods in Molecular Biology. Vol: 1932, pp: 131-150. 2019.
127.  Svoronos AA, Engelman DM, Slack FJ. OncomiR or Tumor Suppressor? The Duplicity of
MicroRNAs in Cancer. Cancer Research. Vol:76(13), pp: 3666-3670. 2016.

128. Takakura S, Mitsutake N, Nakashima M, Namba H, Saenko VA, Rogounovitch TI, Nakazawa
Y, Hayashi T, Ohtsuru A, Yamashita S. Oncogenic role of miR-17-92 cluster in anaplastic thyroid
cancer cells. Cancer Science. Vol: 99(6), pp: 1147-1154. 2008.

129. Takasaki S. Roles of microRNAs in cancers and development. Methods in Molecular Biology.
Vol: 1218, pp: 375-413. 2014.

130. Tay FC, Lim JK, Zhu H, Hin LC, Wang S. Using artificial microRNA sponges to achieve
microRNA loss-of-function in cancer cells. Advanced Drug Delivery Reviews. Vol: 81, pp: 117-127.
2015.

131. Thieu W, Tilki D, de Vere White WR, Evans CP. The role of microRNA in castration-resistant
prostate cancer. Urologic Oncology. Vol: 32(5), pp: 517-523. 2014.

132. Thomson JM, Parker J, Perou CM, Hammond SM. A custom microarray platform for analysis
of microRNA gene expression. Nature Methods. Vol: 1(1), pp: 47-53. 2004.

133. Tigchelaar S, Gupta R, Shannon CP, Streijger F, Sinha S, Flibotte S, Rizzuto MA, Street J,
Paquette S, Ailon T, Charest-Morin R, Dea N, Fisher C, Dvorak MF, Dhall S, Mac-Thiong JM, Parent
S, Bailey C, Christie S, Keuren-Jensen KV, Nislow C, Kwon BK. MicroRNA Biomarkers in



126 Vol.19, No.02(I), July-December : 2024
Cerebrospinal Fluid and Serum Reflect Injury Severity in Human Acute Traumatic Spinal Cord Injury.
Journal of Neurotrauma. Vol: 36(15), pp: 2358-2371. 2019.

134. Tsuchida A, Ohno S, Wu W, Borjigin N, Fujita K, Aoki T, Ueda S, Takanashi M, Kuroda M.
miR-92 is a key oncogenic component of the miR-17-92 cluster in colon cancer. Cancer Science. Vol:
102(12), pp: 2264-2271. 2011.

135. van Rooij E, Kauppinen S. Development of microRNA therapeutics is coming of age. EMBO
Molecular Medicine. Vol: 6(7), pp: 851-864. 2014.

136. van Zandwijk N, Pavlakis N, Kao SC, Linton A, Boyer MJ, Clarke S, Huynh Y, Chrzanowska
A, Fulham MJ, Bailey DL, Cooper WA, Kritharides L, Ridley L, Pattison ST, MacDiarmid J,
Brahmbhatt H, Reid G. Safety and activity of microRNA-loaded minicells in patients with recurrent
malignant pleural mesothelioma: a first-in-man, phase 1, open-label, dose-escalation study. The
Lancet. Oncology. Vol: 18(10), pp: 1386-1396. 2017.

137. Varallyay E, Burgyan J, Havelda Z. Detection of microRNAs by Northern blot analyses using
LNA probes. Methods. Vol: 43(2), pp: 140—-145. 2007.

138. Wang J, Chen J, Sen S. MicroRNA as Biomarkers and Diagnostics. Journal of Cellular
Physiology. Vol: 231(1), pp: 25-30. 2016.

139. Wang X, Tong Y, Wang S. Rapid and accurate detection of plant miRNAs by liquid northern
hybridization. International Journal of Molecular Sciences. Vol: 11(9), pp: 3138-3148. 2010.

140. Wen J, Fu J, Zhang W, Guo M. Genetic and epigenetic changes in lung carcinoma and their
clinical implications. Modern Pathology. Vol: 24(7), pp: 932-943. 2011.

141. Wiedrick JT, Phillips JI, Lusardi TA, McFarland TJ, Lind B, Sandau US, Harrington CA,
Lapidus JA, Galasko DR, Quinn JF, Saugstad JA. Validation of MicroRNA Biomarkers for
Alzheimer’s disease in Human Cerebrospinal Fluid. Journal of Alzheimer’s Disease. Vol: 67(3), pp:
875-891. 2019.

142. Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic gene lin-14
by lin-4 mediates temporal pattern formation in C. elegans. Cell. Vol: 75(5), pp: 855-862. 1993.

143. Wong CK, Gromisch C, Ozturk S, Papageorgis P, Abdolmaleky HM, Reinhard BM,
Thiagalingam A, Thiagalingam S. MicroRNA-4417 is a tumor suppressor and prognostic biomarker
for triple-negative breast cancer. Cancer Biology and Therapy. Vol: 20(8), pp: 1113—1120. 2019.

144. Wu H, Xu H, Miraglia LJ, Crooke ST. Human RNase III is a 160-kDa protein involved in pre
ribosomal RNA processing. The Journal of Biological Chemistry. Vol: 275(47), pp: 36957-36965.
2000.

145. Xia L, Zhang D, Du R, Pan Y, Zhao L, Sun S, Hong L, Liu J, Fan D. miR-15b and miR-16
modulate multidrug resistance by targeting BCL2 in human gastric cancer cells. International Journal
of Cancer. Vol: 123(2), pp: 372-379. 2008.

146. XieY, Hang Y, Wang Y, Sleightholm R, Prajapati DR, Bader J, Yu A, Tang W, Jaramillo L, Li
J, Singh RK, Oupicky D. Stromal modulation and treatment of metastatic pancreatic cancer with local
intraperitoneal triple miRNA/siRNA nanotherapy. ACS Nano. Vol: 14(1), pp: 255-271. 2020.

147. Xie Z, Chen G, Zhang X, Li D, Huang J, Yang C, Zhang P, Qin Y, Duan Y, Gong B, Li Z.
Salivary microRNAs as promising biomarkers for detection of esophageal cancer. PLoS ONE. Vol:
8(4), pp: 1-12. 2013.

148. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M, Stephens RM, Okamoto A,
Yokota J, Tanaka T, Calin GA, Liu CG, Croce CM, Harris CC. Unique microRNA molecular profiles
in lung cancer diagnosis and prognosis. Cancer Cell. Vol: 9(3), pp: 189—-198. 2006.

149. Yang W, Lee DY, Ben-David Y. The roles of microRNAs in tumorigenesis and angiogenesis.
International Journal of Physiology, Pathophysiology and Pharmacology. Vol: 3(2), pp: 140-155.
2010.

150. Yao S, Zhao X, Wang L, Chen F, Gong H, Chen C, Cai C. pH-activated DNA nanomachine for
miRNA-21 imaging to accurately identify cancer cell. Mikrochimica Acta. Vol: 189(266), pp: 1-12.
2022.

151. Yeung ML, Bennasser Y, Le SY, Jeang KT. siRNA, miRNA and HIV: promises and challenges.
Cell Research. Vol: 15(11-12), pp: 935-946. 2005.



127 Vol.19, No.02(I), July-December : 2024
152. YiR, QinY, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export of pre-microRNAs
and short hairpin RNAs. Genes & Development. Volume: 17(24), pp: 3011-3016. 2003.

153. Yu SL, Chen HY, Chang GC, Chen CY, Chen HW, Singh S, Cheng CL, Yu CJ, Lee YC, Chen
HS, Su TJ, Chiang CC, Li HN, Hong QS, Su HY, Chen CC, Chen WJ, Liu CC, Chan WK, Chen WJ,
Li KC, Chen JJW, Yang PC. MicroRNA signature predicts survival and relapse in lung cancer. Cancer
Cell. Vol: 13(1), pp: 48-57. 2008.

154. Yuan YH, Chi BZ, Wen SH, Liang RP, Li ZM, Qiu JD. Ratiometric electrochemical assay for
sensitive detecting microRNA based on dual-amplification mechanism of duplex-specific nuclease and
hybridization chain reaction. Biosensors & Bioelectronics. Vol: 102, pp: 211-216. 2018.

155. Zhang B, Pan X, Anderson TA. Identification of 188 conserved maize microRNAs and their
targets. FEBS Letters. Vol: 580(15), pp: 3753-3762. 2006.

156. Zhang B, Pan X, Cobb GP, Anderson TA. Plant microRNA: a small regulatory molecule with
big impact. Developmental Biology. Vol: 289(1), pp: 3—16. 2006.

157. Zhang BH, Pan XP, Wang QL, Cobb GP, Anderson TA. Identification and characterization of
new plant microRNAs using EST analysis. Cell Research. Vol: 15(5), pp: 336-360. 2005.

158. Zhang HD, Jiang LH, Sun DW, Hou JC, Ji ZL. CircRNA: A novel type of biomarker for cancer.
Breast Cancer. Vol: 25(1), pp: 1-7. 2018.

159. Zhang S, Cheng Z, Wang Y, Han T. The Risks of miRNA Therapeutics: In a Drug Target
Perspective. Drug Design, Development and Therapy. Vol: 15, pp: 721-733. 2021.

160. Zhang T, HuY, JulJ, Hou L, Li Z, Xiao D, Li Y, Yao J, Wang C, Zhang Y, Zhang L. Down
regulation of miR-522 suppresses proliferation and metastasis of non-small cell lung cancer cells by
directly targeting DENN/MADD domain containing 2D. Scientific Reports. Vol: 6, pp: 1-12. 2016.
161. Zhao L, Duan YT, Lu P, Zhang ZJ, Zheng XK, Wang JL, Feng WS. Epigenetic Targets and
their Inhibitors in Cancer Therapy. Current Topics in Medicinal Chemistry. Vol: 18(28), pp: 2395—
2419. 2018.

162. ZhuH, Han C, Wu T. MiR-17-92 cluster promotes hepatocarcinogenesis. Carcinogenesis. Vol:
36(10), pp: 1213-1222. 2015.



