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The current understanding of miRNA biology is greatly derived from studies on the guide strands and the
passenger strands, also called miRNAs*, which are considered as carriers with no sense for long periods. As such,
various studies alter the expression of guide strands by manipulating the expression of their primary transcripts or
precursors, both of which are premature miRNAs. In this situation, the regulatory miRNA* species may interfere
with the phenotypic interpretation against the target miRNA. However, such methods could manipulate the
expression of two functionally synergistic miRNAs of the same precursor, leading to therapeutic potential against
various diseases, including cancers. Premature miRNAs represent an underappreciated target reservoir and
provide molecular targets for “one-two punch” against cancers. Examples of targetable miRNA precursors and

available targeting strategies are provided here.
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| 1. Introduction

MicroRNA (miRNA) is a class of small nonprotein-coding RNAs (ncRNASs) that are 15—-27-nucleotides (nt) in length,
are ubiquitously expressed, and interact with most of the mammalian messenger RNAs (mRNAs) Ll The interplay
between miRNAs and mRNAs leads to decreased translational efficiency and/or mRNA levels, which is the
predominant reason behind decreased protein production [ZEI4, |t is estimated that over 60% of mRNAs are
conserved targets for endogenous miRNAs, and more mRNAs will be added to this conservative estimation when
less conserved sites will be taken into account, indicating the existence of a previously unexpected post-
transcriptional RNA signaling network . Extensive screening for functional miRNAs has become easier due to the
refinement of the principles that allow the manipulation of miRNA expression; functional miRNAs will gradually
overturn the central dogma of molecular biology [Bl—evidence regarding involvement of miRNAs in post-
transcriptional regulation is mounting, and they are considered as the key components in the maintenance of
intracellular homeostasis of many physiological processes B, Apart from their intracellular functions, miRNAs are
also highlighted as unpredictable, important intercellular communicators, which help in the maintenance of a
homeostatic extracellular microenvironment €. Dysregulated miRNAs in cell type-specific or cell-state-specific
gene expression patterns cause pathophysiological transitions toward neurological &, cardiovascular 19,
metabolic LU, autoimmune 22, and carcinogenic disorders 22l and in turn, provide novel diagnostic, therapeutic,

and prognostic opportunities in deciphering diseases 24!,
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| 2. Functional Annotation of Premature miRNAs in Cancers

The functional importance of miRNAs is being extensively studied. The functional role of miRNA* species in
various diseases is highly valuable in annotating the functionality of miRNA precursors 2. Almost all models of
functional miRNAs, from diverse origins and biosynthesis pathways, converge at the step where a hairpin miRNA
precursor is produced, and thus, functional annotation of premature miRNA is focused on the last premature form
of miRNA, the pre-miRNA. Given the inability to establish direct contact with regulatory protein complexes, the
functions of pre-miRNAs are determined by the joint activity of their encompassing regulatory miRNAs. In this
entry, researchers have mainly focused on the pre-miRNAs that produce two mature strands and account for the
majority of miRNA precursors. Mining functional information related to miRNA in combination with newly discovered
biological implication of its passenger strand is essential for drafting the biological propensity of their parental
precursor transcripts. In cancers, pre-miRNAs can be divided into three different subgroups, i.e., oncogenic, tumor
suppressive, and ambivalent pre-miRNAs, based on the function of the dual sister strands (Figure 1a—c.).
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Figure 1. Functional annotation of miRNA precursors by dual regulatory strands. (a) The oncogenic pre-miRNAs
produce two oncomiRs synergistically contributing to the oncogenic process under a certain cellular context by
post-transcriptional regulation of tumor suppressors. (b) Conversely, the two mature products of tumor suppressive
pre-miRNAs target two sets of oncogenes, respectively. (¢) An ambivalent pre-miRNA is processed into two mature
miRNAs that have simultaneous conflicting reactions toward cancer progressions. PCa, prostate cancer; ESCC,

esophageal squamous cell carcinoma; BRCA, breast cancer; GBM, glioblastoma; CRC, colorectal cancer.

2.1. Oncogenic Pre-miRNAs

Similar to the definition of oncogenic miRNAs (oncomiRs), an oncogenic pre-miRNA produces two oncomiRs,
which synergistically contribute to the oncogenic process under a certain cellular context (Figure 1a). For instance,
Yang and his colleagues have shown that pre-miR-17 induces more malignant phenotypes in prostate cancer
(PCa) and hepatocellular carcinoma (HCC) 1817l |n PCa, luciferase reporter assay demonstrated that both miR-
17-5p/3p targeted the 3'-UTR of TIMP metallopeptidase inhibitor 3 (TIMP3), and ectopic expression of pre-miR-17
promoted tumor growth and invasion, which was mediated by TIMP3 repression 18, Additionally, pre-miR-17
transgenic mice were prone to develop HCCs. Unlike targeting a common tumor suppressor to augment the
regulatory activity in PCa, pre-miR-17 displayed a different mode of action by targeting multiple tumor suppressive
pathways in HCC. MiR-17-5p was bound to two putative binding sites of PTEN, while GalNAc transferase 7
(GaINT7) and VIM (namely vimentin) were regulated by the passenger strand miR-17-3p; all these regulatory
activities are ceRNA-independent. The combined effect of miR-17-5p/3p led to a proliferative and migratory
phenotype 7. Additional examples include oncogenic pre-miR-10b in esophageal squamous cell carcinoma
(EScC) L8I19 pre-miR-21 in ovarian cancer [2A[211122] and pre-miR-221 in PCa [28l24] the dual tumor-promoting
strands in all these cases have been identified by individual studies. First, starvation-induced miR-10b-5p
expression increased the autophagic flux in ESCC during nutrient deprivation, and DAZ associated protein 1
(DAZAP1I) was the direct target and mediator of this phenomenon. Decreased DAZAP1, an oncogenic signature,
was observed in ESCC tumor samples and was correlated with poor survival, and this enhanced the migratory and
invasive capacities in ESCC cell lines 28, MiR-10b-3p expression increased under hypoxic conditions in ESCC
cells, and its downregulation, mediated by hypoxia, impaired its migratory and invasive capabilities. This could be
because the hypoxia-inducing miR-10b-3p suppressed the expression of targeting testis specific 10 (TSGA10),
which contains a putative binding site at the 3-UTR 2. Second, miR-21-5p is located within chromosomal region
of 17923-25 and its amplification is correlated with shorter progression-free and overall survival in ovarian clear cell
carcinoma (OCCC), one of the most lethal types of gynecological malignancies. miR-21-5p amplification
demonstrated that tumor suppressor PTEN was a direct target of miR-21-5p, but miR-21-5p antagonization was
not able to compromise cell proliferation or invasion of RMG-II cells, which is a newly established OCCC cell line
(20 However, in OVCAR-3 cells (low grade serous ovarian papillary adenocarcinoma), miR-21-5p knockdown
increased in PTEN upregulation and decreased cell proliferation, migration, and invasion 4. MiR-21-3p was
identified as a potential mMiRNA mediator for the development of cisplatin resistance through microarray analysis
performed between A2780 cell line and its cisplatin-resistant derivative, CP70. The acquired cisplatin resistance of
A2780 could be induced by miR-21-3p overexpression, which can be witnessed in multiple ovarian cancer cell

lines. In response to MiR-21-3p upregulation, the decrease of its direct target, the neuron navigator 3 (NAV3),
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desensitized ovarian cancer cells to cisplatin 2. Unexpectedly in the same paper, the introduction of miR-21-5p
mimics sensitized A2780 cells (human ovarian cancer cell line) to cisplatin, and the underlying mechanism was not
further investigated in the study (22!, The unusual anticancer effect of miR-21-5p contradicts the general notion of its
canonical oncogenic role in various cancers, including ovarian cancers. By searching related terms in PubMed,
researchers found several studies reporting the relationship between miR-21-5p and cisplatin resistance in ovarian
cancer, and all the studies demonstrate that miR-21 contributes to the development of cisplatin resistant phenotype
(25][261[27][28] |t js of particular interest to researchers as three out of four studies are performed in A2780 cell line or
its variants as well, which indicates a similar cellular background. However, even the same experimental cell line in
a different lab can introduce bias in phenotypic performance. Therefore, it is controversial in the function role of
miR-21-5p in cisplatin resistance of ovarian cancer, and requires further validation in the same experimental model
and at the same time. Lastly, a study showed that pre-miR-221 mediates the malignant transition in PCa. MiR-221-
5p expression was elevated in tumor and adjacent tissues of clinical samples, indicating its oncogenic role in
prostate carcinogenesis. Ectopic miR-221-5p manipulation proved that miR-221-5p enhanced the migratory and
proliferative capabilities of PCa cells in vitro, and suppressers of cytokine signaling 1 (SOCS1), an established
tumor suppressor, was validated to be the direct target of 3-UTR luciferase reporter assay 23, MiR-221-3p is
reported to participate in the development or maintenance of castration resistant prostate cancer (CRPC)
phenotype, but the underlying mechanism remains unknown (2. Another study has demonstrated that ectopic
upregulation of miR-221-3p promoted androgen independent cell growth in LNCaP cell lines. Two potential tumor
suppressive targets, HECT domain E3 ubiquitin protein ligase 2 (HECTDZ2) and RABI1A, were identified by the
combination of RNA immunoprecipitation and miR-221-3p target prediction programs. Reduction
of HECTD2 and RABIA or increased miR-221-3p contributed to the development of CRPC phenotype [24],
Examples of oncogenic pre-miRNAs elucidate the preliminary therapeutic potential of dual oncomiRs ablation using

only one pre-miRNA intervention.

2.2. Tumor-Suppressive Pre-miRNAs

In contrast, a tumor suppressive pre-miRNA can be processed into dual tumor suppressive mature miRNAs, which
simultaneously target two sets of oncogenes (Eigure 1b). Tumor suppressive pre-miR-126 in breast cancer (BRCA)
(801 pre-miR-144 in lung squamous cell carcinoma (LUSC) B, pre-miR-524 and pre-miR-491 in glioblastoma
(GBM) [B2I23] gre discussed in this section. To start with, miR-126-5p/3p were downregulated in metastatic BRCA
cell lines and clinical samples, and ectopic pri-miR126 expression significantly decreased lung metastasis, implying
the negative regulatory potential in cancer metastasis. With focus on cytokines/chemokines, CXCL12 (also known
as Sdf-1a) was downregulated in response to forced pri-miR-126 expression. The luciferase reporter assay
using CXCL12 3-UTR construct confirmed that either pri-miR-126 or its mature products, miR-126-5p/3p,
suppressed the luciferase activity in BRCA cells. The suppression of the migratory capabilities of mesenchymal
stem cells were mediated by downregulation of CXCL12 through miR-126-5p/3p, thereby preventing the
development of the metastatic phenotype B9, Secondly, miR-144-5p/3p were downregulated in LUSQ tissues and
cell lines, and high miR-144-5p/3p expression was correlated with a favorable outcome for LUSQ patient data in
The Cancer Genome Atlas (TCGA) database. Transient miR-144-5p/3p transfection impaired the proliferative,

invasive, and migratory abilities of LUSQ cells. Both miR-144-5p/3p were functional substrates of AGO-RISC, and
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neuronal calcium sensor 1 (NCS1) was a shared target for both strands. The phenotypic influence of neuronal
calcium sensor 1 knockdown mimicked the counterpart of miR-144-5p/3p introduction BY. Thirdly, miR-524-5p/3p
were exclusively downregulated in the classical subtype of GBM and negatively associated with epidermal growth
factor receptor (EGFR) expression, while EGFR amplification was observed in 97% of the classical subtypes and
was infrequent in other subtypes 3234 EGFR could recruit the repressive histone modifier to the promoter region
of MIR524 and reduced pri-miR-524 production. TEA domain transcription factor 1 (TEAD1) and SMAD2 were
validated to be the target of miR-524-5p and -3p, respectively, and HES1 was the target of both the strands. All
three targets of pre-miR-524 converge on the activation of the downstream oncogene, MYC, resulting in retention
of the migratory, invasive, and proliferative phenotypes 32, Lastly, MIR491 was found to be frequently codeleted
with cyclin dependent kinase inhibitor 2A (CDKNZ2A) located on chromosome 9p21.3 in GBMs, and accordingly, the
corresponding miR-491-5p and -3p expression levels were significantly lowered in GBM compared to in the normal
brain. Reporter assays confirmed the binding sites within EGFR and BCL2 like 1 (BCL2L1) for miR-491-5p, insulin
like growth factor binding protein 2 (IGFBP2) for miR-491-3p, and cyclin dependent kinase 6 (CDK®6) for both. The
concurrent loss of tumor suppressive miR-491-5p and -3p derepressed multiple oncogenes, consequently
exacerbating malignancy in GBM in vitro and in vivo 33, Based on the coordinated effect of the two mature
products of pre-miRNA on cancer suppression, supplementation with two tumor suppressors through introduction
of a single miRNA precursor might promisingly outweigh a single miRNA amendment for future therapeutic

purposes.

2.3. Ambivalent Pre-miRNAs

Unlike the aforementioned oncogenic or tumor suppressive pre-miRNA, ambivalent pre-miRNAs can be processed

into two mature miRNAs which tend to function in two opposing directions (Figure 1c). For example, pre-miR-31 in

oral squamous cell carcinoma (OSCC), pre-miR-9 and pre-miR-10b in BRCA consist of a single oncomiRs at the 5’
arm and tumor suppressive miRNA at the 3" arm, while pre-miR-221 in colorectal cancer (CRC) are constituted in a
reverse manner [32[361371[38][391[401141][42] ' \vjth respect to pre-miR-31, the oncogenic miR-31-5p in head and neck
squamous cell carcinoma (HNSCC) were found to be one of the most highly expressed miRNAs when compared to
normal tissues. The elevated miR-31-5p expression was linked to increased oncogenic potential of HNSCC cells
by promoting cell growth and migration. The phenotypic effect of miR-31-5p was mediated by the suppression of
factor-inhibiting hypoxia-inducible factor (FIH), which is the direct target of miR-31-5p. However, under normoxic
conditions, FIH acts as a tumor suppressor by inhibiting oncogenicity B3, The tumor suppressive complementary
strand, miR-31-3p, was associated with decreased capability of growth and migration in SAS and Fadu OSCC cell
lines. Ras homolog family member A (RHOA) was chosen as a candidate for observing the phenotypic changes in
response to miR-31-3p manipulation and the miRNA-target relationship was verified by 3'-UTR luciferase reporter
assays. Interestingly, the authors examined the phenotypic influence of forced pre-miR-31 expression, which
supplemented two mature products in the form of oncogenic 5" arm and tumor suppressive 3' arm, and showed that
the phenotypic profiling of ambivalent pre-miR-31 introduction was oncogenic 8. Regarding pre-miR-9, oncogenic
miR-9-5p was found to be significantly upregulated in human BRCA compared to normal breast tissues. Besides,
c-myc induced an increase of more than 500-fold in the expression of miR-9-5p/3p in mice transgenic models 43

44 |n human cancer, miR-9-5p displayed a positive correlation with MYCN amplification and tumor grade
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neuroblastoma, and was elevated in patients with metastatic BRCA. In BRCA cells, 3'-UTR of cadherin 1 (CDH1)
was directly targeted by miR-9-5p. CDH1 suppression derepressed [(-catenin pathways and induced vascular
endothelial growth factor A (VEGFA) expression levels, angiogenesis, mesenchymal transitions, and metastatic
phenotypes in BRCA 7. The pairing strand, viz., tumor suppressive miR-9-3p, was screened out from a miRNA
mimics library for a possible synthetic sensitizer of MEK inhibitor, viz., AZD6244 in BRCA cell lines. In the presence
of miR-9-3p, AZD6244-treated BRCA cells were subjected to vulnerable growth arrest, migration, and inhibition of
invasion, which was mediated by miR-9-3p repression of integrin subunit beta 1 (/TGB1) 38, With regards to pre-
miR-10b, oncogenic miR-10b-5p was highly expressed in metastatic BRCA, and its upregulation in BRCA cell lines
was competent enough to increase the cell motility and invasiveness in vitro and elicit tumor invasion and distant
metastasis in vivo. The increase of miR-10b-5p was induced by TWIST1-binding to E-box located at the upstream
of MIR10b stem-loop sequences, and the function was executed by direct targeting of 3-UTR of homeoboxD10
(HOXD10). This is an established tumor suppressor system which impairs the migrating and invading abilities of
BRCA cells in vivo 3243l The decreased miR-10b-3p expression was identified in BRCA tumor samples compared
with matched peritumor tissue samples, indicating that the loss-of-function may contribute to tumorigenesis. In
BRCA cell lines, ectopic introduction of miR-10b-3p inhibited cell viability in vitro and tumor growth in xenograft
models. The possible molecular mechanism is the direct repression of the regulatory genes of cell cycle, viz., cyclin
A2 (CCNA2), polo like kinase 1 (PLK1) and BUBI1, whose expression levels were the most negatively correlated
with miR-10b-3p in BRCA samples. The restoration of miR-10b-3p in BRCA cell lines increased subGl1- and
decreased S-phase cell populations by inhibiting dysregulated cell cycle-associated pathways, and all the three
validated targets were associated with poor outcome in BRCA patients 49, In contrast to the above-mentioned
oncogenic 5" arm-derived miRNA, tumor suppressive miR-221-5p were significantly downregulated in metastatic
CRC cells, and its downregulation was associated with poor survival of CRC patients belonging to all the stages.
Upregulation of miR-221-5p reduced the subcutaneous and orthotopic CRC tumor volumes in mice, and impaired
migratory and invasive capability of CRC cells in vitro. Methyl-CpG binding domain protein 2 (MBDZ2) contains a
validated binding site for miR-221-5p, and its knockdown recaptured the phenotypic change of miR-221-5p
introduction in CRC cells ¥, The oncogenic strand of pre-miR-221 in human CRC, miR-221-3p, was preferentially
overexpressed in CRC stem cell-like cells, and its overexpression correlated with the reduced survivability in CRC
patients. Overexpressed miR-221-3p promoted the three-dimensional (3D) organoid-forming capacity of human
CRC cells in vitro, and miR-221-3p antagonization repressed in vivo engraftment and growth of human CRC
patient-derived xenografts (PDX) in mice models. QKI-5 was experimentally validated to be the functional target of
miR-221-3p, which impeded the 3D-organoid formation and tumorigenic capability of human CRC PDX cells 42, |n
certain cellular backgrounds, therapeutic manipulation of ambivalent pre-miRNAs may be infeasible as the
expression of the dual sister strands are inevitably interfered simultaneously and unidirectionally, which leads to

transcriptional repression of oncogenes as well as tumor suppressors.

The genes in red/blue indicate the implications in the pro/antioncogenic processes; Abbreviations: TIMP
metallopeptidase inhibitor 3 (TIMP3); phosphatase and tensin homolog (PTEN); GalNAc transferase 7 (GalNT7);
vimentin (VIM); DAZ associated protein 1 (DAZAP1); targeting testis specific 10 (TSGA10); suppressers of
cytokine signaling 1 (SOCS1); HECT domain E3 ubiquitin protein ligase 2 (HECTDZ2); neuronal calcium sensor 1
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(NCS1); TEA domain transcription factor 1 (TEAD1); BCL2 like 1 (BCL2L1); epidermal growth factor receptor
(EGFR); cyclin dependent kinase 6 (CDK®6); insulin like growth factor binding protein 2 (IGFBPZ2); factor-inhibiting
hypoxia-inducible factor (FIH); Ras homolog family member A (RHOA); cadherin 1 (CDH1); integrin subunit beta 1
(ITGB1); homeoboxD10 (HOXD10); cyclin A2 (CCNA2); polo like kinase 1 (PLK1); methyl-CpG binding domain
protein 2 (MBD?2).

| 3. Conclusion and Future Perspective

Without any doubt, miRNA species have grown to be one of the most important regulatory molecules in maintaining
intracellular hemostasis. The evolving knowledge about the biogenesis and function of miRNAs keeps illuminating
miRNA biology through unprecedented depth and breadth. The early stage of functional evaluation of miRNA
species is focused mostly on the guide strands of miRNA duplex, and the passenger strand is considered to be
nonsense and degraded after the guide strand has been loaded into the RISC. With the increase in evidence
concerning substantial regulatory activities of miRNA*, the nonsense tag of passenger strand has been gradually
torn off. As a consequence, some of the currently available mature miRNA-targeting strategies have been deemed
less rigorous in cancer research due to the influence of nonvoluntary negligence in miRNA* expressions.
Reviewing the various biogenesis pathways leading to functional miRNAs, impertinence with respect to these
inappropriately applied strategies converge on the attempt to manipulate a single miRNA at premature stages. This
should be avoided such that simultaneously altered dual strands could either mitigate or exaggerate the
performance of the target miRNA-mediated phenotype. One of the major advantages of premature miRNA
manipulation rises from the lesson of utilizing such methodology in single miRNA manipulation. If the dual sister
strands function synergistically, it would not be more appropriate to use the same strategies for exaggerating the
therapeutic performance. The theory of “target-two-sets-of-genes-with-one-pre-miRNA” has been proposed.
Currently, only a very small portion of studies are dedicated to establishing the functional relevance of dual sister
strands in one study. Functional annotation of a pre-miRNA based on multiple separated studies might face a
conflicted situation that ambivalent functions of one of the mature strands are reported. A problem is that the
investigations of dual sister strands of a miRNA precursor are mostly not launched in the same lab at the same
period of time. It is inevitable that a contradicted phenotype occurs due to the different experimental conditions.
However, it can be anticipated that in company with the developing understanding of miRNA* species, functional
annotation of pre-miRNA will be taken into account, and annotated pre-miRNA-based therapeutic will sprout with
less controversy. Theoretically, a pre-miRNA should be functionally annotated in a single study to rule out the
experimental bias, and ideally, phenotypical profiling should be performed before therapeutic interventions. The
phenotypic profiling of dual regulatory strands may grant superior performance to the therapeutic interventions on
certain premature miRNA, which acts as a “one-two punch” strategy against malignancies. The functional
annotation of a miRNA precursor will be generously aided by the availability of annotated miRNA species.
Researchers envision that in the upcoming future, there will be a significant decrease in the inappropriate utilization
of premature miRNA inventions on single miRNA manipulations and generous increase in the number of functional

miRNA precursor annotations. Being an almost indispensable step of miRNA maturation, the miRNA precursor may
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deserve a functional tag in the future, acting as a molecular target instead of a mere carrier of regulatory
MiIRNA/MIRNA*.
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