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MiRNAs are short non-coding RNAs that play a central role in regulating RNA silencing and gene expression. Alternative
splicing increases the diversity of the proteome by producing several different spliced mMRNAs from a single gene for
translation. MiRNA expression and alternative splicing events are rigorously regulated processes. Dysregulation of miRNA
and splicing events promote carcinogenesis and drug resistance in cancers including breast, cervical, prostate, colorectal,
ovarian and leukemia. Alternative splicing may change the target MRNA 3'UTR binding site.
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| 1. Introduction

Cancers are biologically diverse and heterogenic and pose a major global challenge with increasing incidence, prevalence
and mortality particularly in low resource countries LB, Cancer drug resistance poses a major challenge in the
treatment and management of the disease. This warrants urgent attention to, and targeting of, molecular alterations, such
as miRNA regulation and alternative mRNA splicing, which hold potent therapeutic potential. The same type of numerous
alterations in molecular mechanisms that can drive the malignant transformation of cells can also drive the development
of drug resistance. Molecular events such as alterations in microRNA (miRNA) transcription and aberrant splicing events
contribute to drug resistance in many cancers . MiRNAs are short non-coding RNAs (ncRNAs) that function in the
regulation of RNA silencing and gene expression . MiRNAs are involved in diverse biological functions such as cell
proliferation and differentiation, homeostasis, metabolism, apoptosis, cell death, and can play a role as either tumor
suppressors or as oncogenes BI4IE],

Alternative splicing (AS) contributes to several cellular functions by maintaining the diversity of the proteome, producing
several differently spliced mRNA from a single gene for translation €. Like the expression of miRNAs, alternative splicing
events are also rigorously regulated processes and aberrant splicing events give rise to malignancy and resistance to
therapy €. Alternative splicing is known to take place in many genes that can promote or inhibit drug resistance. Cancer
cells are known to make use of alternative splicing to alter their sensitivity to chemo-, radio-, hormonal, and
immunotherapies by changing the expression profile of various protein isoforms. The changes in alternative splicing and
the resulting change in protein expression may affect the effectiveness of various treatments by altering drug uptake and
efflux, altering the target of the drug, altering the conversion of the drug to its active state or metabolites, increased drug
sequestration, drug inactivation, altered apoptosis, altered DNA damage response (DDR), altered cellular communication
and immune system evasion [,

Evidence suggests that there is an interplay between miRNAs and alternative splicing events that alters drug resistance
[, However, this interplay is underreported and forms a significant research gap. Dysregulation of miRNA and splicing
events promote carcinogenesis and drug resistance in cancers including breast, cervical, prostate, colorectal, ovarian and
leukemia [EIE, The increasing prevalence of drug resistance in cancer poses a substantial challenge in the management
of the disease. As a result, these molecular alterations are highly attractive drug targets to reverse the aberrant effects of
miRNAs and splicing events that promote malignancy and drug resistance.

| 2. Normal and Aberrant Biosynthesis of MiRNAs

MiRNAs have been identified as vital components in carcinogenesis, including chemoresistance [&. The mechanisms of
action of miRNA in chemoresistance are emerging as crucial factors in anti-cancer therapeutic research. Despite this,
these mechanisms remain to be fully understood. A single miRNA can act as a double-edged oncogenic sword, as either a
tumor suppressor or an oncogene 19, MiRNA can target genes related to drug targeting, transport and detoxification, cell
cycle regulation, DNA repair and apoptosis (Figure 1) LLLA2SIAIISI6LANLEING This process involves the transcription



of miRNA transcripts to primary miRNA (pri-miRNA) in the nucleus by RNA pol Il. This is followed by pri-miRNA processing
to release the precursor miRNA (pre-mRNA) by the Drosha/DGCR8 complex. The released pre-miRNA is about 70nt in
length and has a stem loop structure with a 2nt 3' overhang 29). The export of the pre-miRNA from the nucleus to the
cytoplasm is facilitated by its binding to the Exp5/Ran-GTP complex. In the cytoplasm, the stem-loop pre-miRNA is
processed into double-stranded RNA (dsRNA) by the Dicer/TRBP/PACT complex. The helicase enzyme then unwinds the
ds-miRNA into single strands. Of the two miRNA strands, the strand with higher stability at the 5' end will be degraded,
while the strand with lower stability at the 5 end will become a mature miRNA by integrating into the RNA-induced
silencing complex (RISC). The miRNA-RISC complex will then bind to the 3'UTR of the target mRNA, inhibiting its
translation (29,
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Figure 1. MiRNA biogenesis: A schematic outline of the biogenesis of miRNA. Following transcription by RNA polymerase
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II, the resulting primary microRNA precursor is then cleaved by the Drosha complex to generate pre-miRNA that is
exported to the cytoplasm by Exportin-5. In the cytoplasm it is processed by Dicer into a miRNA duplex. The guide strand
(mature miRNA) is then incorporated into the miRNA-induced silencing complex (miRISC) complex where gene silencing
can be accomplished via mRNA target cleavage (degradation), or through the prevention of translation 4.

Changes in the levels of miRNA in cancer are largely due to changes in the miRNA biosynthesis pathway. One of the
causes of this is changes in the expression of proteins involved in these pathways. For instance, both DROSHA and
DICER are downregulated in many cancers 21122 However, different oncoproteins have different effects on DROCHA
transcription. It is downregulated by ADARB1 23 but upregulated by MYC 24, This leads to increased miRNA expression
in some cancers and decreased miRNA expression in others. DICER levels in cancer are regulated in part by changes in
the transcription factor Tap63, which is responsible for DICER transcription 22!, Mutations in p53 can also lead to a
decrease in DICER levels 28], while DICER mRNA is also a target of miRNAs whose expression changes in many
cancers [28],

Other than changes in biogenesis, miRNA expression profiles can change as a result of DNA damage response pathways
altering the phosphorylation of KH-type splicing regulatory protein. Since some miRNAs can be generated from excised
RNA originating from alternate splicing, this can change the expression levels of these miRNAs £, Additionally, the
export of precursor miRNA to the cytoplasm can result from mutations or altered transcription of the XPO5 gene [28],

| 3. Normal and Aberrant mRNA Splicing Events: Targeting the 3'UTR

Alternatively spliced mRNA transcripts encode structurally, and perhaps functionally, distinct protein isoforms by exon
retention or exclusion. More than 95% of human genes undergo AS. On average human genes have about 8 to 10 exons
separated by the non-coding intronic regions, which can be 10 to 100 times longer €. In human cells, different



mechanistic types of AS exist and these include: (1) intron retention in the mature mRNA transcript; (2) exon skipping
where the whole exon is excluded from the mature mRNA transcript, (3) alternative 5' splice site, with an alternative
selection of 5' splice sites, (4) alternative 3’ splice site, where there is an alternative selection of 3' splice site. Alternative 5’
or 3' splice site selection may lead to smaller exon retention, (5) mutually exclusive exons, where distinct exon
combinations are generated, (6) alternative promoter selection, where alternative 5' ends are generated by different pol I
promoter selection, (7) alternative polyadenylation sites, where alternative 3' ends are generated by the selection of
different polyadenylation sites [l Alternative mRNA splicing is important in normal physiology, but aberrant splicing events
have been reported in regard to cancer and drug resistance. It has been reported that aberrant splicing events result in
novel mMRNA transcripts not observed in normal cells. Furthermore, these novel mRNA transcripts have been reported in
cancer and drug resistance 29, Changes in alternate splicing that occur as a result of cancer largely occur due to
genomic splice site point mutations. For instance, multiple splice-site mutations occur in p53 in various types of cancer.
Exons are normally flanked by 5' and 3' intronic dinucleotides and mutations in these splice sites can lead to exon
exclusion Y, or even double exon skipping 4. Another common mechanism whereby mutations that arise during cancer
give rise to aberrant splicing is through the creation of cryptic splice sites. This can lead to the inclusion or exclusion of
nucleotides from an mRNA 2, Cancer has also been observed to have higher rates of mutation in exonic splicing
enhancers. Splicing factors bind to these sequences and recruit the spliceosome to splice sites which would normally not

be recognized as splice sites. These mutations are known to disrupt the binding of splicing factors such as SC35 and
ASF/SF2 [81124135],

Mutations in the genes that code for those aforementioned splicing factors that control and regulate splicing also regularly
occur in cancers, resulting in changes in alternate splicing. For instance, mutations in the SF3B1 gene are clustered in
multiple hotspots. These mutations are all clustered within the Huntingtin, Elongation factor 3, protein phosphatase 2A
(HEAT) domain, which is normally associated with intracellular transport 28, Altered availability of this protein in the
cytoplasm may explain the effect these mutations have on the function of these proteins. Mutations in the SRSF2 splicing
factor mostly consist of insertions/deletions in a hotspot around residue P95. This region occurs in a linker sequence
between the N-terminal RNA recognition motif (RRM) and the C-terminal RS domain. The effect of these mutations is
largely negative, being associated with decreased patient survival and poorer treatment outcomes B4, Mutations in the
zinc finger RNA binding motif and serine rich 2 (ZRSR2) splicing factor do not occur in a hotspot and are found across the
gene sequence. These mutations mostly lead to reading frame changes and mutant proteins with decreased or no
function. This results in altered splicing of some proteins which can best be described as U12-type intron retention [28l,
Mutations in the zinc finger RNA binding motif and serine rich 2 (ZRSR2) splicing factor do not occur in a hotspot and are
found across the gene sequence. These mutations mostly lead to reading frame changes and mutant proteins with
decreased or no function. This results in altered splicing of some protein which can best be described as U12-type intron
retention (281,

This results in protein isoforms that may lack full activity, have no activity, or even have the opposite activity. The
expression of these isoforms can therefore result in the decreased activity of proteins that function as tumor suppressor
genes.

4. MiRNAs Targeting the 3'UTR of Different Transcripts Generated by
Alternative Splicing

The ability of miRNAs to bind and regulate mRNA predominantly occurs at the 3' UTR of the mRNA. Although occasionally
this can occur at the 5' UTR of the target mRNA B[40, Several studies have shown that introns retained at the 3' UTR
following alternative splicing can increase the number of putative miRNA target sequences 21, while truncated 3' UTRs
transcripts can alter miRNA binding affinity to targeted mRNA (Figure 2) 42, The generation of alternative 3' UTRs occurs
through the alternative polyadenylation sites splicing mechanism. The patterns and occurrence of multiple alternative
polyadenylation (APA) sites are known to be altered in cancer cells 23, Ceramide is important for multiple physiological
roles and is involved in the actions of some chemotherapy drugs. As a result of this, the downregulation of ceramide
synthetase (CerS) is important in acquired drug resistance and metastasis. CerS is downregulated through the interaction
between histone deacetylases (HDACs) and miRNAs. In addition to this, an isoform of CerS, CerS1, is detected at higher
levels in cancer cells and the CerS1 spliced isoform is targeted for degradation by miR-574-5p by binding to the 3' UTR
within the retained intron between exons 6 and 7 24,
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Figure 2. The effect of aberrant alternative splicing in miRNA regulation. Changes in the 3'UTR of target mMRNA occur due
to different polyadenylation sites. The different 3' UTRs that result have different regions where miRNAs can bind and
target the mRNA. These changes can result in some miRNAs not being able to regulate different alternatively spliced
transcripts of the same pre-mRNA. These changes can affect regulation by miRNAs. This may lead to changes in cellular
effectors (such as proteins and enzymes) of drug resistance, thereby altering a tumor’s response to a drug.
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