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ABSTRACT ARTICLE HISTORY
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers because of diagnosis Received 5 December 2020
at late stage and inherent/acquired chemoresistance. Recent advances in genomic profiling and Revised 23 March 2021
biology of this disease have not yet been translated to a relevant improvement in terms of disease Accepted 6 April 2021
management and patient’s survival. However, new possibilities for treatment may emerge from

. . - . h . - KEYWORDS
studies on key epigenetic factors. Deregulation of microRNA (miRNA) dependent gene expression PDAC: splicing deregulation;
and mRNA splicing are epigenetic processes that modulate the protein repertoire at the transcrip- miRNA; interaction; Sp"dng'
tional level. These processes affect all aspects of PDAC pathogenesis and have great potential to modulation
unravel new therapeutic targets and/or biomarkers. Remarkably, several studies showed that they
actually interact with each other in influencing PDAC progression. Some splicing factors directly
interact with specific miRNAs and either facilitate or inhibit their expression, such as Rbfox2, which
cleaves the well-known oncogenic miRNA miR-21. Conversely, miR-15a-5p and miR-25-3p signifi-
cantly downregulate the splicing factor hnRNPA1 which acts also as a tumour suppressor gene
and is involved in processing of miR-18a, which in turn, is a negative regulator of KRAS expression.
Therefore, this review describes the interaction between splicing and miRNA, as well as bioinfor-
matic tools to explore the effect of splicing modulation towards miRNA profiles, in order to exploit
this interplay for the development of innovative treatments. Targeting aberrant splicing and
deregulated miRNA, alone or in combination, may hopefully provide novel therapeutic
approaches to fight the complex biology and the common treatment recalcitrance of PDAC.

Introduction progression and only 20% of newly diagnosed
patients are eligible for surgical resection, the
most effective treatment option for this disease
[1]. In addition, PDAC is highly resistant to any
therapy upfront and tends also to rebound rapidly
after first response/stabilization [3].

Recent studies provided new insights into the
underlying mechanism of PDAC evolution, sug-
gesting that, in addition to the specific mutational
load, including the concurrent mutations in KRAS,
TP53, pl6, and DPC4, and to the tumour and
stromal heterogeneity, microRNAs (miRNAs) and

screening methocﬂs [5(}' Th}el. problerr; become's splicing deregulation could be major players in
even more complicated as this type ol cancer ! directing tumorigenesis and tumour evolution
hard to treat or to manage. PDAC has a rapid (6-9]

Pancreatic ductal adenocarcinoma (PDAC) is one
of the most lethal cancers worldwide [1,2].
Although its incidence and prevalence are lower
than several other cancers, such as lung, head and
neck, colorectal and breast cancer, the mortality
rate almost matches the incidence rate [3].
Furthermore, early detection is difficult in PDAC
because of the lack of accurate biomarkers [3,4].
Current biomarkers still have low sensitivity and
specificity and, therefore, are not suitable as
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MiRNAs have been studied extensively and
there is a wide array of functionally relevant
miRNAs that play an important role in PDACs
[7]. For instance, miR-21 has been implicated in
carcinogenesis and tumour progression in many
types of solid cancers, including PDAC [10,11]. It
may be a strong biomarker for early detection, but
lacks specificity as it is upregulated in many types
of solid cancers and other diseases [12]. Another
well-known miRNA in PDAC is miR-155 that is
important for inflammation and metastatic pro-
cesses, while miR-121 and miR-21 contribute to
chemoresistance [13].

Contrary to miRNA, splicing deregulation is
a relatively new concept in cancer progression,
especially in solid cancers [8]. The discovery of
mutations in genes encoding splicing factors
increased the interests in this topic, prompting
several recent studies. Splicing deregulation due
to mutation of splicing factors is especially impor-
tant in non-solid cancers, such as leukaemia, but
their overexpression is widely observed also in
solid cancers [14,15]. Despite a low mutational
rate of splicing factor 3B subunit 1 (SF3B1) in
mesothelioma, its overexpression is diffusely pre-
valent and significantly associated with increased
malignant characteristics and patients survival
[16]. In lung cancer, Serine and Arginine Rich
Splicing Factor 2 (SRSF2) has been implicated in
patient’s survival and tumour progression while
Serine/arginine-rich splicing factor 7 (SRSF7) is
highly expressed in chemoresistant colorectal can-
cer [17].

Although miRNA and splicing deregulation
draw extensive interest among cancer scientists,
the possibility of their interaction emerged only
recently. Rodriguez-Aguayo et al. [18] showed
that miR-15a-5p and miR-25-3p significantly
downregulate tumour suppressor gene splicing
factor hnRNPA1 which is a key player in the
processing of miR-18a, the negative regulator of
KRAS expression. On the other hand, splicing
factors themselves could affect miRNA expression
as shown by Chen et al., who reported a inhibition
of miR-21 by Rbfox-2 [18]. These evidences indi-
cate that there could be a relationship between
miRNA and gene splicing, which might influence
different oncogenic processes and provide new
crucial concepts to be exploited towards more

efficient cancer treatments. Therefore, this review
discusses this intricate relationship, with a focus
on the basic concept of miRNA and splicing
deregulation, and on how miRNA and splicing
factors affect each other. Additionally, this review
concludes with consideration on how to exploit
this relationship for future strategies in PDAC
management and treatment.

Biology of miRNA and its relevance in PDAC

By definition, a miRNA is a non-coding RNA
which typically consists of 19-24 nucleotides with
a pivotal role in post-transcriptional regulation [7].
MiRNAs were first discovered in Caenorhabditis
elegans and thousands more have been identified
in all kinds of organisms [19]. In humans, around
2500 different miRNAs have been identified along
with their sequence, transcript annotation, and
their location within the genome [20]. MiRNAs
biogenesis begins with their transcription by
RNA polymerase II which generates long precur-
sors known as primary miRNA transcripts (pri-
miRNAs) (Figure S1). This transcript has a wide
variability in their length, but it typically ranges
between 100 and 1000 base pairs. The pri-miRNAs
are then processed by Drosha-DGCRS8 ribonu-
clease complex in the nucleus, producing 70-100
nucleotides long intermediate pre-miRNAs with
hairpin shape. Then, this intermediate will be
transported into the cytoplasm by Exportin-5 and
RanGTP6 where it will further be processed by the
endoribonuclease Dicer (also known as endoribo-
nuclease RNase III). Dicer cleaves the terminal
loop and produces mature double stranded 19-24
nts RNA. One strand of this mature miRNA will
be degraded, while the other is incorporated into
Argonaute heteromultimer protein to form highly
specialized RNA Induced Silencing Complex
(RISC) [21]. The seed sequence in miRNA leads
to the complex towards target mRNA by means of
RNA-RNA base pairing. The target mRNAs can
either be degraded or translationally repressed,
which depends on whether the seed sequence
matches the target sequence within the mRNA.
Complete base pairing between the seed sequences
and target mRNAs usually leads to degradation of
mRNA while incomplete pairing results in transla-
tional  suppression  [22].  However, this



phenomenon also underlies the reason why
miRNA is so versatile. It has been shown that
a single miRNA can indeed control mRNAs from
several genes, while a single mRNA can be targeted
by several different miRNAs [23]. In addition, it is
estimated that 60% of all genes are controlled by
miRNAs which further underscores their impor-
tance in the control of gene expression [24].
MiRNAs are also involved in important cellular
processes, such as cell proliferation, metabolism,
differentiation, apoptosis, and cell signalling[25].
Extensive studies on miRNA gave insight in its
important role in many types of cancer, including
PDAC. Cancer cells are known to have aberrant
miRNA expression: where tumour suppressors’
miRNAs are often downregulated, miRNAs pro-
moting carcinogenesis or tumour progression is
usually over-expressed [25]. This deregulation
often leads to aberrant cellular processes, such as
uncontrolled mitosis, apoptosis, drug resistance,
invasion, metastasis and angiogenesis [7,13,14,25].
The first evidence of miRNA dysregulation in
PDAC was reported by Poy et al. [26] through
a profiling study using mouse pancreas. Follow-
up studies using different types of samples con-
firmed the initial finding that PDAC has a specific
miRNA expression profile [17,27,28]. In particular,
a study comparing PDAC tissue with adjacent
normal pancreatic tissue reported a total of 158
miRNAs differentially expressed [29]. Fifty-one
miRNAs were upregulated including miR-196,
miR-200a, miR-21, and miR-27a, while 107
miRNAs were downregulated, with miR-96, miR-
200, and miR-217 being the most significant [29].
In Table 1 we report an overview of the clinical
evidence on miRNA deregulation in PDAC as well as
the most interesting preclinical findings on candidate
miRNAs emerging from these studies. Schultz and
colleagues [28] reported that 43 miRNAs were upregu-
lated while 41 were downregulated when comparing
paraffin-embedded PDAC tissue samples with normal
ones. The expression of key miRNAs was also different
between resectable and non-resectable PDAC patients
as reported by Calatayud et al. [30]. Around 22
miRNAs were differentially expressed with miR-64,
miR-136, miR-196, miR-492, and miR-622 being the
most significant. A separate study by Papaconstantinou
et al. showed a different but also some consistent results
[31]; miR-21, miR-155, miR-205, miR-221, and miR-
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222 were consistently overexpressed while miR-31,
miR-122, miR-146, and miR-375 were downregulated
in PDAC samples. Preclinical and functional analysis
showed that miR-21 and miR-155 are the only two
miRNAs that were consistently overexpressed and
linked to cancer progression [17]. However, several
profiling studies showed consistent overexpression of
miR-21, miR-155, and miR-221, while miR-34 and
miR-145 were downregulated [32]. Remarkably, miR-
21 and miR-155 obtained from pancreatic tissue could
differentiate malignant from benign lesions with high
accuracy [33] and have both been proven to be able to
differentiate between pancreatic intra-epithelial neo-
plasia (PanIN) with normal pancreatic [34,35].
Clinically, miRNAs have been assessed to differentiate
benign and malignant lesions, determining the stage of
PDAG, as a biomarker for metastasis, and to predict the
therapeutic outcome, as illustrated in Figure 1. The
potential role of specific miRNA in early diagnostics
is particularly important in PDAC since screening
modalities are very limited and the disease tends to be
diagnosed in advanced stage which has a high risk of
metastasis and low therapeutic response [3].
Furthermore, miR-155 is increasingly expressed as
early as PanIN-1 while miR-21 is beginning to be
abundant in PanIN-2 and -3, suggesting that miR-21
is more suitable for advanced disease marker. Another
microRNA that has increased expression in advanced
PanIN (PanIN-3) is miR-196b while the expressions of
miR-133, miR-185, miR-200 ¢, and miR-34 c are higher
in low-grade neoplasia [36].

The expression levels of miR-21 and miR-155
were also up-regulated also in invasive intraductal
papillary mucinous neoplasms (IPMNs) of the
pancreas, compared to non-invasive IPMNs, as
well as in non-invasive IPMNs compared with
normal tissues. Conversely, miR-101 levels were
significantly higher in non-invasive IPMNs and
normal tissues compared with invasive IPMNs.
Furthermore, miR-21 emerged as an independent
prognostic biomarker in invasive IPMNs [37].

The information on circulating miRNAs in preneo-
plastic lesions is limited while circulating miR-10b,
miR-20a, miR-21, miR-24, miR-25, miR-99a, miR-
100b, miR-155, miR-185, and miR-191 showed
a high accuracy in differentiating PDAC with pancrea-
titis and normal pancreas. Regarding metastasis, both
miR-21 and miR-155 have been proven to actively play
important role in inducing cell migration and
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Figure 1. Clinical role of miRNAs in early PDAC detection, diagnosis, metastatic prediction, survival and treatment monitoring. The
scheme shows different miRNAs, tissue and blood-derived, which could serve as biomarkers for discriminating the different stages of
the disease, as well as for early diagnosis and metastasis prediction. Furthermore, some miRNAs could be associated with prognosis

and monitoring of PDAC patients.

metastasis [38]. However, other microRNA, such as
miR-10b, miR-200b, and miR-200 ¢, miR-218, miR-
194, and miR-429 are also emerging biomarkers for
metastasis in PDAC [39]. In blood, only miR-221 and
miR-18a had been evaluated to be significantly asso-
ciated with metastasis [40,41]. Unsurprisingly, all of the
aforementioned miRNAs are also associated with
patient’s prognosis. The tissue expression of miR-10,
miR-21, miR-155, miR-let-7 family, and miR-216 are
known to predict an unfavourable prognosis, while
expression of miR-34 and miR-200 family correlated
with a better prognosis. For circulating miRNAs, only
miR-21 and miR-221-3p have been consistently pro-
ven as indicators of poor prognosis. Despite the
urgency in detecting metastasis in pancreatic cancer,
there are only limited number of studies regarding the
predictive value of microRNA in metastasis which
limit their clinical validation and application.

MiR-21 in combination with miR-23a and miR-
27a was also associated with more malignant
PDAC phenotype and shorter overall survival
after tumour resection [42]. In addition, expres-
sion of miR-21 determines PDAC response against
gemcitabine with a lower expression correlating
with better treatment outcome [43-45]. However,
tumoural miR-21 overexpression emerged in
a pooled meta-analysis assessing miRNAs as prog-
nostic biomarkers in PDAC, independent of other
clinicopathologic factors, including adjuvant che-
motherapy use [44].

Differential expression of miRNA is not only
observed in tissue samples but also in blood. For
instance, miR-18a, miR-21, miR-22, miR-24, miR-
25, miR-27a, miR-155, miR-185, miR-191, miR-
196a, miR-642b and miR-885-5p were significantly
upregulated in PDAC patients’ blood plasma
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[17,41]. Most importantly, blood-based miRNA
profiling not only helps to differentiate PDAC
patients from healthy individuals but also from
other conditions that usually are considered as
differential diagnosis such as acute or chronic
pancreatitis and benign pancreatic tumours[32].
Another recent study showed that miR-486-5p
and miR-938 could differentiate patients with
PDAC from those who were healthy or had pan-
creatitis [46]. Additionally, circulating miRNAs
can also be used as therapeutic biomarker. For
example, downregulation of miR-181a-5p after
FOLFIRINOX therapy correlates with better survi-
val in PDAC but not in those who were treated
with nab-paclitaxel and gemcitabine [47].

MiRNA  dysregulation drives tumorigenesis
through a close link with cellular signalling and meta-
bolism. Several studies demonstrated that miR-21
enhanced PI3K/AKT and MAPK/ERK signalling
that promote cell proliferation [48-50]. MiR-21 also
suppresses the expression of phosphatase and tensin
homolog (PTEN) and programmed cell death protein
4 (PDCD4) which facilitate cellular invasion induced
by TGF-p signalling [51,52]. MiR-21 is also known to
activate pancreatic stellate cells and cancer associated
fibroblasts (CAF) to actively produce extracellular
matrix proteins which contribute to its dense stroma
[53,54]. On the other hand, miR-155 suppresses sup-
pressor of cytokine signalling 1 (SOCS1) and MLH1
expression within cancer cells and enhance cancer
invasion [55,56]. MiR-155 knock down is known to
reduce membrane-type 1 matrix metalloproteinase
(MT1-MMP), EGFR, and K-Ras expression in
PDAC cell lines which led to lower proliferation
rates and colony formation [57]. The functionality of
other miRNAs has also been studied but seems less
clear compared to miR-21 and miR-155.

Splicing factors and alternative splicing in
PDAC

During malignant transformation, cancer cells
experience aberrant splicing processes which result
from mutations at the splice sites, mutations of
splicing factors, and/or over/under expression of
certain splicing factors [14]. Splicing deregulation
could suppress protein expression by directing the
inappropriately spliced mRNAs towards non-sense
mediated decay or producing more active splice

variants of oncogenic proteins [8,9,14]. The clin-
ical application and implication of this process
have also been studied both as therapeutic targets
and biomarkers [8,15,58] and only recently
received attention in PDAC.

Normal splicing is a post-transcriptional process
where the introns are removed from primary tran-
scripts, leaving only exons in the final transcript
[14] (Figure 2a). In alternative splicing, exons can
also be removed and different transcripts can be
produced from a single gene [8]. RNA splicing
occurs in the nucleus and is facilitated by splicing
factors (SFs) which will assemble themselves in
a sequential manner during the splicing process.
The typical process is initiated by binding of
a small nuclear ribonucleoprotein (snRNPs) to
the primary transcript. Initially, Ul snRNP binds
to the 5 splice site (5°SS) while U2 snRNP binds to
a branch point at the other end of the intron. Ul
and U2 then attract more snRNPs (U5, U4/U6)
which then form a complete spliceosome and bend
the intronic section, forming a lariat-like structure
in which the 5 side of the intron is ligated to the
branch point. Then, U4 is removed while the 5’SS
site is hydrolysed [15]. In this process, the two
extremities of the exons are held together by the
spliceosome complex. Consecutively, the 3’SS is
cut and the two exons are ligated, forming the
final transcript that will be transported to the
cytoplasm for translation [8,15,58].

Splicing is regulated by a wide array of splicing
factors which bind to specific sites in primary
transcripts [15,59]. The binding sites of those fac-
tors can be located in an exon or intron and can
induce or repress the splicing process. The most
important splicing factors and their binding sites
are presented in Figure 2b. Splicing factors act
early in the splicing process, facilitating snRNPs
binding to primary transcripts [59]. Typically,
SRSF2 binds the exonic splicing enhancer in
exons flanking the intron and facilitate Ul and
U2 binding. It connects to Ul by 70 K linker
protein while its interaction with U2 is much
more complex. It interacts with the U2 Small
Nuclear RNA Auxiliary Factors U2AF1 and
U2AF2, as well as with Zinc Finger CCCH-Type,
RNA Binding Motif and Serine/Arginine Rich 2
(ZRSR2) and RNA-binding motif 10 (RBM10) in
facilitating U2 binding. Additionally, SF3B1
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Figure 2. The mechanism of splicing mediated by splicing factors. The splicing is initiated by binding of U1 at 5'SS and U2 at 3'SS,
bending the intron segment. Both SFs (U1 and U2) then recruit another SF which induced loop formation, cleaved the intron
segment and ligated the exons [14,15]. Splicing is regulated by splicing factors which bind the primary transcript at several
regulatory sites. Several essential regulatory sites and splicing factors are presented in the right part. SRSF2 is particularly important
in initiating splicing by facilitating U1 and U2 binding to the primary transcript while SF3B1 mediates U2 binding to BPS. After U1
and U4 detached from spliceosome, only SRSF2 and SF3B1 remain in the complex while the other SFs detached [59]. ESE: Exonic
splicing enhancer; ESS: Exonic splicing suppressor; ISE and ISS: Intronic splicing enhancer/suppressor; 5'SS and 3'SS: 5" or 3’ splice

site; BPS: Branch point site; Py-tract: Polypyrimidine-tract.

facilitates U2 binding by interacting with a branch
point site [15]. After Ul and U4 dissociate from
spliceosome, all of the splicing factors are also
dissociated except SF3B1 which firmly binds to
U2 and SRSF2%%

RNA splicing and alternative splicing are crucial
steps in protein expression and the isoforms of the
proteins that are expressed by a certain gene are
determined by these processes [8]. In cancer, these
processes can be altered and this alteration can
drive carcinogenesis [60]. In fact, in many types
of cancer, splicing factors are either mutated or
overexpressed, which strongly indicates an aber-
rant splicing process in cancer [8,15].

Mutations in splicing factors have been identi-
fied in several types of cancer as the driving force
of carcinogenesis, most notably in haematologic
cancers. SF mutations are detected in 78% of
refractory anaemia with ringed sideroblasts and
60% of chronic myelomonocytic leukaemia

(CMML) while it only happens in less than 5%
in pancreatic, lung, breast, and head and neck
cancer [15]. However, despite a lower mutational
frequency, several SFs are over/under expressed in
solid cancer including PDACs [8,14]. For example,
SE3B1 and heterogeneous nuclear ribonucleopro-
tein K (HNRNPK) are consistently overexpressed
in PDAC and are linked to an unfavourable prog-
nosis [61-64]. Several important SFs in PDAC and
their functions are summarized in Table 2.

Of note, in PDAC, SF3B1 and U2AFI1 are the
only known SFs with mutations and occur at
a very low frequency [15,65]. However, these
mutations are interesting because they can be tar-
geted and induce synthetic lethality [66].
Furthermore, it appeared that PDAC relies on
the normal form of SFB31, U2AF1, and RBM10
since patients with these mutations tend to have
better prognosis compared to the wild types
[9,14,15].
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A more frequent form of splicing deregulation
in PDAC consists in the overexpression of SFs
[8]. Several SFs are upregulated in PDAC such
as SF3Bl1, SRSF1, SRSFé, hnRNPK,
Heterogeneous Nuclear Ribonucleoprotein Al
(hnRNPA1), and Polypyrimidine Tract Binding
Protein 1 (PTBP1), while Rbfox2 tends to be
downregulated These splicing factors are
thought to mediate many of PDACs unique char-
acteristics, such as dense stromal, low immuno-
genicity, immune avoidance, as well as early
metastasis, and invasion [9,64,65]. The pivotal
role of splicing deregulation in PDAC was
described by Wang et al. [8,58,59,61,64-66] who
compared alternative splicing in PDAC to normal
pancreatic tissue through Affymetrix exon array.

Table 2. Splicing factors in PDAC and their biological and
clinical effects in preclinical studies.

Splicing
Factors

Biological and Clinical Significance Reference
Upregulated in PDAC 176,801
Upregulated by Myc [7680]
SRSF1 Promote resistance to gemcitabine 761
Promote oncogenic splice variant of Bcl- [77-79]
xs, ARON and MCL-1s alternative splicing
preferring their oncogenic variant
Increased proliferation and cellular
transformation
Prognostic factor for PDAC
Overexpression is associated with poor
prognosis
Mutated in 4% PDAC with mutation
associated with better survival
Important in branch point regulation
and alters the splicing process of several
oncogenes and tumour suppressor
genes
Often downregulated as its control
cellular proliferation
Moderate upregulation in cancer tissue
increased invasive potential
May specify the mesenchymal tissue-
specific splicing profiles both in normal
and in cancer tissues
Superfamily of RNA-binding proteins 1l
hnRNPA2B1 and hnRNPAT1 altered Bcl-x 181121
alternative splicing and facilitate KRAS
expression
Higher expression associated with poor
survival
HNRNPK Wide range of effect including alteration
in alternative splicing, gene transcription
and RNA stability
Altered PKM expression by favouring
PKM2 and induces a Warburg effect
Upregulation of PTBP1 after chronic
exposure to gemcitabine, conferring
resistance against the drug

SRSF6 2l
[75]
[15,79
][65]

SF3B1

[8,14]

1971
Rbfox2 1081

[8]

HNRNPs

[8]

[8,59,63,106,108,113]

[70,124]

PTBP1 7ol

Alternative splicing tends to occur in genes
encoding extracellular matrix (ECM), ECM-
receptor interaction, and focal adhesion protein.
In addition, pyruvate kinase and acyl-CoA
synthetase long-chain family member 5 (ACSL5)
were also present, which suggests that alternative
splicing may have an impact on tumour
metabolism.

Splicing deregulation drives pancreatic carcino-
genesis by shifting the expression of pivotal onco-
gene and tumour suppressor proteins [5,8,14].
A clear example is the shifting of RON isoform
expression of the tyrosine kinase receptor recep-
teur d’origine nantais (RON) [67,68]. Normally,
RON has a low expression in normal pancreatic
epithelial cells, but its expression increases gradu-
ally from low to high grade pancreatic intra-
epithelial neoplasia [68]. In PDAC, it is expressed
in 69-96% of cases [68]. However, it is not only its
higher expression that makes RON so important
in PDAC; RON has indeed also several splicing
alterations which lack exon 10, 11, or have 5 + 6
exon skipping [67]. These isoforms are constitu-
tively active and, therefore, have more oncogenic
potential compared to native isoform [67].

Another example is Pyruvate Kinase M2 (PKM2)
whose expression has been observed in almost all
types of tumours [69]. Normally, pancreatic epithe-
lial cells express PKM1 instead of embryonic PKM2.
This shift is mediated by PTBP1 which is also over-
expressed in PDAC [70]. PTBP1 associates directly
to intron 8 of PKM mRNA and induces alternative
splicing. Therefore, the higher expression of PKM2
facilitates an oncogenic glycolytic metabolism and
increases cancer cell resistance towards genotoxic
drugs. This effect was confirmed by a knock-down
study where PDAC cell lines with suppressed expres-
sion of PTBP1 or PKM2 are much more sensitive to
Gemcitabine.

Deregulated splicing factors in PDAC and
their interaction with miRNA expression

Several important splicing factor aberrations have
been identified in PDACs and, most recently, their
association with miRNA expression has been
described in different cancer types. Although
many known splicing factors are deregulated in
cancer, PDAC is relatively unexplored and tends



to be limited to SF3B1. Overall, there are four
splicing factors which have been studied in more
detail and which will be discussed in detail.

SRSF6

SRSF6 is one of the most important splicing fac-
tors in PDAC and is often upregulated but not
mutated [8,71]. SRSF6 is classified as an oncogenic
splicing factor since it enhances cellular prolifera-
tion. Jensen et al. [72] reported that SRSF6 over-
expression  induces  excessive  keratinocyte
hyperplasia in sensitized skin. Cohen-Eliav et al.
[73] reported that SRSF6 overexpression increased
proliferation rate of immortalized lung epithelial
cells, transforming these into malignant cells. In
addition, the human protein atlas considers SRSF6
as a potential prognostic marker in renal cancer,
liver cancer, and PDAC [74]. Interestingly, and in
contrast with the other two above-mentioned can-
cers, lower SRSF6 expression is correlated with
poor prognosis in PDAC.

Keeping with these findings, Li et al. [75]
showed that miR-193a-5p downregulates SRSF6,
increasing the metastatic potential of PDAC cell
lines. Apparently, SRSF6 downregulation was ben-
eficial for cancer cells because it enhanced the
invasive properties through the alteration of oxo-
glutarate dehydrogenase-like and ECM1 protein
by alternative splicing. Thus, SRSF6 has a dual,
apparently contradictive function since high
expression of SRSF6 induces PDAC while
a downregulation promotes tumour invasiveness.
SRSF6 downregulation probably occurs late in the
PDAC evolution, whereas at an early stage of
carcinogenesis SRSF6 upregulation is preferred
due to its beneficial effect on promoting cellular
proliferation and survival. However, further stu-
dies in primary cells as well as in patient samples
are needed to confirm this hypothesis.

SRSF1

SRSF1 is a well-characterized SR protein in cancer
and one of SR proteins that is overexpressed in
different cancers, including PDAC [8,59,71].
SRSF1 is a versatile protein, promoting carcino-
genesis through several important mechanisms
including increased proliferation rate and
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apoptosis resistance [76]. Furthermore, SRSF1 is
a known splicing factor that influences the expres-
sion of Bcl-x, RON and MCL-1 isoform expres-
sion, changing their anti-apoptotic to pro-mitotic
variants in cancer [77-79]. High expression of
SRSF1 is induced by the Myc oncogene which is
commonly upregulated in many cancers including
PDAC [80].

Interestingly, besides its role in processing
mRNA splicing, SRSF1 facilitates miRNA proces-
sing. SRSF1 is indeed involved in the final cleaving
process mediated by Drosha, serving as an auxili-
ary factor [81]. The miR-7 family depends on
SRSF1 for its maturation. However, miR-7 itself
would suppress the expression of SRSF1, forming
a negative feedback loop. Other miRNAs that
depend on SRSFI1 include miR-221, miR-222 and
miR-17-92%[82]. MiR-221/222 contribute to the
progression of PDAC by increasing the expression
of MMP-2 and MMP-9, increasing stromal remo-
delling and the invasive properties of the cancer
cells [83]. For miR-17-92 which consists of four
members, namely miR-17, miR-18, miR-19, and
miR-92, an oncogenic effect was shown [84-87].
In PDAC, miR-19 actually promoted invadopodia
and increased the invasiveness [88]. Therefore, it is
important to further investigate the interaction
between SRSF1 with miR-7, miR-221/222, and
miR-17-92 to better understand the feedback
loops that exist among them and also to assess
why their overexpression favour carcinogenesis
instead of tumour suppression.

SF3B1

SE3B1 is a well-known protein with a key role in
PDAC [8,14,15]. It has the highest mutation rate
among splicing factors and is also often overex-
pressed in PDAC [15]. Furthermore, this is one of
the only three splicing factors that can be inhibited
by small-molecule inhibitors so far, making its
therapeutic potential higher than other SFs [89].
However, despite the wealth of information
regarding the biological role of SF3B1 and its
modulation, its relationship with miRNA is poorly
understood. Their association has only been stu-
died by Aslan et al. [90] in myelodisplastic syn-
drome in which they reported that the SF3B1
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mutation was associated with global downregula-
tion of tumour suppressor miRNAs from the let-7
family, especially miR-103a and miR-423.
However, the mechanism of downregulation was
not evaluated and there is still the possibility that
this downregulation is not directly related to
a SF3B1 mutation but might relate to other signal-
ling aberrations.

Pianigiani et al. [91] demonstrated that there is
a relationship between SF3B1 and splice site over-
lapping miRNAs (SO-miRNA). The precursors of
these miRNAs are generated on the intron-exon
junctions, from which the name ‘splice-site’
belongs. SF3B1 knockdown did not affect SO-
miRNAs in HeLa and HaCAT cells, but increased
the level of 52 SO-miRNA including miR-636,
miR-6510-5p, miR-3614-3p, miR-3655, miR-3656,
miR-4260, miR-5187-3p, miR-7109-5p, and miR-
8069. Some of these miRNAs are classified as
tumour suppressors [92-95]. However, these in-
vitro results cannot be generalized to PDAC and
gene silencing using siRNA is different than pro-
tein inhibition by a small molecule because there
might be a different active site involved in miRNA
processing than the inhibited site. Nevertheless,
this finding suggests that SF3B1 modulation
could have an additional beneficial effect by
enhancing tumour suppressor miRNA expression.
In addition, when these miRNAs are secreted to
the extracellular compartment, they could also
serve as biomarker for therapeutic monitoring.

Rbfox2

The RNA-binding Fox (Rbfox) proteins (Rbfoxl,
Rbfox2 and Rbfox3) constitute an important class
of regulators of alternative splicing, and Rbfox2
(RBM9) can influence small and non-coding
RNA in PDAC [8,59,96]. This RNA-binding pro-
tein is highly conserved in mammals [97], and it is
different from Rbfox1 and Rbfox3, whose expres-
sion is limited to neuron and muscle cells. Rbfox2
is indeed widely expressed, especially in stem cells,
haematopoietic stem cells, and embryos, where it
regulates cellular proliferation [8]. In PDAC,
Rbfox2 is downregulated, similar to other types
of cancer [96]. These findings seem controversial
because Rbfox2 is essential for cancer cell invasion,
and the level of Rbfox2 increased moderately after

the induction of EMT [98]. However, the same
study showed that after the initial induction the
levels of Rbfox2 were decreased. Notably, Rbfox2
is also subject to regulation by other proteins, and
this might also momentary increase its expression
[99]. Moreover, this mechanism might enable can-
cer cells to exploit the EMT promoting ability
while evading excessive tumour suppressing effect
by Rbfox2.

Rbfox2 is known to upregulate tumour suppres-
sor miRNA, such as miR-20b and miR-107 while
cleaving the oncomiR-21 [18-100]. The regulation
of miRNA expression by Rbfox2 is mediated by
direct binding to cognate sequences in miRNA or
indirectly affects miRNA expression by altering
Dicer expression. Of note, mutations in the
DICER gene as well as in other components of
the miRNA biogenesis pathway are not commonly
detected in PDAC, and miRNA upregulation is
more common than downregulation [100-102].
Additionally, several studies showed that miRNAs
are broadly required for the development and
maintenance of pancreatic cell lineages and play
a role in carcinogenesis [103-105]. These findings
suggest that miRNAs play a pivotal role in pan-
creatic tumorigenesis, and that loss of function
mutations in the miRNA processing machinery
are selected against during tumour evolution, but
the impact of Dicer in later stages of pancreatic
tumorigenesis or progression remains limited.

HNRNPs

Heterogeneous nuclear ribonucleoproteins
(HnRNPs) are essential members of the RNA-
binding proteins (RBPs) that act as regulators of
alternative splicing, particularly, in linking the pri-
mary transcript with splicing machinery [106].
Several of its family members have been studied
in relation to their role in carcinogenesis [106-
108]. In PDAC, HnRNPA2B1 and HnRNPA1 are
known for their role in tumour progression by
shifting the Bcl-x isoform expression and facilitat-
ing KRAS expression, respectively [18,109]. In
addition, HnRNPs are prognostic factors in
PDAC with a higher expression associated with
significantly shorter survival [108].

While there is no direct evidence of HnRNP
and miRNA interaction in PDAC, their



interaction has been identified in ovarian cancer.
Aguayo et al. [18] reported that HnRNPA1 sup-
presses miR-18a expression in docetaxel-resistant
ovarian cancer cell lines. MiR-18a normally sup-
presses KRAS expression, but its downregulation
enhanced KRAS expression and facilitated resis-
tance to docetaxel [110,111]. MiR-18a has also
been investigated in PDAC and elicited the same
effect towards KRAS [112]. HnRNPA1 expres-
sion was also suppressed by miR-15a-5p and
miR-25-3p [18]. These two miRNAs are also
known as tumour suppressor miRNAs in
PDAC [7]. Therefore, the same molecular
mechanism might exist in PDAC, and inhibiting
or blocking HnRNPs could be explored as a new
way to fight chemoresistance in this disease.

Another member of HnRNPs that was recently
investigated regarding its role in PDAC is HnRNPK
[6,8,14,106]. Much of the biology of HnRNPKs is still
under investigation because these proteins are not only
involved in RNA splicing but also in DNA transcrip-
tion and RNA stability [113]. They are also responsible
for the downregulation of some tumour suppressor
genes in PDAC [63,64]. Remarkably, HnRNPKs inter-
act with miR-223, an oncomiR that enhances cell pro-
liferation and migration [63]. These effects have been
attributed to downregulation to miR-223 targets
FBXW?7 and PDS5B, two tumour suppressor proteins
which inhibit cellular migration and induce apoptosis
[63,114]. A similar finding on the importance of miR-
223 was also found in pancreatic cancer cells when
using the naturally occurring isoflavonic phytoestrogen
genistein that inhibited miR-223 expression which in
turn enhanced FBXW?7 expression [115]. These effects
resulted in inhibition of cell growth and induction of
apoptosis.

PTBP1

PTBP1 has been investigated for its role in PDAC
metabolism [70,108]. The expression of PTBP1
was increased in two Gemcitabine resistant
PDAC cell lines (PANC-1 and Pt45P1) where it
modulated alternative splicing alteration of PKM,
resulting in overexpression of the cancer-related
PKM2 isoform, whose high expression also corre-
lated with worse prognosis in PDAC patients [70].
PTBP1 is also considered a prognostic factor and
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a potential therapeutic target due to its role in
enhancing PDAC metabolism [108].

The only proven miRNA that directly interacts
with PTBP1 in PDAC is miR-124, which directly
downregulates PTBP1 mRNA and shifts PKM iso-
form expression from PKM2 to PKMI1. The
importance of miR-124 and PTBP1 interaction
was shown by ectopic expression of miR-124 or
administration of PTBP1 siRNA which increased
sensitivity to gemcitabine and relieved autophagy
in gemcitabine resistant PDAC cell lines [116].
However, in PDAC, miR-124 is mostly downregu-
lated which facilitates increased PTBP1 expression,
favouring Warburg effect [117,118]. In neural dif-
ferentiation, Yeom et al. [119] observed that
PTBP1 could repress miR-124 maturation by
directly binding to pri-miR-124 and blocked tran-
script cleavage by DROSHA. Therefore, we can
assume that a low expression of miR-124 could
also result from increased expression of PTBP1
and this potential feedback loop adds to the com-
plexity of splicing factors-miRNA interaction in
cancer.

Another miRNA known to interact with PTBP1
is miR-133b [119]. Although there are no data
regarding their interaction in PDAC, miR-133b is
downregulated in PDAC and has been considered
as a tumour suppressor miRNA based on findings
in other cancer types [120-123]. In colorectal can-
cer, miR-133b silenced PTBP1 expression and
inhibited the Warburg effect by promoting the
expression of the PKM1 isoform [124]. Due to its
low expression in PDAC, miR-133b could also
exert a similar effect in PDAC. Despite the limited
direct evidence, there is a strong indication of
interaction between splicing deregulation and
miRNA in PDAC. A summary of relevant splicing
factors and the miRNAs that interact with each
other as well as their main biological effects is
presented in Table 3. Remarkably, further studies
exploring this field of research are now extremely
timely since splicing inhibitors are becoming avail-
able as novel anticancer drugs and could offer
a new therapeutic strategy for PDAC.

5 miRNA profiling methods

Accurate detection and quantification of miRNAs
represent a major challenge due to the small size of
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miRNAs (approximately 22 nucleotides), the high
sequence homology among members of the same
family and the low abundance in biofluids.
Currently, miRNAs profiling is a growing field of
study, although conventional methods for detect-
ing miRNAs still remain the gold-standards used
to confirm the results of new detection techni-
ques [125].

Northern blot is a widely used historical method
to measure the expression of miRNAs ranging
from the primitive miRNA to the mature form. It
is based on molecular hybridization and gel elec-
trophoresis and is able to simultaneously deter-
mine the size of miRNAs. However, Northern
blot has several disadvantages: it is a time-
consuming technique, requires large amounts of

samples and reagents, with low sensitivity (pM-
nM range) and low throughput [126].

Current miRNA detection strategies include
reverse  transcription-quantitative  polymerase
chain reaction (RT-qPCR), which is so far the
undeniably gold-standard method for routine test-
ing, especially for diagnostic purposes. It is com-
monly used to detect miRNAs at any stage of
maturation, but does not allow the identification
of new miRNAs. RT-qPCR is less time-consuming
technique than Northern blotting and displays
higher sensitivity, specificity and reproducibility
than Northern blot. In addition, it converts small
miRNA sequences into longer sequences by add-
ing a poly(A) tail (poly(A)-tailed RT-qPCR) or
a stem-loop structure (stem-loop RT-qPCR)

Table 3. Relevant splicing factors and miRNAs affecting key aggressive biological features of PDAC in preclinical studies.

Main  Splicing
Effect  Factor Associated miRNA Interaction Biological Impact Reference
PROLIFERATION
SF3B1  miR-636, miR-6510-5p, miR-3614-3p, Upregulation miR-636, miR-6510- Decreased cellular proliferation 143,511
miR-3655, miR-3656, miR-4260, miR- 5p, miR-3614-3p, miR-3655, miR- Enhanced keratinocyte differentiation
5187-3p, miR-7109-5p, miR-8069, miR- 3656, miR-4260, miR-5187-3p,
155-3p, miR-148a-3p, miR-98-5p, and  miR-7109-5p, and miR-8069
miR-21-3p Downregulation miR-155-3p, miR-
148a-3p, miR-98-5p, and miR-21-
3
HnRNPs miR-18a, miR-15a-5p, miR-25-3p DF())wnreguIation of miR-18a by Increased KRAS activation resulted rel
HnRNPA1 from miR-18a downregulation
Suppression of HNRNPA1 by miR-
15a-5p and miR-25-3p
miR-223 Increased expression of miR-223  Increased cancer cell proliferation by 631
by HnRNPK FBXW?7 and PDS5B suppression
EPITHELIAL-TO-MESENCHYMAL TRANSITION AND METASTASIS
SRSF1  miR-7 family, miR-17, miR-18 Facilitate miR-7 family Increased invasion and metastasis [81,83]
biosynthesis through MMP-2 and —9 upregulation
Increased miR-221/222 expression
SRSF1  miR-19, miR-92 Facilitate miR-17-92 family Increased invasion and metastasis 82,831
biosynthesis through MMP-2 and —9 upregulation
SRSF6  miR-193a-5p SRSF6 downregulation by miR- Facilitate metastasis by alteration in (751
193a-5p oxoglutarate dehydrogenase-like
(OGDHL) and extracellular matrix
protein 1 (ECM1) alternative splicing
Rbfox2 miR-20b, miR-21 Upregulation of miR-20b Considered as anti-cancer splicing (180)
Suppressing miR-21 expression factors; suppressing cellular
proliferation at normal tissue
miR-107 Upregulation of miR-107 Considered as anti-cancer splicing nen
factors; suppressing cellular
proliferation at normal tissue
Enhancing EMT in PDAC when
moderately increased in PDAC
TUMOUR METABOLISM (61191

PTBP1 miR-124

cancer)
miR-124, miR-133b

In neuron: PTBP1 suppress miR-
124 cleavage (not confirmed in

PTBP1 downregulation by miR-
124 and miR-133b

Enhanced resistance against
gemcitabine

Altered cancer metabolism favouring n24
Warburg effect by promoting PKM2

expression




overcoming the primer design limitation [127]. An
innovation is represented by the ddPCR (droplet
digital PCR) which offers greater performance,
improved sensitivity, and accuracy as it allows for
absolute quantification of miRNAs without the
need for a reference gene [128].

PCR techniques cannot detect nucleotide
sequences in cells and tissue sections, while
in situ hybridization (ISH) can visualize miRNAs
within cells and can determine the spatiotemporal
expression of miRNAs, elucidating their biological
role as well as their pathologic involvement in
numerous diseases [129]. This technique is labour
intensive and is limited by its low-throughput
nature but the recent development of directly
labelled fluorescence probes and multiplexed
miRNA ISH methods allowed to detect multiple
miRNAs per reaction.

Microarray is a hybridization-based method sui-
table for relative quantification. Locked nucleic
acids (LNAs) can be incorporated into capture
probes to normalize the melting temperature
(Tm) whose variance is related to miRNA GC
content [128,130]. The strength of this method is
the multiplexed detection of multiple miRNAs in
a single reaction, although it cannot discriminate
between miRNA variants and has poor sensitivity
compared to RNA-seq because it lacks the ampli-
fication step. On the other hand, microarray assays
are fast, expensive and high-throughput [131].

Finally, Next-Generation Sequencing (NGS) is
a highly accurate miRNA profiling technique that
can simultaneously measure expression level and
sequence changes, as well as detect unknown
miRNAs. It should be noted that NGS has the highest
multiplexing capability as specific primers are not
required for each targeted miRNA detection
[125,132]. Drawbacks to NGS include time-
consuming for converting a sample into a library for
sequencing, expensive analyses due to sophisticated
software and qualified personnel for data analysis and
it is not a fully automated technique as well [126].

Since multiplexing capability plays a crucial role
in miRNAs detection, in addition to the above-
mentioned multiplexing approaches, it is worth
citing the suspension arrays (i.e., on-particle),
which represent promising emerging methods for
highly multiplex analysis of complex samples due
to the versatility of the encoded microspheres used
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in conjunction with flow cytometry [133].
Furthermore, Rondelez et al. recently reported an
isothermal amplification mechanism for multiplex
and digital detection of miRNAs using the rational
building of a molecular circuit that suppresses
non-specific amplification due to cross-talk reac-
tions [134]. In conclusion, extensive efforts have
been made so far to develop efficient and sensitive
methods for miRNA detection, but there still
remains a need for a standardized method that
should be highly sensitive, specific and
multiplexable.

Predicting the effect of splicing modulation
and its effect towards miRNA profile of PDAC

Splicing modulation is a new emerging therapeutic
approach that had been tested in several types of
cancer  either  pre-clinically or  clinically
[15,66,89,135-137]. Splicing modulation is promis-
ing because of its high potency to induce apoptosis
and suppress cellular migration. Cancer cells har-
bouring mutations in genes encoding splicing factors
are the most promising targets [15,89,136,137].
However, splicing modulation could also be applied
in cancer cells with splicing factors overexpression
[9,89,135].

The important role of splicing deregulation in
PDAC carcinogenesis and the potency of several
splicing modulators might increase the potential
application of splicing inhibitors in PDAC.
However, there have not yet been studies evalu-
ating the efficacy of splicing inhibitors/modula-
tors in PDAC. Preclinical studies have
demonstrated that the SF3B1 inhibitors pladie-
nolide B and E7107 were effective in gastric
cancer, cervical cancer, and peritoneal mesothe-
lioma [135,138-140]. In particular, pladienolide
B has high efficacy in gastric cancer with com-
plete tumour elimination in SCID mice in just 2
weeks and has an ICs, in the nanomolar range.
Similar findings were observed in peritoneal
mesothelioma where pladienolide B and E7107
inhibited cell proliferation and migration [135].
Remarkably, in vivo treatment with E7107
resulted in complete regression of peritoneal
tumours in the second week. SF3B1 inhibition
also showed similar efficacy in cervical cancer
and cutaneous squamous cell carcinoma but, in
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these tumours they apparently showed more effi-
cacy towards cells with mutated p53[140].

Unfortunately, clinical trials with splicing mod-
ulators have been limited by toxicity. Indeed, in
a phase I pharmacokinetic and pharmacodynamic
study of E7107 in advanced solid tumours, when
using doses above 4.3 mg/m?, several patients suf-
fered from gastrointestinal side effects, such as
diarrhoea, vomiting, dehydration, and in two
cases there was vision loss [141].

H3B-8800 is another SF3B1 inhibitor and
entered phase I clinical trial in 2016, with
a focus on patients with MDS, AML and CMML
(NCT02841540). Initial results revealed dose-
dependent target engagement, a predictable phar-
macokinetic profile and a favourable safety pro-
file, even with prolonged dosing. Although
objective therapeutic responses have not been
achieved to date, 14% of patients had reduced
requirements for red blood cell or platelet trans-
fusions [142].

A number of other drugs targeting splicing factors
have shown encouraging preclinical effects in mouse
models of cancer, such as inhibitors of SRPK and
CLK protein kinases that phosphorylate SR proteins
and thereby inhibit angiogenesis by inducing changes
in the alternative splicing of VEGF [143,144]. Other
splicing inhibitors targeting a variety of spliceosomal
components also reduce cancer cell proliferation
in vitro [145-148], but their effects in animal models
of cancer are not yet known.

However, toxicity may be prevented by the use
of a lower dose of splicing modulators, and the
risk of reduced efficacy can be avoided by rationale
combinations with different antitumor strategies,
including modulation of selected miRNAs.

There are no data yet on the potential effect of
splicing inhibitors on miRNA in PDAC. The
most plausible candidates as therapeutic targets
are PTBP1 and HnRNPK because their role has
been already established in PDAC [63,70].
Moreover, SF3B1 has the advantage as
a therapeutic target due to the availability of
small-molecule inhibitors [89,137,139,140,149].
Of note, SF3B1 inhibition resulted in upregula-
tion of tumour suppressor SO-miRNAs in
a cervical cancer cell line [91]. Therefore, similar
studies should be performed to demonstrate this
effect in PDAC cell lines.

The effect of splicing inhibitors targeting
those three splicing factors might however be
predicted using available data. Calabreta and
colleagues [70] provided initial evidence that
targeting the splicing factor PTBP1 in gemcita-
bine resistant PDAC cell line by siRNA shifted
PKM isoform expression towards PKM1 which
was accompanied by increased sensitivity
towards gemcitabine and an enhanced level of
cleaved caspase-3. Li et al. [116] studied the long
non-coding ROR in PDAC and found that
PTBP1 was the target of tumour suppressor
miR-124 which could effectively block its
expression. However, in PDAC, long non-
coding ROR acts as sponge that binds miR-124,
preventing it to regulate PTBP1 expression and
increasing PKM2 expression. This study sug-
gested that miR-124 could be used as a marker
for Warburg effect in PDAC as well as
a therapeutic agent candidate to target PTBP1
in gemcitabine resistant PDAC. However, the
other targets of miR-124 should be elucidated
to minimize unfavourable off-target effects.

Another potential SF target candidate is
HnRNPK which is known for its role in enhancing
cancer cellular proliferation, invasion and metas-
tasis in PDAC [63]. HnRNPK is associated with
miR-223 which suppressed FBXW7 as previously
described. However, the sister chromatid cohesion
protein PDS5 homolog B (PDS5B) is another
important target of miR-223. The downregulation
of miR-223 led to increased expression of PDS5B
which resulted in inhibition of cellular prolifera-
tion and migration [114].

Inhibition of SF3B1 could possibly be effective
and may produce the most pronounced miRNA
profile changes in PDAC. In cervical cancer,
SE3B1 inhibition resulted in an increase of several
tumour suppressor miRNA, most notably miR-
636, miR-6510-5p, miR-3614-3p, miR-3655, miR-
3656, miR-4260, miR-5187-3p, miR-7109-5p, and
miR-8069 [96]. In addition, four miRNAs were
downregulated, namely miR-155-3p, miR-148a-
3p, miR-98-5p, and miR-21-3p. Apparently,
SF3B1 inhibition can suppress the expression of
miR-155 and miR-21 which play important roles
in PDAC. However, this should be further inves-
tigated in PDAC preclinical models.



The effect of upregulation of tumour suppres-
sor miRNAs or downregulation of oncogenic
miRNAs is expected to have a wide impact
[25]. A summary of potential effects of splicing
modulation on the miRNA profile in PDAC as
well as their biological effects is depicted in
Figure 3. For example, miR-21 and miR-155
have many targets that are involved in carcino-
genesis and metastasis [11,12,50,53,55,56].
Suppression of these oncogenic miRNAs can
thus potentially lead to tumour suppression and
inhibition of metastasis. However, these miRNAs
can also serve as potential biomarkers of tumour
progression or response to treatment, and could
improve the clinical management of PDAC
patients by monitoring the modulation of these
miRNAs in samples that can be collected during
treatment/follow-up, such as in liquid biopsy
studies.

siRNA or small molecule-
based inhibition

l
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Bioinformatic tools to predict the effect of
splicing modulation towards miRNA profiles

Bioinformatics uses advanced computing, mathe-
matics and biological knowledge to store, manage,
analyse and get insights into biological data. In
recent years, there has been a boom of publicly
available computational tools, online data analysis
modules, biological data repositories, and bioinfor-
matics workflow management systems [150]. In
order to assess how splicing modulation can affect
miRNA profiles, alternative splicing detection
tools such as rMATS [151], SUPPA2 [152] or
MISO [153] can first detect differential splicing
between conditions, after which splicing motif
analysis tools like MEME [154] or RNAContext
[155] can use these splicing motifs to identify
regulators of alternatively spliced junctions.
Lastly, potential miRNA targets of splicing
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Figure 3. The interaction of relevant splicing factors in PDAC and their associated miRNA. PTBP1 and HnRNPK are considered as the
relevant targets in pancreatic cancer and have demonstrated their interaction with miRNAs in PDAC (miR-124 and miR-223,
respectively). Despite lack of evidence in PDAC, cervical cancer experiment demonstrated that SF3B1 inhibition resulted in extensive
change in miRNA expression and potentially brings more profound effects than PTBP1 and HnRNPK [63,70,89,91].
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modulation can be detected using miRNA-target
databases such as mirTarBase [156] where experi-
mentally validated miRNA-target interactions are
curated, or mirDB [157] where the predictive algo-
rithm MirTarget is used to analyse thousands of
miRNA-target interactions from high-throughput
experiments. An example of analysis pipeline to
identify splicing factors modulated by miRNAs is
reported in Figure 4.

The first step is the identification of alternative
spliced (AS) events. While there is a plethora of
available tools, no current tool can be regarded as
the golden standard and the matter of choice
strictly depends on the research question and
familiarity. Research into which tools are superior
is currently incomplete. One example of a tool that
detects differential alternative spliced RNA tran-
scripts is MISO, published in 2010 [157]. This
statistical model estimates expression of alterna-
tively spliced exons and isoforms using mapped
reads as input format. MISO then uses Bayesian
inference to compute the probability that an RNA-
seq read originated from a particular isoform.
Despite being the most cited and used tool for
alternative spliced differential analysis, it has no

RNA-seq

non-tumor

tumor

FastQ/Bam files

MicroRNA target-prediction

.
o,

o

/r\/

TarBase X/
miRTarBase N
.. \
multlmlR A ‘ lregulation
i G-~
mirDB R
mig

longer been maintained since its publication, and
it has high computational time. rMATS [151] is
a more recent and often-cited tool used in differ-
ential splicing analysis, it analyses replicates and
includes a function to handle paired and unpaired
replicates. Another common tool recently pub-
lished is SUPPA2'°. This type of algorithm
requires two biological replicates because it
accounts for biological variability, which is impor-
tant for the reliability of the estimations that are
drawn from the data. However, it can work with
multiple conditions and includes the possibility to
perform hierarchical clustering on differentially
spliced events to identify common regulatory
mechanisms. Other tools capable of detecting AS
and compare AS patterns between sample groups
are DEXSEq, SplicingCompass, Altanalyze, BitSeq,
EBSeq, and Cuftdiff2 whose performances are
extensively reviewed in Lahat and Grellsheid [158].

Once differentially expressed AS events are
identified, prediction of splicing factors is
the second step of the analysis. Motif analysis
tools may be used to identify the direct regulators
of alternative spliced junctions. For example,
MEME suite [154] provides a unified portal of
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Figure 4. Bioinformatic pipeline for splicing factor and miRNA modulation discovery with RNA-seq data. Raw data or mapped BAM

files are used as input for alternative splicing (AS) tools such as

MISO, rMATs and SUPPA2 to identify differential alternative splicing

events. Next, a motif analysis is performed to identify the splicing factor (SF) specific for that RNA isoform. Lastly, miRNA-target
databases are used to retrieve possible miRNA targeting SF. Additional miRNA profile can be useful to detect miRNA modulation

through SFs.



online discovery tools for DNA binding sites and
protein interaction domains. MEME is an online
web-based module that includes three sequence
scanning algorithms that allow to scan different
DNA and protein databases. Next, transcription
factor motif can be further analysed for putative
functions using GOMo tool [159,160]. Previous
tools such as RNAcontext [155] and GraphProt
[143] work with classification and regression
model settings and are not capable of de novo
sequence-structure motifs. Other tools for motif
analysis recently published are SSMART [161]
and TrawlerWeb [162] which is a web version of
the previous published standalone tool
Trawlerweb is currently the fastest online de
novo motif discovery tool and it displays resulting
scores allowing the user to prioritize the choice for
validation experiments. Validation analysis, such
as in vitro/in vivo binding assays, cross-linking
immunoprecipitation  sequencing  (CLIP-seq),
minigene splicing reporter assays (invitro) or anti-
sense oligonucleotides which block splicing factor-
binding sites are needed to validate results from
the (splicing) motif analysis.

The last step of the analysis is the identification of
putative miRNAs that are targeting the splicing factors
based on previously performed motif analysis.
Nowadays there is a plethora of miRNAs-target data-
bases available on the web, such as miRTarBase [156],
mirDB [157], miRBase [163] and TarBase [164]. In
addition, a new R package multimiR [165] includes
a compilation of around 50 million records in human
and mouse from 14 different databases and it expands
on miRNAs involved in drug response and disease
annotation.

However, an integrative analysis with miRNA
profile can be useful to detect miRNA modulation
(e.g., inhibition) through the predicted SFs.
Nowadays, there are several ways to analyse
miRNA-seq profiles, and here we describe the
general downstream analysis pipeline with the
most commonly used tools.

After trimming and quality check, the resulting
reads are aligned to a reference database containing
miRNA sequences. miRbase [163] is the primary data-
base of published miRNA sequences which is often
used for miRNA mapping. A broader database of
small-RNA and miRNA sequences is mirGeneDB 2.0
[166] resulting in more precise annotation while
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avoiding misleading miRNA annotation from other
types of small-RNAs. The read sequences are mapped
to reference databases through mapping tools. There is
an increasing number of mapping tools for small-RNA
sequences and the most used are: miRanalyzer [167],
miRDeep2 [168] and sSRNAbench [169]. All these tools
rely on Bowtie algorithm [170] (allowing mismatches
and improving speed of alignment).

sRNAbench and its downstream analysis tool
sRNAtoolbox includes an automatic processing
of the five most used library preparation proto-
cols (including new reference genomes from
Ensembl, NCBI and MirGeneDB), a consensus
differential expression analysis, target prediction,
analysis of unmapped reads, batch mode to pro-
file several samples at once with the same set of
parameters and improved visualization and map-
ping statistics. This also enables users with
a ‘non-bioinformatics’ background to analyse
small-RNA high-throughput data from raw
fastq files (standard output files from sequencing
machines) to post-processed data for differential
analysis and miRNA-target prediction.

The ever-expanding field of bioinformatic stu-
dies and the enormous availability of wet-lab data
has given rise to several predictive models that are
extremely useful for target prediction and to prior-
itize experimental validation targets.

Conclusions and Future Perspectives

The interaction of miRNAs and splicing deregula-
tion is an understudied field, but evidence of their
close interconnection is increasing. Currently, the
application of miRNAs is focused on their role as
biomarker while splicing inhibitors are under
investigation as a novel therapeutic strategy.
Increasing evidence shows that splicing dereg-
ulation resulting from mutation or overexpres-
sion can produce a pronounced aberration in
miRNA expression in different cancer types,
including PDAC. For instance, the upregulation
of tumour suppressing miRNAs may mediate an
anti-cancer effect of splicing modulation as was
shown by the inhibition of PTBP1 and SF3B1 in
cervical cancer. Potentially similar inhibitory
effects and the impact of other SFs on cancer
progression and miRNA profile still need to be
investigated in PDAC. Moreover, specific
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miRNAs could be used as a target to downregu-
late specific SFs and also for combined thera-
peutic approaches.

Remarkably, novel bioinformatics tools are provid-
ing extensive data that can be used to deepen our
knowledge in the biological effects of the interplay
between splicing and miRNAs, as well as several pre-
dictive models for target prediction in order to prior-
itize future experimental and clinical validation. In-
depth analysis of PDAC aberrant splicing patterns
associated with miRNA profiling may indeed further
provide mechanistic insight to successfully target key
PDAC drivers. Targeting aberrant splicing and the
reciprocal interaction with deregulated miRNA could
therefore provide more effective therapeutic approach
to combat the complex biology of PDAC and its che-
moresistant features.
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