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Abstract: Coagulation factor V (FV) is a liver-derived protein encoded by the F5 gene. Alternative
splicing of F5 exon 13 produces a low-abundance splicing isoform, known as FV-short, which binds
the anticoagulant protein tissue factor pathway inhibitor (TFPIx) with high affinity, stabilising it in
the circulation and potently enhancing its anticoagulant activity. Accordingly, rare F5 gene mutations
that up-regulate FV-short splicing are associated with bleeding. In this study we have explored
the possibility of decreasing FV-short splicing by antisense-based splicing modulation. To this end,
we have designed morpholino antisense oligonucleotides (MAOs) targeting the FV-short-specific
donor and acceptor splice sites and tested their efficacy in a liver cell line (HepG2) that naturally
expresses full-length FV and FV-short. Cells were treated with 0-20 uM MAO, and full-length FV
and FV-short mRNA expression was analysed by RT-(q)PCR. Both MAOs, alone or in combination,
decreased the FV-short/full-length FV mRNA ratio down to ~50% of its original value in a specific
and dose-dependent manner. This pilot study provides proof-of-principle for the possibility to
decrease FV-short expression by antisense-mediated splicing modulation. In turn, this may form the
basis for novel therapeutic approaches to bleeding disorders caused by FV-short over-expression
and/or elevated TFPIw (activity) levels.

Keywords: coagulation; Factor V-short; F5; alternative splicing; splicing modulation; morpholino;
antisense oligonucleotides; bleeding

1. Introduction

Eukaryotic protein-coding genes have a unique architecture characterised by alter-
nating coding and non-coding regions, known as exons and introns, respectively. As a
gene is transcribed by RNA polymerase I, the primary transcript undergoes splicing, a
process in which introns are eliminated and exons are ligated together to form the mature
mRNA. These reactions take place in the cell nucleus and are catalysed by a macromolecu-
lar ribonucleoprotein complex called spliceosome, which operates according to a splicing
code embedded in the pre-mRNA itself. The beginning and end of each intron are marked
by relatively conserved sequences, known as donor and acceptor splice sites. Moreover,
additional exonic and intronic regulatory elements can promote (enhancers) or inhibit
(silencers) splicing at nearby splice sites [1]. Depending on the strength of these signals and
on the way they are decoded by the spliceosome, exonic sequence can be excluded from
the mature mRNA and/or intronic sequence can be retained, generating different mRNAs
from the same primary transcript (alternative splicing). In this way, most human genes can
produce multiple isoforms of the same protein [2,3]. Due to the complexity of the splicing
code, it is estimated that a substantial fraction of disease-causing genetic variants acts by
deregulating splicing [4,5].

Physiological and pathological alternative splicing is amenable to specific modulation
by various molecules [6-8]. In particular, antisense oligonucleotides designed to bind by
base-pair-complementarity to specific splicing signals on a target pre-mRNA can prevent
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the recognition of these signals by the spliceosome [9]. Several studies support the abil-
ity of this technology to suppress unwanted splicing events (such as aberrant splicing
induced by genetic mutations) in favour of alternative (correct or desirable) splicing events
(see refs. [10-13] for some coagulation-related examples). In fact, several antisense oligonu-
cleotides have entered clinical trials or have already been approved as therapeutic agents
for various diseases [14,15].

Alternative splicing also contributes to the regulation of blood coagulation by generat-
ing variants of the same coagulation factor with different functional properties, as in the
case of factor V (FV), encoded by the F5 gene [16]. FV is a liver-derived plasma protein with
an A1-A2-B-A3-C1-C2 domain-structure. Its main isoform, referred to as (full-length) FV, is
kept inactive by a tight electrostatic interaction between a basic and an acidic region within
the large B domain [17]. Step-wise proteolysis of this domain activates FV into the essential
cofactor (FVa) of factor Xa (FXa) in the conversion of prothrombin to thrombin, accelerating
this reaction over a 1000-fold [18]. In the early stages of coagulation, the procoagulant
activity of FV is regulated by the anticoagulant protein tissue factor pathway inhibitor «
(TFPIe) [19]. In fact, the C-terminus of TFPIx contains a basic region that can bind to the
free acidic region of partially activated forms of FV, thereby preventing their incorporation
in the prothrombinase complex [20], as well as their full activation to FVa [21].

In 2013, a minor splicing variant of FV, normally accounting for <5% of plasma FV, was
discovered [22]. This so-called FV-short isoform arises from the removal of an optional in-
tron within exon 13 (Figure 1), resulting in the in-frame deletion of 702 amino acids of the B
domain, including the basic region. TFPIx binds with high affinity to the unmatched acidic
region of FV-short [22], thereby neutralising its constitutive prothrombinase activity [23].
In turn, FV-short stabilises TFPle in the circulation [22,24] and potently enhances TFPIx-
mediated inhibition of FXa in the presence of protein S [25], which binds to both TFPIx
and FV-short and strengthens their interaction [26]. FV-short was originally identified in a
family with FV-short over-expression due to a F5 gene mutation that enhances FV-short
splicing, resulting in 10-fold increased TFPI«x levels and a bleeding tendency (East Texas
bleeding disorder) [22,27]. More recently, two other F5 gene mutations (F5-Amsterdam [28]
and F5-Atlanta [29]) up-regulating FV-short splicing and plasma TFPI« levels have been
reported in unrelated patients with similar histories of trauma-related bleeding.

As a possible therapeutic approach to these haemorrhagic disorders, we have ex-
plored the feasibility of decreasing FV-short expression by antisense-mediated F5 splicing
modulation. To this end, we designed specific antisense oligonucleotides targeting FV-
short splicing and tested them in vitro in a liver cell line (HepG2) that naturally expresses
full-length FV and FV-short.

2. Materials and Methods
2.1. Bioinformatics Analysis

The sequence of F5 exon 13 was analysed in silico for splicing signals using the
Human Splicing Finder software [30]. Information on the occurrence of common genetic
polymorphisms in the vicinity of the relevant splice sites was retrieved from the Ensembl
database (www.ensembl.org, accessed on 10 September 2021).

2.2. Antisense Oligonucleotides

Morpholino antisense oligonucleotides (MAOs) are nucleic acid analogues in which
DNA bases are bound to a non-charged backbone (morpholine rings linked by phos-
phorodiamidate bonds) [31]. MAOs targeting the FV-short-specific donor splice site
(5'-CAAGGTTATTGACAGTGAACTTACT-3', Donor-MAO) and acceptor splice site (5'-
AGGTCTGGATAAGGAAAAGACTCAT-3/, Acceptor-MAOQ) were designed. Specificity for
the intended target sites was verified by BLAST analysis against the human transcriptome.
Another MAO with an irrelevant sequence (5-CCTCTTACCTCAGTTACAATTTATA-3')
was used as a negative control. All MAOs were purchased from GeneTools (Philomath,
OR, USA).
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2.3. Characterisation of the F5 Gene in HepG2 Cells
2.3.1. Cell Model

HepG2 (ATCC database, accession number HB-8065™) is a well-established human liver
cell line derived from a 15-year-old Caucasian male patient with hepatoblastoma [32,33].

2.3.2. DNA Isolation

Genomic DNA from HepG2 cells was isolated using the Wizard® Genomic DNA
Purification Kit (Promega) according to the manufacturer’s protocol and quantified with a
NanoDrop 2000 (Thermo Scientific Nanodrop Products, Wilmington, DE, USA).

2.3.3. Multiplex Ligation-Dependent Probe Amplification (MLPA)

The F5 gene copy number in HepG2 cells was determined by MLPA analysis [34]
using the SALSA MLPA Probemix P469 F5 (MRC Holland, Amsterdam, The Netherlands).
This kit contains 26 F5-specific probes covering all F5 exons except exon 2, as well as 9
reference probes recognising other autosomic loci. Genomic DNA isolated from HepG2
cells was standardized to 20 ng/uL and the MLPA reaction was performed following
the manufacturer’s protocol. FAM-labelled MLPA amplification products were mixed
with GeneScan™ 600 LIZ® dye Size Standard and Hi-Di'™ formamide (Life Technologies,
Bleiswijk, The Netherlands), denatured and separated by capillary electrophoresis on an
ABI 3730 DNA Analyzer (Life Technologies), as previously described [35]. The results were
analysed using Coffalyser.Net (MRC Holland).

2.3.4. Amplification and Sequencing of F5 exon 13

F5 exon 13 was amplified and sequenced using primer sets that collectively cover the
whole exon 13 in 7 overlapping amplicons (primers and amplification conditions available
on request).

2.4. Cell Culture and Treatment

HepG2 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with low
glucose (Biowest, Nuaillé, France), supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine. Cells were main-
tained in an incubator at 37 °C and 5% CO,. Prior to each treatment experiment, the cells
were seeded in 6-well plates at ~70% confluency.

Cells seeded in 6-well plates were treated with different MAO concentrations (0—
20 uM) for 48 h in serum-free OptiMEM (Gibco™). MAOs were delivered using Endo-
Porter reagent (GeneTools) at a concentration of 6 M. Three biological replicates of each
treatment were performed.

2.5. F5 Transcript Analysis
2.5.1. RNA Isolation and Reverse Transcription

Total RNA was isolated from HepG2 cells using TRIzol Reagent (Invitrogen) according
to the manufacturer’s instructions and quantified with a NanoDrop 2000. Total RNA
from primary human hepatocytes, which was used as control in some experiments, was
purchased from 3H Biomedical AB (Uppsala, Sweden).

RNA (2 ug) was reverse-transcribed with MultiScribe™ Reverse Transcriptase (Ap-
plied Biosystems) using a F5-specific primer (5'-ATTCCGAGATGCTCTTCATAC-3') located
in exon 14.

2.5.2. F5 mRNA Analysis by PCR and Gel Electrophoresis

Due to the extreme differences in size and relative abundance of the full-length FV
and FV-short transcripts, the development of a PCR-based protocol for the simultaneous
amplification and quantification of both transcripts required extensive optimisation (see
Results section). The full-length FV and FV-short transcripts were initially amplified
using a common forward primer located in exon 12 (5'-ATGCGTGGAGAATCTGTGAC-
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3’) and transcript-specific reverse primers in exon 13. The reverse primer for the full-
length FV transcript (5-TCTGCAAGGTTATTGACAGTG-3') was located in the portion of
exon 13 that is spliced out in FV-short (443-bp amplicon), whereas, the FV-short-specific
reverse primer (5'-CATCTGACCAAGGTTAATATTAC-3') was designed on the junction
site created by the alternative splicing event (429-bp amplicon). Since the primers for the
full-length FV transcript turned out to co-amplify an unexpected alternatively spliced
transcript (see Results section), a second set of primers spanning exons 13-14 was designed
and used in all subsequent experiments. Forward primers specific for full-length FV (5'-
TATCACCTCCTCCAGACCTTG-3', located in the portion of exon 13 that is spliced out in
FV-short) and FV-short (5'-TTCTTCCCCAAGTAATATTAACCTTG-3/, located across the
junction created by the FV-short splicing event), were combined with a common reverse
primer in exon 14 (5-TTCTGGAATATCATCAGAGTCTTCA-3'), yielding PCR products of
473 bp and 397 bp, respectively.

To avoid competition for PCR reagents between full-length FV and FV-short mRNA,
the two transcripts were amplified in separate PCR reactions run in parallel using the same
amplification conditions (denaturation: 30 s at 92 °C; annealing: 20 s at 59 °C; extension:
25 s at 72 °C; repeated for 32 cycles) on a T100 Thermal Cycler (Bio-Rad Laboratories,
Veenendaal, The Netherlands). PCR products were analysed by agarose gel electrophoresis
(2% agarose) and their identity was confirmed by Sanger sequencing.

2.5.3. Quantification of Alternatively Spliced F5 Transcripts by qPCR

The alternatively spliced F5 transcripts (full-length FV and FV-short) were quantified
by real-time quantitative PCR (qPCR) with SYBR-Green detection using a LightCycler
480 Real-Time PCR instrument (Roche Applied Science). Separate amplification reactions
for the full-length FV and FV-short transcripts were carried out using the second set of
primers (spanning exons 13-14) described above. Each qPCR reaction was performed
in a total volume of 10 pL including 5 uL LightCycler® 480 SYBR Green I Master mix
(Roche), 0.5 uM of each primer and 10 ng of cDNA. The qPCR conditions were as follows:
Initial denaturation at 95 °C for 5 min, 45 cycles of 20 s of denaturation at 95 °C, 15 s of
annealing at 60 °C, and 15 s of extension at 72 °C. The specificity of the amplified products
was verified by melting curve analysis (65-95 °C) and by agarose gel electrophoresis.
gqPCR data were analysed using LC480 Conversion (Roche) and LinRegPCR [36] software.
Data analysis was carried out by relative quantification using the modified AAC; method,
described by Ruijter et al. [36], which takes amplification efficiency into account. All gPCR
reactions were carried out in duplicate.

2.5.4. Statistical Analysis

The effects of increasing MAO concentrations on the FV-short/full-length FV mRNA
ratio were evaluated with the Jonckheere-Terpstra trend test using the IBM SPSS statistical
package. The significance level (o) was set at 0.05.

3. Results
3.1. Bioinformatics Analysis and Antisense Strategy

In silico analysis of the F5 exon 13 sequence showed that the donor and acceptor splice
sites, defining the FV-short specific intron, have relatively high consensus scores of 83%
and 88%, respectively (Figure 1). Two MAOs masking these splice sites were designed
(Figure 1) and predicted to have no other targets in the human transcriptome. Interrogation
of the Ensembl database revealed no common genetic variants in the vicinity of the FV-short
splice sites that could potentially weaken the interaction of the MAOs with the target F5
pre-mRNA.
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Figure 1. Alternative splicing of the F5 gene. Schematic representation of the F5 pre-mRNA region

spanning exons 12-14. The large exon 13 contains an internal optional intron (light blue), which is

usually retained in the mature mRNA (default full-length FV transcript, top), but occasionally spliced

out (alternative FV-short transcript, bottom). The consensus scores for the FV-short-specific donor

and acceptor splice sites are reported in brackets and the morpholino antisense oligonucleotides

(MAOs) designed to target these sites are shown. EX: exon.

3.2. Characterisation of the F5 Gene in HepG2 Cells

Since the HepG2 cell line is known to have multiple chromosomal aberrations [33], we
performed a preliminary characterisation of the F5 gene in these cells (Figure 2), in order to
ensure the suitability of this model for the intended splicing modulation experiments.

B
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Figure 2. Characterisation of the F5 gene in HepG2 cells. (A) MLPA analysis of the F5 gene in HepG2 cells. The
normalised copy number is plotted for individual F5 exons (purple background) and for reference genes located on different

chromosomes (grey background). A ratio of ~1 indicates a normal copy number (n = 2), whereas ratios above the blue

line or below the red line indicate copy numbers >2 or <2, respectively. (B) Common SNPs identified in F5 exon 13 in the
genomic DNA of HepG2 cells; MAF: minor allele frequency. (C) Positions of the identified F5 exon 13 SNPs relative to the
FV-short-specific donor and acceptor splice sites.
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The number of copies of the F5 gene in HepG2 cells was assessed by MLPA analysis
and found to be normal (Figure 2A). Two reference probes yielded ratios of 1.5 and 2 in
this analysis, indicating the presence of 3 and 4 copies of the corresponding control loci
on chromosomes 6 and 20, respectively (Figure 2A). This is consistent with reported copy
number changes in the HepG2 genome [33] and unlikely to interfere with the F5 gene
analysis, as the copy numbers of the F5 gene exons are normalised against the average
copy number of all 9 reference probes.

Sequencing of the whole F5 exon 13 from genomic DNA of HepG2 cells identified
several well-known single nucleotide polymorphisms (SNPs) (Figure 2B), but no novel
sequence variations. Importantly, none of the identified variants was located at or close to
the FV-short-specific donor or acceptor splice sites (Figure 2C). Accordingly, preliminary
experiments indicated that HepG2 cells express both full-length FV and FV-short mRNA,
with a vast predominance of the full-length transcript, as in normal hepatocytes.

3.3. Optimisation of Full-Length FV and FV-Short Transcript Amplification and Identification of a
New Alternatively Spliced F5 Transcript

In view of determining the effect of MAO treatment on the alternative splicing of
F5, we developed and optimised an RT-(q)PCR protocol for the simultaneous detection
and quantification of the full-length FV and FV-short transcripts, taking into account the
extreme differences in the size (~2.1 kb) and relative abundance (>100-fold) of the two
transcripts. To this end, we used a F5-specific primer (instead of random hexamers) for
the reverse-transcription of total RNA, which greatly improved the detection of the low-
abundance FV-short transcript. Moreover, to eliminate the bias associated with the higher
amplification efficiency of the much shorter FV-short amplicon, we employed transcript-
specific primers generating PCR products of similar lengths. Finally, to prevent competition
for the PCR reagents between templates of vastly different abundance, we amplified the
full-length FV and FV-short transcripts in separate PCR reactions, which were run in
parallel using the same thermal cycles.

Our original PCR design comprised a common forward primer in exon 12 and
transcript-specific primers in exon 13 (red primers in Figure 3A). This set-up worked
well for FV-short, but the primer pair for the full-length FV transcript yielded not only
the expected product of 443 bp, but also a lesser lower-molecular weight band, which ap-
peared specific, as it could not be eliminated by manipulating the amplification conditions
(Figure 3B).

Purification and sequencing of the unexpected PCR product revealed a novel splicing
event between the donor splice site of F5 intron 12 and an alternative acceptor splice site
located 123 bp into exon 13 (Figure 3B), leading to the in-frame deletion of the first 123
nucleotides of exon 13. Upon translation, this would predict the loss of 41 amino acids
(residues 659-699) between the A2 and B domains of the protein. This alternative splicing
event may occur physiologically, as it was also observed in RNA isolated from human
primary hepatocytes (data not shown). In silico analysis indicated that the alternative
acceptor splice site in exon 13 has a consensus sequence of 83% (vs. 88% for the canonical
acceptor splice site at the end of intron 12).

To avoid co-amplification of this additional F5 splicing variant, we switched to a new
PCR design based on transcript-specific forward primers in exon 13 and a common reverse
primer in exon 14 (black primers in Figure 3A). This revised PCR set-up yielded unique
and specific products for both the full-length FV and the FV-short transcript (Figure 3C)
and was adopted in all subsequent qualitative and quantitative analyses.
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Figure 3. Amplification of FV transcripts and identification of a new alternatively spliced transcript. (A) Schematic
representation of the region spanning F5 exons 12-14 in the full-length FV and FV-short transcripts. The positions of the
primers used to amplify these transcripts (first primer set in red, second primer set in black) are shown and amplicon sizes
are indicated. EX: exon. (B) Left: Typical PCR products obtained after amplification of HepG2 cDNA using the first (red) set
of primers (note: since the unexpected 320-bp band was more prominent in qPCR than in normal PCR experiments, the
figure shows a gel loaded with qPCR products). Right: Schematic representation and sequencing chromatogram of the new
splicing variant lacking the first 123 nucleotides (nt.) of exon 13. The red forward slash in the protein sequence marks the
position of the predicted 41-amino acid deletion. (C) Typical PCR products obtained after amplification of HepG2 cDNA
using the second (black) set of primers.

3.4. F5 Splicing Modulation in HepG2 Cells

In order to reduce the relative expression of FV-short, HepG2 cells were treated with
increasing concentrations (0-20 uM) of MAOs targeting the FV-short-specific donor splice
site (Donor-MAOQ) or acceptor splice site (Acceptor-MAO). After 48 h of treatment, total
RNA was isolated and full-length FV and FV-short mRNA expression was analysed by
RT-PCR and gel electrophoresis (Figure 4). Both MAOs caused a dose-dependent decrease
of FV-short expression without affecting full-length FV expression. Similar results were
obtained with a 1:1 mix of Donor-MAO and Acceptor-MAO (MAO-mix, i.e., 50% Donor-
MAOQO and 50% of Acceptor-MAO to obtain an overall concentration of 5 uM, 10 uM and
20 uM), whereas treatment with a Control-MAO up to a concentration of 20 uM did not
affect FV-short or full-length FV expression.

The effects of the MAOs on the FV-short/full-length FV transcript ratio were quantified
using real-time qPCR analysis (Figure 5). Untreated HepG2 cells typically expressed 2-3
orders of magnitude more full-length FV than FV-short mRNA. Treatment with the Donor-
MAO dose-dependently decreased the FV-short/full-length FV transcript ratio to ~50%
of its original value in untreated cells (Figure 5A, p-for-trend = 0.008). The Acceptor-
MAO was somewhat less effective, reducing the FV-short/full-length FV transcript ratio
by ~40% at the maximal dose of 20 uM (Figure 5B, p-for-trend = 0.063). The MAO-mix
showed an intermediate effect (Figure 5C, p-for-trend = 0.010), while the Control-MAO
did not decrease the FV-short/full-length FV transcript ratio (Figure 5D, p-for-trend = n.s.).
Increasing the concentration of Donor-MAO or Acceptor-MAO to 50 uM did not result in
any further decrease of the FV-short/full-length FV ratio (not shown).
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Figure 4. Qualitative analysis of the full-length FV and FV-short transcripts in untreated and treated HepG2 cells.
HepG2 cells were treated for 48 h with increasing concentrations (0-20 pM) of a morpholino antisense oligonucleotide
(MAO) targeting the FV-short-specific donor splice site (Donor-MAO), a MAO targeting the FV-short-specific acceptor splice
site (Acceptor-MAO), a 1:1 mix of Donor-MAO and Acceptor-MAO, (MAO-mix), or a control MAO with an irrelevant
sequence. Total RNA was isolated and reverse transcribed into cONA. Amplicons corresponding to the full-length FV
(top) and FV-short transcripts (bottom) were amplified in separate PCR reactions and PCR products were analysed by gel
electrophoresis. M: molecular weight marker, B: blank. Sequencing chromatograms of the full-length FV and FV-short
amplicons are shown in Supplementary Figure S1.
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Figure 5. Quantitative analysis of full-length FV and FV-short transcripts in untreated and treated HepG2 cells. HepG2
cells were treated with 0-20 uM morpholino antisense oligonucleotides (MAOs) for 48 h. Total RNA was isolated and
reverse-transcribed into cDNA, and the full-length FV and FV-short transcripts were quantified by real-time qPCR analysis.
The FV-short/full-length FV mRNA ratio, normalised to the FV-short/full-length FV ratio of untreated cells, was plotted
as a function of the concentration of (A) a MAO targeting the FV-short-specific donor splice site (Donor-MAO), (B) a
MADO targeting the FV-short-specific acceptor splice site (Acceptor-MAO), (C) a 1:1 mix of Donor-MAO and Acceptor-
MAO (MAO-mix), and (D) a control MAO with an irrelevant sequence. Results are reported as mean £ S.E.M. of three
biological replicates (two for the Control-MAQ). The numbers in the top right corner of each graph represent the p-for-trend
(Jonckheere-Terpstra trend test) of the respective titrations. Note the different y-axis scale for Control-MAO.

4. Discussion

F5 gene mutations that up-regulate FV-short splicing are associated with a bleed-
ing tendency, such as in the recently characterised East Texas [22], Amsterdam [28] and
Atlanta [29] bleeding disorders. This is due to the major increase in the level and anticoag-
ulant activity of plasma TFPlx that accompanies FV-short over-expression [22]. Currently,
there is no specific treatment for these bleeding disorders and their clinical management
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remains challenging. Affected patients have been treated with plasma and/or prothrombin
complex concentrates [22,28], but therapies specifically targeting TFPIx (such as those
used as bypassing agents for haemophilia) might be more appropriate. Although several
aptamers, antibodies and peptides against TFPlx are already in various stages of devel-
opment as therapeutic agents [37], in this study we propose an alternative strategy based
on the use of antisense oligonucleotides to down-regulate FV-short splicing. The rationale
for this approach is that elevated FV-short is the primary abnormality in the East Texas
and allied bleeding disorders, and that FV-short is both the carrier of TFPIx in plasma [22]
and a potent cofactor for its activity [25]. Therefore, down-regulating FV-short might
be even more effective than antagonising TFPIx directly. Moreover, the liver, which is
the main site of FV biosynthesis, is considered an optimal target for splicing modulation
therapies [38], and MAOs generally show high bioavailability and low toxicity profiles in
in vivo studies [39].

In order to decrease FV-short splicing, we have targeted the donor and acceptor
splice sites that define the FV-short-specific intron. This was a somewhat necessary choice,
because enhancers and silencers potentially regulating FV-short splicing are presently
unknown and, due to their rather degenerate consensus sequences, cannot be easily pre-
dicted in silico. However, splicing regulatory elements are likely to play an important
role in the physiological control of FV-short splicing, as suggested by (a) the very low
in vivo expression of FV-short despite the relatively high consensus scores (>80%) of the
FV-short-specific donor and acceptor splice sites; and (b) the massive up-regulation of
FV-short splicing associated with the F5-Atlanta deletion [29], which presumably acts by
eliminating one or more splicing silencers or by bringing a splicing enhancer closer to the
FV-short donor splice site [40]. Therefore, future elucidation of these additional splicing
signals may suggest novel and better targets for antisense-mediated FV-short splicing
modulation.

The ability of our MAOs to decrease FV-short splicing was tested in vitro in HepG2
cells, which express both full-length FV and FV-short mRNA in proportions similar to
normal hepatocytes. Both MAOs, alone or in combination, dose-dependently decreased the
FV-short/full-length FV ratio down to ~50% of its original value in the absence of treatment.
Some scattering in the qPCR data might be attributed to the very low concentration of the
FV-short mRNA already before treatment, and the consequent extremely narrow dynamic
range following treatment. The effects of the two MAOs were specific, but (contrary
to our expectation) not synergistic. To produce an appreciable change in the overall
splicing pattern, MAOs need to access a substantial fraction of cells and to end up in the
nucleus. Although MAO transfection efficiency was unfortunately not evaluated in our
study, previous work from our laboratory suggests that the Endo-Porter reagent is able
to effectively deliver MAOs to HepG2 cells, as judged by the high efficiency of splicing
correction achieved upon treatment with a mutation-specific MAO [11]. Moreover, the
analysis of the F5 gene in HepG2 cells excluded F5 gene amplification, as well as the
presence of sequence variations that could interfere with the annealing of the MAOs to
their intended target sites on the F5 pre-mRNA. Therefore, we speculate that the inability of
our MAOs to reduce FV-short expression below 50% (even at a concentration of 50 tM) may
be related to the complexity of alternative splicing regulation [41], which involves many
other mechanisms (epigenetics, transcription rate, pre-mRNA secondary structures, etc.)
and regulatory elements (splicing enhancers and silencers, trans-acting splicing factors)
than just the donor and acceptor splice sites.

Since the FV-short concentration in conditioned media was too low for detection by
Western blot analysis and no other assay is currently available to measure FV-short, we
could unfortunately not verify whether the observed reduction in FV-short mRNA upon
MAQ treatment also translates in a decrease in FV-short protein expression. This is a major
limitation of our study. Moreover, it should be emphasised that, unlike the East Texas [22],
Amsterdam [28] and Atlanta [29] patients, the HepG2 cell model employed in our study
has a normal F5 exon 13 sequence and a very low basal expression of FV-short. Therefore, it
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remains to be established whether an antisense-mediated approach using mutation-specific
MAOs would be able to correct FV-short over-expression in models of these diseases, such
as patients’ induced pluripotent stem cell (iPSC)-derived hepatocytes. On the other hand,
it is worth noting that FV-short levels show major inter-individual differences even in the
absence of F5 gene mutations, and that high levels and/or activity of TFPIx contribute to
the haemorrhagic tendency in various coagulopathies, from haemophilia [42] to bleeding
arising from unknown causes [43,44]. Therefore, antisense-mediated strategies aimed at
decreasing FV-short splicing might be more widely applicable than just to the East Texas
and allied disorders.

As a by-product of this study, the carefully optimised (q)PCR-based protocol for the
detection and quantification of the FV-short transcript may find application in the analysis
of this splicing variant in total RNA samples from primary hepatocytes and other cell types
under various (pathological) conditions. Since the F5 gene is robustly transcribed in blood
cells, FV-short transcript levels determined in whole blood RNA might serve as a surrogate
marker for protein levels until a FV-short ELISA becomes available.

Finally, we have serendipitously identified a new F5 splicing event between exons
12 and 13, which eliminates the first 123 nucleotides of exon 13, predicting the in-frame
deletion of amino acids 659699 between the A2 and B domains of FV. Whether the low-
abundance alternatively spliced transcript containing this deletion is also translated into
protein is currently unknown. Interestingly, this alternative splicing event is yet different
from the one recently reported as an incidental finding in the F5-Atlanta paper [29], further
underscoring the variety and complexity of the splicing pattern of this region of the F5
gene.

5. Conclusions

In conclusion, this pilot study provides in vitro proof-of-principle for the possibility to
specifically down-regulate FV-short mRNA expression using MAOs targeting the donor
and acceptor splice sites of the FV-short-specific intron. Additional work is needed to
validate these findings at the protein level and to extend them to more relevant models
of FV-short over-expression. Considering the dual function of FV-short as a carrier and
cofactor of TFPI«x, antisense-based down-regulation of FV-short splicing may eventually
create opportunities for novel therapeutic avenues for various bleeding disorders caused
by elevated TFPI«x (activity) levels.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app11209621/s1, Figure S1: Supplementary Figure S1 Sequencing chromatogram of the
473-bp band corresponding to the full-length FV transcript shown in Figure 4 of the manuscript and
Sequencing chromatogram of the 397-bp band corresponding to the FV-short transcript shown in
Figure 4 of the manuscript.
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