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Dissection of pleiotropic effects of variants
in and adjacent to F8 exon 19
and rescue of mMRNA splicing and protein function
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Summary

The pathogenic significance of nucleotide variants commonly relies on nucleotide position within the gene, with exonic changes gener-
ally attributed to quantitative or qualitative alteration of protein biosynthesis, secretion, activity, or clearance. However, these changes
may exert pleiotropic effects on both protein biology and mRNA splicing due to the overlapping of the amino acid and splicing codes,
thus shaping the disease phenotypes. Here, we focused on hemophilia A, in which the definition of F8 variants’ causative role and as-
sociation to bleeding phenotypes is crucial for proper classification, genetic counseling, and management of affected individuals. We
extensively characterized a large panel of hemophilia A-causing variants (n = 30) within F8 exon 19 by combining and comparing in
silico and recombinant expression analyses. We identified exonic variants with pleiotropic effects and dissected the altered protein fea-
tures of all missense changes. Importantly, results from multiple prediction algorithms provided qualitative results, while recombinant
assays allowed us to correctly infer the likely phenotype severity for 90% of variants.

Molecular characterization of pathogenic variants was also instrumental for the development of tailored correction approaches to rescue
splicing affecting variants or missense changes impairing protein folding. A single engineered UlsnRNA rescued mRNA splicing of nine
different variants and the use of a chaperone-like drug resulted in improved factor VIII protein secretion for four missense variants. Over-
all, dissection of the molecular mechanisms of a large panel of HA variants allowed precise classification of HA-affected individuals and

favored the development of personalized therapeutic approaches.
Introduction

Prediction and definition of the causative role of nucleo-
tide variants are major aims of molecular genetics and
biochemical studies. Hemophilia A (HA, HEMA [MIM:
306700]), a model disease in human genetics, is caused
by the deficiency of coagulation factor VIII (FVIII) leading
to bleeding episodes at soft tissues, joints, and muscles.’

FVIII is a large multi-domain protein encoded by F8
(MIM: 300841) located at Xq28, and more than 3,000
unique variants have been reported to date in the Euro-
pean Association for Haemophilia and Allied Disorders
(EAHAD) database (Factor VIII Gene [F8] Variant Data-
base).” Together with the common intron 22 and intron
1 inversions (40%-45% and 1%-6% of severely affected in-
dividuals, respectively),** missense variants represent the
most frequent cause of HA (~45%).°> Based on residual
plasma FVIII activity levels, HA-affected individuals are
classified as severe (FVIII:C < 1 IU/dL), moderate (1 U/
dL < FVIILC < 5 IU/dL), or mild (5 IU/dL < FVIII:C <
40 IU/dL), and the treatment regimen is established
accordingly.®

The pathogenic significance of missense variants in rela-
tion to classification of affected individuals is commonly
attributed to quantitative or qualitative changes in protein

expression, with alteration of protein biosynthesis, secre-
tion, activity, or clearance.””'' Nevertheless, exonic vari-
ants may have detrimental effects on mRNA splicing
because the amino acid coding sequence overlaps with
an intricate set of splicing regulatory elements controlling
the exon fate.'” As a consequence, the combination of
mRNA splicing and protein alterations shapes a significant
but still underestimated proportion of HA phenotypes, as
previously demonstrated for the relatively frequent HA-
causing variant (c.6046C>T [p.Arg2016Trp]) located in
F8 exon 19.'%'*

In this context, particularly in consideration of the high
number of reported variants, computational tools are
commonly exploited to predict the combined effects on
mRNA splicing and protein function.'>'® However, predic-
tions are not completely accurate,'”"'® which makes the
experimental investigation to validate and refine the in sil-
ico output extremely important.

Here, we combined and compared in silico prediction
tools and in vitro analyses to characterize, both at the
mRNA and protein levels, HA-causing variants located
within F8 exon 19, chosen as a model in this study. As a
matter of fact, exon 19 belongs to those (8 out of 26)
that are poorly defined, as witnessed by its weak 3'ss,
which points toward the presence of functional regulatory
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elements promoting proper exon inclusion. These fea-
tures, and the paradigmatic example of the F8 exon 19
¢.6046C>T (p.Arg2016Trp) variant that elicited a pleio-
tropic effect,'* prompted us to select an extended panel
of HA-causing exon 19 variants (n = 23) as models to sys-
tematically dissect their differential impact on mRNA
splicing and protein.

Results from multiple prediction algorithms provided
only qualitative results, while the recombinant assays al-
lowed to correctly infer the phenotype severity for 90%
of variants, with the identification of exonic variants
affecting splicing processing, protein features, or both.
The resulting F8 variants’ classification in relation to HA
coagulation phenotypes demonstrated the high reliability
of in vitro assays. Further, the knowledge of the mecha-
nisms underlying the altered phenotypes led to developing
tailored correction approaches acting at mRNA (UlsnRNA
variants) or protein (chaperone-like compounds) level.

Material and methods

The sequence of all primers and detailed methods are provided as
supplemental material (Tables S1-S3).

Nomenclature

The investigated variants were reported in the EAHAD Factor VIII
Gene (F8) Variant and CDC Hemophilia A Mutation Project data-
base. They are reported according to the HGVS nomenclature,
with numbering starting at the A (+1) nucleotide of the AUG
(codon 1) translation initiation codon. Intronic variants are
numbered according to their position relative to the 5’ss. Refer-
ence sequences are GenBank: NG_011403 (LRG_S55S5),
NM_000132.4, and NP_000123.1.

Bioinformatic tools
The splice sites’ strength of F8 exon 19 was predicted by using the
Splice Site Prediction tool.'? The presence of exonic splicing regu-
latory motifs was predicted by exploiting the HOT-SKIP tool.”° The
prediction of splicing motifs and their binding proteins was con-
ducted by exploiting the bioinformatic tool SpliceAid.?’

The impact of exonic changes on FVIII was predicted by exploit-
ing the REVEL tool.**

Construction of expression vectors

To generate the F8 exon 19 minigene (pF8), the genomic region of
human F8 spanning from c.5999-436 to c.6115+381 was ampli-
fied from genomic DNA of a normal subject and cloned into the
pTB expression vector by exploiting the Ndel restriction sites
within primers. Exon 19 variants were introduced by site-directed
mutagenesis. The expression vectors for the modified U7snRNAs
(pU7?, pU7P) were generated as previously reported.*

The expression plasmids for the modified UlsnRNAs (pU14P)
were created by replacing the sequence between the Bglll and
Xbal restriction sites with an engineered Ul cassette generated
by PCR. Exonic changes were introduced by site-specific mutagen-
esis into the codon-optimized B-less human FVIII cDNA.?* All con-
structs were validated by DNA sequencing.

Splicing assays

Human embryonic kidney (HEK) 293T cells were transiently trans-
fected with pF8 minigenes alone or with a molar excess (1.5x) of
the pU1/pU7 plasmids. Total RNA was isolated 24 h post-transfec-
tion, reverse-transcribed (RT) with random hexamers, and ampli-
fied with minigene-specific primers.>> Amplified fragments were
analyzed by agarose gel and denaturing capillary electrophoresis
approaches. All RT-PCR fragments were validated by sequencing.

Pull-down of RNA-binding proteins

RNA biotinylated oligonucleotides were incubated with HeLa nu-
clear extract and RNA-protein complexes were isolated with strep-
tavidin-coated magnetic beads. Proteins were analyzed through
western blotting with monoclonal antibodies.

Protein expression studies

HEK293T cells were transiently transfected in 24-well plates with
pEVIII vectors with Lipofectamine 2000, as per manufacturer’s in-
structions. Culture medium was replaced 4 h post-transfection
with fresh OptiMEM with or without sodium phenylbutyrate
(Sigma-Aldrich). Media were harvested 48 h after transfection,
centrifuged for 5 min at 3,000 x g, and stored at —20°C. Secreted
FVIII levels and cofactor FVIII activity were determined in cell me-
dia through a commercial ELISA kit (F8C-EIA, Affinity Biologicals)
and Biophen Factor VIII:C Chromogenic assay (Hyphen Biomed),
respectively. Secreted FVIII antigen and activity levels were ex-
pressed as percent of the wild-type recombinant FVIII (rFVIII)
and specific activity was calculated as the ratio between activity
and protein levels.

Statistical analysis
Data analysis was performed by unpaired t test.

Results

In silico tools predicted detrimental effects for all F8
exon 19 variants

The SpliceAid computational tool predicted splicing reg-
ulatory elements recognized by RNA-binding proteins
that would promote proper exon 19 inclusion (Figure 1).
To experimentally dissect their functional relevance, we
expressed the wild-type F8 minigene and exploited an
antisense approach based on modified U7snRNAs to
mask two 20-nucleotide-long sequences of exon 19.
Whereas the minigene alone showed correct processing,
consistent with what was observed in liver samples
(Figure S1), its co-expression with the antisense
U7snRNAs resulted in almost complete exon 19 skipping
(Figure 1, inset). These findings indicated the presence of
functional splicing regulatory elements and prompted us
to investigate the impact of all reported exonic variants
on both splicing and protein function by in silico predic-
tion tools (Table 1). In particular, we exploited the HOT-
SKIP algorithm to identify variants affecting pre-mRNA
splicing, which were identified by a score < -5, and
the REVEL tool to infer their impact on FVIII protein
based on the predicted pathogenicity score (severe, score
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Figure 1.

F8 exon 19 contains dense splicing regulatory elements

(A) Crystal structure (PDB: 2R7E) and schematic representation of FVIIIL. The regions of FVIII interacting with other coagulation factors
are reported: factor X (FX), activated factor IX (FIXa), von Willebrand factor (vWF), and phospholipids (PL). The involved residues are

also shown. Grey bars are not in scale.

(B) Sequence of F8 exon 19, with exonic and intronic nucleotides indicated by capital and lowercase letters, respectively. With the
sequence we report the predicted binding sites for splicing factors (predicted through SpliceAid tool), the binding sites of the modified
U7snRNAs, and the investigated variants (reported as nucleotide and amino acid changes). All variants previously analyzed'* are indi-
cated by asterisks. Exon 19 is shown in red. The splicing pattern resulting from co-expression of modified U7snRNAs (U7%, U7P) is also
shown (inset). Scores of the splice sites, predicted through the Splice Site Prediction tool, are reported at the exon boundaries.

0.8-1; moderate, score 0.6-0.8; mild, score 0.4-0.6; negli-
gible, score < 0.4).

The majority of exonic variants (17 out of 23) were pre-
dicted to have from weak to strong impact on FVIII pro-
tein, whereas four variants (p.Gly2000Ala, p.Arg2016Gly,
p.-Arg2016Trp, p.Glu2018Gly) were expected to affect
both splicing and protein features. In addition, two exonic
variants with predicted null (c.6108C>T [p.Tyr2036Tyr])
or negligible (p.Asn2038Ser) effects on protein were candi-
dates for altered mRNA splicing. Seven intronic variants
occurring at the 5’ end (+1 to +9) of intron 19 were also
included in the study as HA-causing variants affecting
splicing by default, mostly associated with severe HA.

Overall, the integrated bioinformatics analysis provided
a plausible interpretation of the molecular mechanisms
underlying the pathogenic effect of all submitted variants,
albeit with some discrepancies (Table 1, asterisks) when

compared to the reported phenotypes of the HA-affected
individuals.

Minigene expression studies indicated a differential
impact of exon 19 variants on splicing

Due to the unavailability of samples from affected individ-
uals, splicing impairment was assessed through the expres-
sion of minigene variants (Figure 2A). Most of the exonic
changes (16 out of 23) did not affect or slightly reduced
(p.Gly2028Arg, 83.5% + 14.5%; p.Met20291le, 94.5% =+
6.2%) exon 19 inclusion compared to the wild-type. In
contrast, three exonic variants (p.Gly2000Ala, p.Arg2016-
Gly, and c.6108C>T [p.Tyr2036Tyr]) caused significant
exon skipping (58.9% =+ 4.9%, 7.5% = 4.1%, and 51.9%
+ 11.3% of exon inclusion, respectively), as we previously
showed for four additional variants (p.Gly2013Arg,
p.Arg2016Trp, p.Glu2018Gly, and p.Asn2038Ser).'* In
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Table 1. Bioinformatic prediction of the effects of F8 exon 19 variants

Subjects’ data (EAHAD database) In silico prediction Predicted impact
Splicing Protein

Variant Protein change Subjects (n) FVIII:C® (%) Severity” HOT-SKIP® REVEL® on splicing on protein® Inferred pathogenic mechanism
¢.5999G>C p-Gly2000Ala 3 21 mild* - 0.871 X XXX *severe impact on protein and splicing
c.6011C>G p-Thr2004Arg 1 NR NR -0.22 0.964 - XXX severe impact on protein
c.6021G>A p-Met20071le 2 14-30 mild* 1.58 0.934 - XXX *severe impact on protein
c.6037G>A' p.Gly2013Arg' 2 <1 severe 0.01 0.976 - XXX severe impact on protein
¢.6045G>T p-Trp2015Cys 4 <1 severe -2 0.945 - XXX severe impact on protein
€.6045G>C' p-Trp2015Cys 1 NR NR 0 0.945 - XXX severe impact on protein
€.6046C>G p.Arg2016Gly 1 NR moderate -22 0.846 X XXX severe impact on protein and splicing
€.6046C>T' p.Arg2016Trp' 100 1 moderate -17 0.822 X XXX severe impact on protein and splicing
c.6047G>A p-Arg2016GIn 1 38 mild 2 0.668 - XX moderate impact on protein
€.6047G>T p-Arg2016Leu 4 18 mild 3.2 0.55 - X mild impact on protein
€.6047G>C' p-Arg2016Pro 2 <1 severe 4.67 0.788 - XX moderate impact on protein
€.6049G>A" p.Val2017Met 3 44.5 mild 0.83 0.658 - XX moderate impact on protein
c.6053A>G' p.Glu2018Gly* 9 2 moderate -9.8 0.869 X XXX severe impact on protein and splicing
c.6065G>A p-Gly2022Asp 4 1 moderate 0.32 0.946 - XXX severe impact on protein
c.6082G>A p-Gly2028Arg 10 14 mild* 4 0.945 - XXX *severe impact on protein
c.6087G>A p-Met202911e 2 6-32 mild* 0.57 0.89 - XXX *severe impact on protein
c.6089G>A p-Ser2030Asn 63 27 mild -0.13 0.573 - X mild impact on protein
€.6092C>T p.Thr2031Ile 1 NR mild -3 0.746 - XX moderate impact on protein
c.6103G>A p-Val2035Met 5 N moderate -3.33 0.936 - XXX severe impact on protein
€.6104T>C' p-Val2035Ala 38 11 mild* 1 0.955 - XXX *severe impact on protein
c.6107A>G p-Tyr2036Cys 1 3 moderate —0.47 0.878 - XXX severe impact on protein
€.6108C>T p-Tyr2036Tyr 1 NR mild -7 - X - impact on splicing
c.6113A>G' p.Asn2038Ser’ 19 10 mild - 0.254 X - impact on splicing
C.6115+1G>A - 1 <1 severe - - X - impact on splicing
€.61154+2T>C - 2 <1 severe - - X - impact on splicing
c.61154+3G>T - 3 <1 severe - - X - impact on splicing

(Continued on next page)



contrast, all intronic variants resulted in complete exon
skipping, except for the ¢.61154+9C>G variant that
.§ showed residual exon 19 inclusion levels (48.5% =
£ 15.1%).
§ To further detail the molecular mechanisms underlying
E exon skipping, we selected the p.Arg2016Gly variant as a
S1 ool sol ol w0 model due to its strong impact on splicing. We extended
E § § § é the analysis to the p.Arg2016Trp variant, located at the
5 i 5 5 5 same nucleotide position but associated with a mild effect
Blelel 88 on splicing, and to the p.Glu2018Gly variant, reported to
E é é é é strongly alter exon 19 inclusion. Bioinformatic prediction
E|E|E|E| 5 by the SpliceAid tool identified the heterogeneous nuclear
ribonucleoproteins (hnRNP) H and F as candidates for spe-
‘e cific binding to the variant sequences. Notably, RNA pull-
'g down assays validated the prediction and demonstrated
& the increased hnRNP F/H binding on all exonic variants
. S| compared to the wild-type counterpart, with a preference
i for the p.Arg2016Gly (3.3-fold) and p.Glu2018Gly (4.3-
E o & fold) variants (Figure 2B).
E £ v Overall, the splicing analysis validated the bioinformatic
5 S % 3 prediction demonstrating the derangement of the splicing
£ § x| x| =|x § 2 process for some missense and all intronic variants. In
g g addition, in vitro studies provided further details of the mo-
£l § ,; lecular mechanisms responsible for exon skipping for three
g 8 S exonic variants (p.Arg2016Gly, p.Arg2016Leu, and p.Glu2
S & E 1 | | 1 g ; OISGIY).
k™ s 2
§_ 2 é 'é lé Recombinant FVIII expression studies indicated a
2 g £ g i 2 differential impact of amino acid changes on protein
3 2 5 2 s 3 We experimentally evaluated the impact of missense vari-
shalz oo % g S ants on FVIII protein features by transient expression of B-
2 g 3 domain deleted and codon-optimized FVIII in HEK293T
2 % 58 £ cells. As shown in Figure 2C, data led us to classify variants
s[5 5 8 =|8s8 2 into four groups based on rFVIII protein secretion and ac-
al2 & % E|lggy E tivity levels.
v E‘ g 3 ;T The first group (p.Thr2004Arg, p.Trp2015Cys, and
% g § gg 5 p-Arg2016Pro) was characterized by low or undetectable
3 : £3 _E % ;'ﬁ levels of secreted rFVIII protein and functional activity in
e £ LTl gg 5 £ : conditioned media. A second group showed strongly (<
z 2lZ V|V fmg % gg 5%, p.Gly2022Asp and p.Tyr2036Cys) or moderately
T":r g_’gﬂ—g 5 (5%-10%, p.Arg2016Gly, p.Arg2016Leu, and p.Val2035-
3 - EE < f’ g Met) reduced activity associated with either strongly
*3 It 3 @",% wE (p.Arg2016Gly, p.Arg2016Leu, p.Val2035Met, and p.Tyr20
:":L % é_; c 8 % 36Cys) or moderately (60%; p.Gly2022Asp) reduced
3 Sl-lal -~ ~]C E s i ° secreted protein levels. The third group of variants
§ £2 32 g:ﬁ (p.Arg2016GlIn, p.Val2017Met, p.Gly2028Arg, p.Met202
o 2ET L53 9lle, p.Ser2030Asn, and p.Thr2031lle) was associated
g 88 f 5 g 5 with a modest impact on rFVIII expression, as shown by
'g g”’\ é 3 ; -‘g the reduced but appreciable levels of rFVIII protein
3 g %’ g g % g2 (25%—-70% of wild-type) and activity (10%-50%). Finally,
- E N g £ § ‘g 5 ‘5 3 the fourth group comprises the p.Gly2000Ala variant,
§ g = 8 g g %E ‘(A{f(l)i}col;l shc;vx;ei;i)no i;npact on( ;I;Vlli/l proge(i);,)vilithlsecretion
s gET0c2® o = 9.7%) and activi 1% = 6.0%) levels compa-
§ VA5 ? 5: § é g é‘g rable to those of wild-typ;yrFVHI. b
3 8|8 |g|2558 52 £ Interestingly, analysis of rFVIII-specific activities
” HEEIEIFI B . &y, anay peet
i sl 2| 520022 d (Figure 2C, values within boxes) further detailed the defect
s S18181 8 SlZ8FS5FS type caused by each missense variant. In particular, specific
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Figure 2. Characterization of the impact of exon 19 variants on splicing and protein
(A) Exon 19 splicing assays. Minigenes were transfected in HEK293T cells and the splicing pattern evaluated by RT-PCR followed by
agarose gel electrophoresis. The levels of exon inclusion, expressed as percentage of all transcripts, were estimated by densitometric anal-

ysis of bands (ImageJ).
(B) Western blot analysis of pull-down experiments. Results are presented as mean + standard deviation (SD) of three independent

experiments and a representative blot is shown (NE, nuclear extract input; C-, naked beads). Histograms report fold changes over the
wild-type.

(legend continued on next page)
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activities close to that of the wild-type protein (=1)
pointed toward a primary secretion defect, as for variants
such as p.Arg2016Leu and p.Val2035Met. Conversely,
low rFVIII-specific activity indicated a detrimental impact
on FVIII activity rather than on secretion, as observed for
the p.Gly2022Asp variant.

In comparison to the bioinformatic prediction, through
recombinant expression studies we demonstrated the spe-
cific rFVIII features of each missense variant, resulting in
the alteration of protein activity and/or secretion.

Combined effects of protein and splicing mechanisms
Data from in vitro experiments allowed us to infer the resid-
ual FVIII activity levels and to assign a predicted pheno-
type to each variant (Table 2). This prediction was in agree-
ment with the reported patients’ phenotype for >89% (17
out of 19) of the exonic and all intronic variants. The
p-Arg2016Gly gave a conflicting result since it has been re-
ported in one affected individual with moderate HA,
whereas our experimental system showed a severe output.
In comparison, in silico prediction correctly classified a
lower percentage of variants (25%-65%), even when the
most stringent ranges were chosen (Figure 3).

Overall, we identified variants with major effects on (1)
splicing (p.Gly2000Ala, c.6108C>T [p.Tyr2036Tyr], and
p-Asn2038Ser), (2) FVIII protein secretion/activity (p.Thr
2004Arg, p.Trp2015Cys, p.Arg2016Gln, p.Arg2016Leu,
p-Arg2016Pro, p.Val2017Mey, p.Gly2022Asp, p.Ser2030-
Asn, p.Thr2031lle, p.Val2035Mer, and p.Tyr2036Cys), or
(3) both (p.Gly2013Arg, p.Arg2016Gly, p.Arg2016Trp,
p-Glu2018Gly, p.Gly2028Arg, and p.Met20291le).

Tailored correction approaches can rescue multiple FVIII
variants

RNA-based approaches

Based on previous findings, all exon 19 splicing-
affecting variants were challenged by a correction
approach based on modified UlsnRNAs (Uls). First, we
performed a preliminary evaluation on the c.6115+
4A>G variant, previously associated with complete exon
skipping. In particular, we tested one complementary
(U1%) and three exon-specific (ExSpeU1; U1B, U1¢, U1P)
Uls (Figure S2), with the latter designed to target less-
conserved intronic sequences to ensure higher target
specificity and lower off-target effects. In co-transfection
experiments, three out of four Uls (U1%, U1®, U1°) effi-
ciently rescued exon 19 definition (91.2% =+ 3.9%,
75.2% =+ 3.1%, and 37.1% = 2.5% of correct transcript,
respectively). We selected the best performing ExSpeU1l
(U1B) to challenge all the other splicing affecting variants.
Co-expression of U1® efficiently rescued all exonic as well

26-29

as three intronic variants, with an exon inclusion increase
ranging from +18% to +68% (Figure 4A, upper panel,
Figure S3). In contrast, splicing analysis for the
c.6115+1G>A, +2T>C, and +5G>A variants revealed
that the U1® induced the usage of a cryptic 5'ss located
13 nucleotides downstream of the natural one, thus result-
ing in partial intron 19 retention (Figure 4A, lower panel).
In the attempt to rescue splicing of the c.6115+5 variant,
and based on previous findings,’” we exploited a com-
bined approach in which the U1® was co-delivered with
an engineered U6snRNA designed to fully complement
the ¢.6115+5G>A variant (U6*™"). A modified U6snRNA,
designed to complement the wild-type 5'ss (U6%“"), was
used as control (Figure S4A). Even though the delivery of
either U6s alone did not exert any effect on splicing
outcome, the co-delivery of U1® and U6 partially
rescued the ¢.6115+5G>A variant (from 0% to 3%) (Fig-
ures S4B and S4C).
Chaperone-based approaches
Missense variants can impair protein folding and intracel-
lular processing, which may be ameliorated by small com-
pounds with chaperone-like activity.*'*? Therefore, we
focused on those missense variants (p.Arg2016Leu,
p-Val2035Met, and p.Thr2030Ile) with a specific activity
close (>0.8) to that observed for the wild-type rFVIII, and
on the p.Ser2030Asn due to its frequency (63 reported pa-
tients). We challenged the selected variants with the so-
dium phenyl-butyrate (NaPBA) compound, previously
shown to restore secretion of coagulation factor IX
missense variants.”® Treatment of transfected cells with
2 mM NaPBA resulted in a ~4-fold increase in antigen
and activity levels for the wild-type rFVIII (up to 396%)
and the p.Arg2016Leu (up to 45%) and p.Val2035Met
(up to 25%) variants. The p.Ser2030Asn and p.Thr2030Ile
variants showed 5-fold (up to 37%) and 2-fold (up to
46%) increase, respectively (Figure 4B). Notably, NaPBA
treatment improved the secretion of rFVIII variants but
neither improved nor worsened the specific activity.
Overall, our data showed that tailored correction ap-
proaches, based on engineered UlsnRNA or chaperone-
like compounds, are effective in rescuing multiple FVIII
variants, and further validated the predicted impact of
missense changes on FVIII expression.

Discussion

Definition of the pathogenic role of nucleotide variants is a
major aim of molecular genetics and biochemical
studies.®*° This is particularly relevant in the hemophilia
A field, where the knowledge of the pathogenic

(C) Expression of rFVIII missense variants. tFVIII antigen and activity levels in media from transiently transfected HEK293T cells were
measured by ELISA and chromogenic assays, respectively. Results are expressed as percentage of wild-type rFVIII. Missense variants
are grouped as specified in the results section. Specific activity (values within boxes) was calculated as the ratio between activity and an-
tigen levels. Results are presented as mean + SD of three independent experiments. ns, not significant; *p < 0.1; **p < 0.01; ***p < 0.001;

****p < 0.0001.
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Table 2. Overview of F8 exon 19 variants and their in vitro characterization

Subjects’ data (EAHAD database)

In vitro expression data

Variant Protein change  Subjects (n)  FVII:C* (%) Severity’ Exon inclusion (%) FVII:Ag (%)  FVIIE:Act® (%) Inferred activity® Inferred severity Concordance®
¢.5999G>C p-Gly2000Ala 3 21 mild 58.9 = 4.9 104.0 = 9.7 96.1 = 6.0 48.7-65.1 mild +
c.6011C>G p-Thr2004Arg 1 NR NR 100 ND ND <1 severe N/A®
c.6021G>A p-Met20071le 2 14-30 mild 100 * * N/A N/A N/A
€.6037G>A" p.Gly2013Arg' 2 <1 severe 41 £ 3 7.0 £ 09 8.4 +08 2.9-4.0 moderate —
c.6045G>T p-Trp2015Cys 4 <1 severe 100 11.8 = 1.7 ND <1 severe ++
€.6045G>C* p-Trp2015Cys 1 NR NR 100 11.8 = 1.7 ND <1 severe N/A®
€.6046C>G p-Arg2016Gly 1 NR moderate 7.5 £ 4.1 124 + 1.6 5319 0.1-0.8 severe -
€.6046C>T' p.Arg2016Trp' 100 1 moderate 70 £ 5 11.0 = 0.4 6.0 £ 29 2.0-6.7 mod-mil +
€.6047G>T p-Arg2016Leu 4 18 mild 100 7.1 0.7 8.1 =x13 6.8-9.4 mild +
€.6047G>C* p-Arg2016Pro 2 <1 severe 100 2.5 £ 0.6 ND <1 severe ++
c.6047G>A p-Arg2016GIn 1 38 mild 100 34.6 = 3.2 17.8 £ 7.0 10.8-24.8 mild +
€.6049G>A® p-Val2017Met 3 45 mild 100 66.8 + 3.7 45.5 = 14.4 31.1-59.9 mild ++
€.6053A>G' p-Glu2018Gly" 9 2 moderate 28 + 2 69.0 + 18.1 194 =23 4.4-6.5 mod-mil +
Cc.6065G>A p-Gly2022Asp 4 1 moderate 100 59.5 = 8.5 1.2 + 0.4 0.8-1.6 sev-mod ++
c.6082G>A p-Gly2028Arg 10 14 mild 83.5 £ 14.5 46.4 £ 6.0 28.2 = 6.0 15.3-33.5 mild +
c.6087G>A p-Met20291le 2 6-32 mild 94.5 = 6.2 40.0 = 3.7 309 = 1.1 26.3-32.2 mild ++
c.6089G>A p-Ser2030Asn 63 27 mild 100 314 £ 7.6 134 + 2.6 10.8-16.0 mild +
€.6092C>T p.Thr2031Ile 1 NR mild 100 27.6 = 5.1 20.6 = 3.2 17.4-23.8 mild ++
c.6103G>A p-Val2035Met 5 5 moderate 100 3304 56 =12 4.4-6.8 mod-mil ++
€.6104T>C? p-Val2035Ala 38 11 mild 100 * * N/A N/A N/A
c.6107A>G p-Tyr2036Cys 1 3 moderate 100 5.9 £ 0.6 2.7 = 0.8 1.9-3.5 moderate ++
€.6108C>T p-Tyr2036Tyr 1 NR mild 519 = 11.3 ** > 40.6-63.2 mild ++
c.6113A>G' p.Asn2038Ser’ 19 10 mild 26 = 2 NR 99.6 = 12.5 20.9-31.4 mild +
Cc.6115+1G>A - 1 <1 severe ND ** ** <1 severe ++
c.6115+2T>C - 2 <1 severe ND ** ** <1 severe ++
c.6115+3G>T - 3 <1 severe ND ** ** <1 severe ++
Cc.6115+4A>G - 1 NR severe ND ** ** <1 severe ++
C.6115+5G>A - 2 <1-1 severe ND * ** <1 severe ++

(Continued on next page)
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mechanisms is crucial for proper classification, genetic
counseling, and management of affected individuals and
also in the perspective of designing targeted therapeutic
strategies.®’

Commonly, nucleotide position within the gene struc-
ture dictates the predicted pathogenic effect, with exonic
changes generally attributed to quantitative or qualitative
alteration of protein biosynthesis, secretion, activity, or
clearance. However, exonic variants may exert pleiotropic
effects and impair mRNA splicing due to the overlapping
of the amino acid and splicing codes,*® thus shaping intri-
cate forms of disease phenotypes. This combined effect has
previously been demonstrated in different genomic con-
texts, including coagulation factors F9 (MIM: 300746)
and F8 (MIM: 300841).'%3%940

However, the systematic characterization at the splicing
and protein levels of an entire exonic sequence has been
hampered to date by the need for extensive in vitro studies.
To address this issue, we took advantage of bioinformatics
tools and experimental assays to deeply characterize a large
panel of F8 variants. In particular, we chose as model the
F8 exon 19, coding for amino acids of the FVIII A3 domain
mainly involved in the interaction of FVIIIa with FIXa, and
in which several missense variants have been described.
Importantly, F8 exon 19 is poorly defined and harbors
several putative splicing regulatory elements, suggesting
that missense variants may have a combined effect on
both splicing process and protein features. The exploita-
tion of two bioinformatics tools, combining results from
multiple prediction algorithms to give more reliable re-
sults,”*?**! provided a qualitative prediction of the effects
of exon 19 variants. Nevertheless, the lack of experimen-
tally determined thresholds associated with defined pa-
tients’ severity limited the predictive ability of these bio-
informatic tools. In particular, three protein variants
(c.6046C>G [p.Arg2016Gly], c.6046C>T [p.Arg2016Trp],
and c.6053A>G [p.Glu2018Gly]) and one synonymous
codon (c.6108C>T [p.Tyr2036Tyr]) were predicted by the
HOT-SKIP tool to strongly impair exon 19 definition, in
addition to the two variants affecting the 3'ss
(c.5999G>C [p.Gly2000Ala]) and 5'ss (c.6113A>G [p.Asn
2038Ser]), considered to impair splicing by default. Inter-
estingly, the in vitro splicing assays confirmed the predic-
tion for these variants but, as previously reported,'* also
revealed that one additional missense change was associ-
ated with significant exon skipping (c.6037G>A
[p-Gly2013Arg]). All intronic variants were associated
with complete exon skipping, except the c.6115+9C>G
change, which does not fall within the 5'ss consensus
sequence and thus less prone to impair splicing.
Notably, the extent of exon skipping did not
correlate with the HOT-SKIP score, highlighting that bio-
informatic tools are best suited for qualitative rather than
quantitative prediction. Furthermore, pull-down studies
provided preliminary but significant insights on the
molecular mechanism leading to altered splicing,
where variants ¢.6046C>G (p.Arg2016Gly), c.6046C>T
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Figure 3. Evaluation of the prediction power of in vitro and in sil-

ico analyses

In vitro expressed variants were considered as correctly classified if
the inferred severity (class) corresponded to that reported in the
EAHAD and CHAMP databases (see Table 1 and 2). Based on
REVEL tool recommendation and the predicted “pathogenicity”
scores, we arbitrarily set three classes (A-C) with increasing degree
of stringency to infer the impact of protein changes and thus the
associated severe, moderate, mild, or negligible phenotypes. See
Table 1 for REVEL scores.

(p.Arg2016Trp), and the c.6053A>G (p.Glu2018Gly)
create an exonic splicing silencer recognized by the hnRNP
F/H class of proteins. Notably, the binding efficiency of
hnRNP F/H proteins was paralleled by different levels of
exon skipping for each variant, thus pointing toward the
creation of a splicing silencer motif with different
strengths.

Overall, in vitro splicing assays detailed the detrimental
effects of different exonic variants (c.5999G>C [p.Gly
2000Ala], c.6037G>A [p.Gly2013Arg], c.6046C>G [p.Arg2
016Gly], c.6046C>T [p.Arg2016Trp], c.6053A>G [p.Glu2
018Gly], c.6082G>A [p.Gly2028Arg], c.6087G>A [p.Me-
t20291le], c.6108C>T [p.Tyr2036Tyr], c.6113A>G [p.Asn2
038Ser])'* and preliminarily pinpointed the molecular
mechanisms behind exon skipping for three of them.
Our data indicate that, despite our increasing knowledge
of molecular mechanisms and the generation of better pre-
diction algorithms,'”'® the experimental investigation of
nucleotide variants still represents the best approach to
dissect the pathological mechanisms.

The need for integration of in silico predictions with
experimental studies was clearly demonstrated in the
context of FVIII protein evaluation, where the bioinfor-
matics tools are not able to predict the impact of missense

variants on protein secretion and activity. Here, the REVEL
tool, which combines 13 different algorithms, provided
qualitative information on the possible severity of most
variants, but incorrectly classified the p.Gly2000Ala as
deleterious. Indeed, recombinant expression studies re-
vealed that this change was well tolerated by rFVIII, as
demonstrated by secretion and activity levels comparable
to those observed for the wild-type rFVIII, and suggested
the altered splicing as the main pathogenic mechanism
for this variant.

In vitro characterization of all missense changes allowed
discrimination of the secretion defects, indicated by spe-
cific activity close to 1, from functional alterations, indi-
cated by a low specific activity. It is worth noting that
the specific activity represents the ratio between the activ-
ity and antigen levels, so a value close to 1 indicates a
completely functional protein. Analysis of the paradig-
matic ¢.6065G>A (p.Gly2022Asp) variant, associated
with antigen levels in excess over the observed activity in
both our experimental system and in one reported affected
individual,** clearly demonstrates that this variant causes
the synthesis of a secreted but dysfunctional rFVIII protein.
Conversely, expression of the c.6047G>T (p.Arg2016Leu)
and c.6103G>A (p.Val2035Met) variants showed low but
comparable antigen and activity levels, suggesting the syn-
thesis of a functional rFVIII protein with impaired
secretion.

Overall, the in vitro characterization allowed us to
evaluate residual activity for each variant, the key
indicator of patients’ phenotype and bleeding severity.
This allowed the classification of exon 19 variants as
severe (p.Thr2004Arg, p.Trp2015Cys, p.Arg2016Gly, and
p-Arg2016Pro), moderate (p.Gly2013Arg, p.Arg2016Trp,
p-Glu2018Gly, p.Val2035Met, and p.Tyr2036Cys), or
mild (p.Gly2000Ala, p.Arg2016GIn, p.Arg2016Leu,
p-Val2017Met, p.Gly2028Arg, p.Met20291Ile, p.Ser2030-
Asn, p.Thr2031lle, c.6108C>T [p.Tyr2036Tyr], and
p-Asn2038Ser). The reported residual plasma FVIII levels
associated with variants in the HA databases have to be
considered with caution due to several variables (such as
assay protocols and washout period) that might influence
them. Notwithstanding, most of the in vitro predicted
severities (17/19) are in agreement with the reported
patients’ phenotypes.

Conversely, the in silico approach proved to be useful for
qualitative indications but revealed reduced ability (60% at
maximum) to classify F8 missense variants even with
different threshold scores adjustments, thus highlighting
the need for experimental validation of bioinformatic
predictions.

It is worth noting that the dissection of the molecular
mechanisms of pathological variants can be exploited for
therapeutic purposes, with the design of tailored correc-
tion approaches acting on mRNA splicing or protein
folding from a therapeutic perspective.

Here, a modified U1snRNA was able to efficiently restore
proper exon 19 definition for the majority variants
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Figure 4. Targeted correction of exon 19
variants
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affecting splicing. In particular, all exonic and three in-
tronic variants were efficiently rescued by a unique modi-
fied UlsnRNA, demonstrating its potential applicability
to multiple and different types of variants. Moreover, as
previously reported,”” the combination of engineered U1
and U6, both involved in the recognition of the 5’ss, can
rescue splicing variants at +5 site insensitive to the Ul
treatment. Altogether, these data provided insights into
the molecular mechanism underlying the splicing defect,
resulting from loss of exon definition due to nucleotide
changes that can be counteracted by engineered U1/
U6snRNA forcing its recognition.

Importantly, if translated at the protein level, the
UlsnRNA-mediated rescue of the intronic c.6115+3G>T,
+4A>G, +6T>A variants, as well as the synonymous
¢.6108C>T (p.Tyr2036Tyr) change, would result in the pro-

that could be treated by translation of

the U1® to the clinic. However, these

data further extend the UlsnRNA po-
tential, of particular interest for diseases with a highly rep-
resented splicing change to be targeted for therapy, as we
showed in the paradigmatic examples of spinal muscular at-
rophy (SMA1 [MIM: 253300])** and familial dysautonomia
(FD, HSAN3 [MIM: 223900]).**

On the other hand, a tailored correction approach based
on the chaperone-like compound NaPBA, in the attempt to
ameliorate protein folding and secretion, was exploited for
the ¢c.6047G>T (p.Arg2016Leu), c.6092C>T (p.Thr203
1Ile), and c.6103G>A (p.Val2035Met) variants, character-
ized by functional FVIII with impaired secretion. Notably,
treatment with NaPBA, which is an approved drug
with different applications,*>*¢ resulted in an increase
(~4-fold compared to untreated cells) of secreted rFVIII
levels that, if translated to affected individuals, would
ameliorate the phenotype severity.
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In conclusion, we extensively characterized a large
panel of HA-causing variants by combining in silico and
in vitro analysis and provided evidence for the pleiotropic
effects of several exonic changes. Our data reveal that the
currently available bioinformatics tools, in particular
those combining results from multiple algorithms, can
provide important information on the effects of nucleo-
tide variants on splicing and protein features but still suf-
fers from major drawbacks for quantitative prediction,
thus limiting their predictive goals, particularly in ge-
netic diseases characterized by a wide variation of clin-
ical phenotypes with a modest variation in residual
gene/protein function. We, therefore, suggest caution
during variants classification mainly based on nucleotide
location or bioinformatics prediction and highlight the
importance of experimental characterization to dissect
the molecular mechanisms underlying HA, which might
pave the way for the development of individualized ther-
apeutic strategies, also translatable to other genetic
diseases.
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Web resources

CDC Hemophilia A Mutation Project (CHAMP), https://www.cdc.
gov/ncbddd/hemophilia/champs.html

European Association for Haemophilia and Allied Disorders (EA-
HAD) database (Factor VIII Gene (F8) Variant Database),
https://f8-db.eahad.org/

GenBank, https://www.ncbi.nlm.nih.gov/genbank/

HOT-SKIP, https://hot-skip.img.cas.cz/

OMIM, https://www.omim.org/

RCSB Protein Data Bank, http://www.rcsb.org/pdb/home/home.
do

REVEL, https://sites.google.com/site/revelgenomics/

Splice Site Prediction by Neural Network (NNSPLICE v.0.9),
https://www.fruitfly.org/seq_tools/splice.html

SpliceAid, http://www.introni.it/splicing.html
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