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Abstract 

Pathogenic variants in the human Factor VIII ( F8 ) gene cause Hemophilia A ( HA ) . Here, we investigated the impact of 97 HA-causing single- 
nucleotide variants on the splicing of 11 e x ons from F8. For the majority of F8 e x ons, splicing w as insensitiv e to the presence of HA-causing 
v ariants. Ho w e v er, splicing of se v eral e x ons, including e x on-16, w as impacted b y v ariants predicted to alter e x onic splicing regulatory sequences. 
Using e x on-16 as a model, w e in v estigated the str uct ure–function relationship of HA-causing variants on splicing. Intriguingly, RNA chemical prob- 
ing analy ses re v ealed a three-w a y junction str uct ure at the 3 ′ -end of intron-15 ( TWJ-3–15 ) capable of sequestering the polypyrimidine tract. We 
disco v ered antisense oligonucleotides ( ASOs ) targeting TWJ-3–15 partially rescue splicing-deficient e x on-16 v ariants b y increasing accessibility 
of the polypyrimidine tract. The apical stem loop region of TWJ-3–15 also cont ains t wo hnRNP A1 -dependent intronic splicing silencers ( ISSs ) . 
ASOs blocking these ISSs also partially rescued splicing. When used in combination, ASOs targeting both the ISSs and the region sequestering 
the polypyrimidine tract, fully rescue pre-mRNA splicing of multiple HA-linked variants of exon-16. Together, our data reveal a putative RNA 

str uct ure that sensitizes F8 exon-16 to aberrant splicing. 
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Introduction 

Noncoding sequences ( introns ) interrupt protein-coding infor-
mation ( exons ) in most human genes. Conserved sequences
known as splice sites ( ss ) demarcate exon-intron boundaries
( 1 ) . Messenger RNA ( mRNA ) biogenesis requires intron re-
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f five uracil-rich small nuclear ribonucleoprotein particles ( U
nRNPs ) and hundreds of accessory RNA-binding proteins on
 pre-mRNA ( 4 ,5 ) . To facilitate spliceosome assembly, exon
efinition is a critical initial step where exon-intron bound-
ries are defined ( 6 ) . In this early spliceosome complex, U1
nRNP recognizes the 5 ′ ss while the U2 snRNP auxiliary fac-
or ( U2AF ) binds the 3 ′ ss and polypyrimidine ( poly-Y ) tract
 7–10 ) . This initial step is highly regulated in cells by the
resence or absence of sequences that can function as exonic
plicing enhancers or silencers ( 11–16 ) . Additionally, struc-
ured features within pre-mRNA can regulate splicing ( 17 ) .
or example, structured RNA elements influence splice site
ccessibility ( 18 ,19 ) by modulating protein–RNA interactions
 20–22 ) . 
Aberrant splicing contributes to the etiology of many in-

erited diseases ( 23 ) . Pathogenic variants impact pre-mRNA
plicing through a variety of mechanisms. Most notably, vari-
nts remodel the cis -regulatory landscape of pre-mRNAs by
blation or creation of splice sites, and auxiliary splicing regu-
atory sequences such as exonic or intronic splicing enhancers
 ESE and ISE, respectively ) and splicing silencers ( ESS and ISS,
espectively ) . Splicing-sensitive variants cripple the integrity
f the gene, resulting in the production of a faulty message
hat is either unstable or encodes an internally deleted protein
 24–26 ) . Antisense oligonucleotides ( ASOs ) are a promising
herapeutic modality for rescuing pathogenic aberrant splicing
atterns as their direct base pairing abilities make them highly
ustomizable and specific to targets. Although challenges such
s toxicity, delivery and stability represent barriers to the clin-
cal translation of ASOs ( 27 ) , solutions to these challenges ex-
st, as exemplified by the recent FDA approval of multiple ASO
rugs ( 28–31 ) . 
Our previous work implicated thousands of disease-causing

ariants in aberrant splicing of both constitutive and alterna-
ive exons ( 23 ,24 ) . This work exploited the sequence bias of
SEs and ESSs to discover pathogenic genetic variants that
ause the loss or gain of these putative functional elements
elative to common, high allele frequency polymorphisms.
mong these, the F8 gene had the highest frequency of vari-
nts predicted to affect splicing regulatory sequences ( 23 ) . The
8 gene encodes for a procoagulant called Factor VIII ( FVIII ) ,
hich is required for initiating the coagulation cascade to
orm blood clots in response to wounds ( 32 ) . Through this
ascade, activated FVIII must bind to another procoagulant
alled Factor IX in its activated form. This initial interaction
ith FVIII sets off a series of biochemical reactions with ad-
itional procoagulants that forms a fibrin scaffold, serving as
he basis for blood clotting. Thus, genetic variants can inac-
ivate F8 and cause Hemophilia A ( HA ) , a deadly, X-linked
ecessive bleeding disorder. 
The F8 gene encodes 2351 amino acids split across 26 ex-

ns. Although the majority of these exons are constitutively
pliced into a canonical 9032 nucleotide transcript, GEN-
ODE ( Version 43 ) contains several isoforms arising from
lternative promoter usage and alternative 3 ′ ss selection in
xon-16 and intron-22. Despite modest support for alterna-
ive splicing, several constitutively spliced F8 exons are aber-
antly spliced in HA patients, ( 33–36 ) . These data suggest the
ypothesis that a broad array of pathogenic missense variants
n the F8 gene may manifest as splicing defects due to loss
f exon identity or activation of cryptic splice sites. To test
his hypothesis, we investigated 97 HA-causing variants on
8 pre-mRNA splicing using a heterologous reporter assay.
We discovered that among the eleven exons studied, splicing
of exon-16 was the most sensitive to HA-causing variants.
RNA structure probing revealed a predicted intronic three-
way junction that sequesters the exon-16 3 ′ ss. ASOs targeting
this structured element rescue diverse splicing-sensitive HA-
causing variants of F8 exon-16, in both a heterologous and
endogenous splicing context. Together, these data suggest an
unexpected role for RNA structure in modulating exon iden-
tity and provide a rationale for the development of novel RNA
therapeutics to potentially treat a subset of HA patients. 

Materials and methods 

F8 splicing reporters 

The sequences of wild-type ( WT ) F8 exons and 100–250 nu-
cleotides flanking each exon were amplified from human ge-
nomic DNA ( Promega ) using WT PCR primers shown in Sup-
plementary Table S1. Following gel purification, PCR prod-
ucts were ligated into pACT7_SC14 ( HBB minigene reporter
as previously described ( 37 ) ) using homology-based cloning
technology ( In-Fusion HD Cloning kit, Takara Bio ) . Follow-
ing sequence verification, each plasmid was then used as a tem-
plate for site-directed mutagenesis via overlap-extension PCR
using mutagenesis primers shown in Supplementary Table S1.
Splicing reporter plasmids were then sequence-validated using
Sanger sequencing to confirm successful cloning and identity
of splicing reporters. F8 minigene splicing reporters were de-
rived using a similar approach, where the test exon in addi-
tion to flanking introns and exons, are cloned in between a
strong promoter and polyadenylation site. The naming desig-
nation for each F8 variant investigated in this study is based
on the Human Genome Variation Society ( HGVS ) nomencla-
ture. Therefore, each pathogenic variant of an F8 exon pre-
sented in this study is based on the nucleotide being mutated
( e.g. A > C ) , and its position within the coding DNA sequence
context tested relative to the first ATG start codon ( 38 ) . Each
pathogenic variant’s designation based on the HGVS nomen-
clature is shown in Supplementary Table S1. 

Cell-based in vitro splicing assays 

HEK293T cells ( ATCC ) were cultured in 6-well tissue cul-
ture plates ( CytoOne, USA Scientific ) using Dulbecco’s Mod-
ified Eagle Medium ( Gibco, supplemented with 10% FBS ) at
37 ◦C, 5% CO 2 . The cells were transiently transfected at ∼60–
80% confluency with 2.5 μg of each F8 splicing reporter using
Lipofectamine 2000 ( Invitrogen ) . Total RNA was harvested
from cells 24 h post-transfection using the Direct-zol RNA
Miniprep kits ( Zymo Research ) . Each splicing assay was per-
formed with three independent / biological replicates. To en-
sure rigor and reproducibility for splicing-sensitive variants
identified, splicing assays were performed with a total of nine
independent / biological replicates, with the exception of exon-
16 c.5562G > T which contains 18 independent / biological repli-
cates to assess variability. 

A SO w alk and combinatorial A SO experiments 

2 ′ -methoxyethyl ( 2 ′ MOE ) phosphorothioate substituted
ASOs complementary to F8 exon-16 and flanking introns
were designed from the reverse complement of the F8 sense
sequence, creating non-overlapping 18-mers as shown in
Supplementary Table S2. F8 exon-16 ASOs were designed
to contiguously tile across the exon and its flanking introns.
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ASOs were synthesized by Integrated DNA Technologies
( IDT ) . HEK293T cells ( ATCC ) were cultured in 96-well tissue
culture plates ( Perkin Elmer ) as described above. Cells were
transiently transfected with 250 ηg of WT or pathogenic
variant splicing reporter and 10 ℘mol of each ASO ( final
concentration: ∼0.43 ηg / μl ) using Lipofectamine 2000
( Invitrogen ) . 24 h post-transfection, cells were harvested
and prepared for total RNA purification using the Quick-
DNA / RNA Viral MagBead kit from Zymo Research and an
Agilent Bravo NGS A liquid handler ( 39 ) . Each experiment
type ( e.g. ASO walk or combinatorial ASO assays ) was
performed with three independent / biological replicates. 

hnRNPA1 overexpression and western blot analysis

HEK293T cells ( ATCC ) were cultured in 6-well tissue culture
plates as described above. Cells were co-transfected with 1.25
μg of the WT splicing reporter, 1.25 μg of either an empty ex-
pression vector or a T7-tagged hnRNPA1 expression vector,
and 10 ℘mol of ASO ( s ) as described above. Total RNA and
protein were isolated 24 h post-transfection using a RSB lysis
buffer ( 10 mM Tris pH 7.0, 100 mM NaCl, 5 mM MgCl2,
0.5% NP40, 0.5% Triton X-100, and EDTA-free Protease In-
hibitor Cocktail [Roche] ) . Following a 10 min incubation on
ice, the cell lysate was then centrifuged at 10 000 × g for 10
min at 4 ◦C. The supernatant was then collected and aliquoted
for two separate applications. The first aliquot, comprising
∼90% of the cell lysate, was prepared for total RNA purifi-
cation using the Direct-zol RNA Miniprep kits from Zymo
Research. The remaining ∼10% of the cell lysate was then
homogenized into a denaturing buffer solution containing 4X
NuPAGE™ LDS Sample Buffer in preparation for polyacry-
lamide gel electrophoresis ( Invitrogen™ NuPAGE™, 4–12%,
Bis-Tris, 1.0–1.5 mm, Mini Protein Gels ) and subsequent west-
ern blots. For western blots, protein samples were transferred
to a Immobilon NC membrane ( Millipore ) using a Genie Blot-
ter ( Idea Scientific ) . Membranes were probed with anti-HSP90
( Santa Cruz Biotech ) and anti-T7 ( Novagen ) monoclonal anti-
bodies and visualized by HRP conjugated secondary antibod-
ies and chemiluminescence ( Pierce ) . These experiments were
performed with three independent / biological replicates. 

Two-step RT-qPCR and analysis of splicing reporter 
assays 

A minimum of 500 ηg of purified total RNA was
used as input for all first-strand cDNA synthesis us-
ing random primers and Multiscribe Reverse Transcrip-
tase ( Applied Biosystems ) . The resulting cDNA was then
used as a template for endpoint PCR amplification using
specific primers that detect our mRNA splicing reporter
isoforms, Globin F: 5 ′ -CGC AACCTC AAAC AGAC ACC-3 ′ ;
Globin R: 5 ′ -TGA GCTGCA CTGTGA CAA GC-3 ′ . The for-
ward primer of the pair contains a 5 ′ -FAM modifica-
tion. The resulting amplicons were then analyzed using
agarose gel electrophoresis to empirically evaluate mRNA
isoforms detected. Intron-spanning primers against SRSF3
mRNA were used as an endogenous internal control ( SRSF3
F: 5 ′ -GTAA GA GTGGAA CTGTCGAATGG-3 ′ ; SRSF3 R:
5 ′ -CGA TCTCTCTCTTCTCCT A TCTCT AG-3 ′ ) . The abun-
dance of each 5 ′ -FAM labeled mRNA isoform is quantified us-
ing capillary electrophoresis and fragment analysis ( UC Berke-
ley, DNA Sequencing Center ) . For fragment analysis, each
sample is suspended in a formamide solution that contains a
proper size standard for sizing detected fragments ( GeneScan 
1200 Liz, Applied Biosystems ) . Analysis was performed in 
PeakScanner ( Thermofisher ) . Quantification of splicing effi- 
ciency is achieved by comparing relative fluorescence units 
( RFU ) between 5 ′ -FAM labeled reporter isoforms that include 
or exclude an exon of interest. The RFU detected for each re- 
porter isoform is then plugged into the following formula to 
calculate the PSI index, which reflects the splicing efficiency of 
an exon in either the WT or pathogenic variant context: 

PSI = 

I ncluded I so fo rm RF U 

I ncluded I so fo rm RF U + Excluded Iso fo rm RF U 

The mean PSI for a given reporter context is then calculated 
using all its respective replicates for a corresponding exper- 
iment. Statistical significance in the differences between the 
mean PSI of the control group ( s ) versus the experimental 
group ( s ) is determined using analysis of variance ( ANOVA ) ,
and Dunett’s post-hoc test. All statistical tests for PSI analy- 
sis were done in GraphPad Prism 9. Values are determined to 
be statistically significant if the calculated P -value is below an 
alpha value of ≤0.05. 

In vitro transcribed RNA for F8 ex on-1 6 WT and 

pathogenic variants 

Templates for WT or pathogenic variants of F8 exon-16 pre- 
mRNA sequences corresponding to the reporter plasmid in- 
serts were synthesized by a primer assembly reaction designed 
using Primerize ( 40 ) . RNA was purified by denaturing PAGE 

and eluted from gel slices overnight in 10 mM Tris pH 7.5,
480 mM sodium acetate, 1 mM EDTA, 0.1% SDS. Following 
ethanol precipitation, transcripts were resuspended in ddH2O 

and quantified by UV spectrophotometry. 

In vitro SHAPE-MaP-seq of F8 targets 

F8 exon-16 in vitro transcribed pre-mRNA sequences were 
first denatured by incubating at 95 ◦C for 3 min in 65 mM 

Na-HEPES ( pH 8.0 ) . The denatured RNA was then allowed 
to slowly cool to room temperature ( RT ) for 15 min, after 
which MgCl 2 was supplemented to 1 mM for a total volume 
of 15 μl and incubated at RT for an additional 5 min. To chem- 
ically modify RNA, 2-aminopyridine-3-carboxylic acid imida- 
zolide ( 2A3 ) was added to a final concentration of 100 mM 

and incubated for 2 min at 37 ◦C ( 41 ,42 ) . The reaction was 
then quenched using dithiothreitol ( DTT ) to a final concentra- 
tion of 500 mM at RT for 10 min. Reactions which substituted 
anhydrous dimethyl sulfoxide ( DMSO ) for 2A3 were used as 
negative controls. All modified RNAs, including negative con- 
trols, were then purified using RNA Clean & Concentrator-5 
( Zymo Research ) . Modified RNAs were fragmented to a me- 
dian size of 200 nucleotides by incubation at 94 ◦C for 1 min 
using NEBNext® Magnesium RNA Fragmentation Kit and 
then purified using NEB’s recommended ethanol precipitation 
protocol. Purified RNA was then prepared for reverse tran- 
scription, incubating the RNA with 1 μl of 10 mM dNTPs and 
2 μl of 20 μM random hexamers at 70 ◦C for 5 min, followed 
by immediate transfer to ice. Reverse transcription reactions 
were then supplemented with 4 μl of 5X RT buffer ( 250 mM 

Tris-HCl pH 8.3, 375 mM KCl ) , 2 μl of 0.1 M DTT, 1 μl of
120 mM MnCl 2 , 10 U of SUPERase RNase Inhibitor, and 200 
U of Superscript II Reverse Transcriptase ( SSII, ThermoFisher 
Scientific, cat. 18064014 ) to a final volume of 20 μl. These re- 
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artial primer extension, followed by incubation at 42 ◦C for 3
 to enable efficient extension. SSII was then heat-inactivated
y incubation at 75 ◦C for 20 min. Reverse transcription reac-
ions were then supplemented with EDTA to a final concen-
ration of 6 mM to chelate Mn 2+ ions and incubated at RT
or 5 min. MgCl 2 was then added to a final concentration of
 mM for each reaction ( 41 ) . Reverse transcription reactions
ere then used as input material for NEBNext® Ultra™ II
NA library Prep Kit for Illumina® ( New England Biolabs,
at. E7645L ) , using NEBNext Multiplex Oligos for Illumina®
 Unique Dual index UMI Adaptors DNA Set 1, cat. E7395 ) .
ubsequent reactions were performed following manufacturer
nstructions. All sequencing was performed on an Illumina
Seq100 instrument using a paired-end 2 × 150 sequencing
eagent cartridge and flow cell. All SHAPE-MaP-seq experi-
ents were performed in duplicate. 

HAPE-MaP data analysis and RNA structure 

rediction 

ll the relevant data analysis steps were conducted using RNA
ramework v2.6.9 ( 43 ) . Reads produced from Illumina li-
raries were pre-processed and mapped using the rf-map mod-
le ( parameters: -b2 -mp ‘–no-mixed –no-discordant’ -bs ) , en-
uring only paired-end mates with expected mate orientation
ere considered with Bowtie2. The mutational signal was ob-
ained using the rf-count module ( parameters: -m -pp -nd -
i ) , enabling mutation counts of reads produced from prop-
rly paired mates. Mutational signal was normalized relative
o an unmodified control using parameters ( -sm 3 -nm 1 -
u 0.05 ) and further normalized using the 2–8% normaliza-
ion approach provided by RNA Framework ( 44 ) . Normal-
zed reactivities were then supplied to RNAstructure to gener-
te data-driven predicted structure models ( 45 ) . 

n silico analysis of splice site strength and 

rotein-RNA interactions 

axEntScan was used to analyze splice 5 ′ and 3 ′ site se-
uences of exons used in this study ( 46 ) . To determine 3 ′ ss
trength, 23-mer sequences encompassing the last 20 intronic
ositions and first three exonic positions were selected for
nalysis. For 5 ′ ss strength, 9-mers consisting of the last three
ositions of each exon and the first six positions of the down-
tream intron were selected for analysis. The tool RBPmap
as used to identify putative protein-RNA interactions sites
ithin F8 pre-mRNAs ( 47 ) . In this analysis, we used sequences
orresponding to F8 exon-16 and flanking introns from the
plicing reporter. We included a high stringency constraint to
atch known RBP motifs within our input sequence, as well
s a conservation filter to selectively identify motifs that best
atch sequences from the human and mouse genomes. 

esults 

iscovery of splicing-sensitive HA-causing variants 
n F8 

e previously described inherited disease-causing variants
ith the potential to alter the landscape of ESEs or ESSs ( 24 ) .
mong all candidate genes, F8 had the highest number of vari-
nts per exon and total number of putative splicing-sensitive
oint variants ( 23 ) . To determine whether these HA-causing
ariants can induce aberrant splicing, we analyzed 97 distinct
ariants across eleven F8 exons by generating heterologous
splicing reporters where the wild-type ( WT ) or pathogenic
variant for each F8 exon, plus 100–250 bp of flanking
intron sequence, were cloned into the human beta globin
( HBB ) minigene splicing reporter ( Figure 1 A and Supplemen-
tary Table S1 ) . Following transient transfections of each re-
porter into HEK293T cells, HBB reporter mRNA isoform
levels are quantified by a two-step, semi-quantitative end-
labeled RT-qPCR assay and fragment analysis via capillary
electrophoresis. 

Out of the eleven F8 exons tested, HA-causing vari-
ants across seven F8 exons did not cause exon skipping
( Supplementary Figure S1 ) . In contrast, we found that HA-
causing variants in four exons ( exon-7, exon-11, exon-16 and
exon-18 ) caused exon skipping in the heterologous reporter
context, indicating that the splicing fidelity of these exons
may be particularly sensitive to variants ( Figure 1 B and Sup-
plementary Figure S2 ) . For example, Figure 1 B shows splic-
ing assays for 16 HA-causing variants of exon-16. In com-
parison to the WT exon-16 splicing reporter which is effi-
ciently spliced ( lane 3 ) , we found that six pathogenic variants,
namely exon-16 c.5561G > A , exon-16 c.5558C > T , exon-16 c.5531C > A ,
exon-16 c.5531C > T , exon-16 c.5389C > T and exon-16 c.5543A > G sig-
nificantly reduced exon-16 inclusion ( Figure 1 B,C ) . These re-
sults show that the in vitro splicing of F8 exon-7, -11, -16 and
-18 are sensitive to HA-causing variants. 

A predicted three-way junction RNA structure 

occludes the 3 
′ ss of F8 ex on-1 6 

Pathogenic variants have previously been reported to disrupt
native RNA structures and as a consequence alter their bi-
ological function ( 48 ) . To determine how splicing-sensitive
HA-causing variants influence the structure of fragile exons
like F8 exon-16, we performed selective 2 ′ -hydroxyl acyla-
tion analyzed by primer extension and mutational profil-
ing coupled to high-throughput sequencing ( SHAPE-MaP-
seq ) on in vitro transcribed ( IVT ) RNA. Both the WT and
pathogenic variant containing IVT exon-16 RNA encom-
passes the same sequence context as the splicing reporters.
As such, for all SHAPE probing data presented, all nucleotide
position numbering shown is based relative to the IVT RNA
template ( Supplementary Figure S3A ) . Accessible nucleotides
strongly react with 2-aminopyridine-3-carboxylic acid imi-
dazolide ( 2A3 ) in SHAPE-MaP-seq assays ( 41 ) . Nucleotides
acylated by 2A3 can vary in their degree of modification, or
SHAPE reactivity, reflecting how accessible the nucleotides
may be in the context of the global folding architecture of the
RNA ( 41 , 44 , 49 ) . 

Using 2A3 in our SHAPE-MaP-seq assays, we first gener-
ated SHAPE reactivity profiles for WT exon-16 and the highly
splicing-sensitive exon-16 c.5543A > G variant ( Figure 2 A,B ) . We
used arc diagrams to compare SHAPE-driven folding predic-
tions of WT and exon-16 c.5543A > G transcripts ( Figure 2 C ) .
The exon-16 c.5543A > G variant induces subtle RNA structural
changes, creating several long-range base pairing interactions
within the exon and between the flanking introns. Like exon-
16 c.5543A > G , additional SHAPE probing demonstrates that
other splicing-sensitive HA-causing variants in exon-16 also
exhibited modest structural changes compared to the WT
transcript ( Supplementary Figures 3B–G and S4 ) . Taken to-
gether, the SHAPE-MaP-seq experiments suggest that splicing-
sensitive HA-causing variants modestly impact the secondary
structure of exon-16 compared to the WT context. 
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Figure 1. In vitro cell-based splicing reporter assa y s re v eal F8 e x on-16 as a highly fragile e x on susceptible to pathogenic v ariant-induced aberrant 
splicing. ( A ) Schematic of the heterologous splicing reporter used to assess the impacts of variants on splicing. Each test e x on and flanking intronic 
sequence of F8 gene was cloned between exon-1 and exon-2 of the HBB minigene. ( B ) A representative agarose RNA gel showing the effects on 
splicing by various HA-causing variants in a panel of F8 exon-16 splicing reporters. Controls include a no template reaction ( lane 1 ) and a positive control 
f or e x on skipping ( lane 2 ) . ( C ) Quantification of v arious HA-causing v ariants on the splicing e xtent of F8 e x on-16. Percent-spliced-in ( PSI ) refers to the 
ratio of test e x on skipped to test e x on included in mRNA. Statistical significance between comparisons is denoted by asterisks that represent P -values 
with the f ollo wing range of significance: * P ≤ 0.05, and **** P ≤ 0.0 0 01. St atistical significance was determined using analysis of variance ( ANO V A ) , and 
Dunett’s post-hoc test. Each e x on-16 splicing reporter context tested contains nine independent / biological replicates; only exon-16 c.5562G > T contains 18 
independent / biological replicates to assess variability. 
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Figure 2. SHAPE probing identifies a native RNA str uct ure ( TWJ-3–15 ) that is uniquely positioned at the 3 ′ ss of F8 exon-16. ( A,B ) A normalized SHAPE 
reactivity plot for WT exon-16 ( blue ) and the exon-16 c.5543A > G pathogenic variant ( red ) , respectively. ( C ) Intramolecular base pairing interactions, 
constrained by normalized SHAPE reactivity are represented by arcs joining different regions of the transcript. Arc diagrams for WT exon-16 and 
e x on-16 c.5543A > G transcripts are depicted in blue and red, respectively. The broken box indicates the position of TWJ-3–15. The black arrow signifies the 
position of the c.5543A > G variant ( D,E ) SHAPE-driven secondary str uct ure prediction of TWJ-3–15 depicted in its 2D state for WT exon-16 and 
e x on-16 c.5543A > G transcripts, respectiv ely. Core splicing signals are annotated within the str uct ure. All SHAPE probing data ( N = 2 ) presented were 
generated in vitro using the SHAPE reagent 2A3, and all subsequent data analysis was performed in RNA Framework. All nucleotide positions 
numbering shown are based on the IVT RNA template used for SHAPE probing, from the 5 ′ to 3 ′ orientation. 
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When analyzing both the WT and all pathogenic vari-
nt SHAPE-driven structure predictions together, we discov-
red a three-way junction RNA structure involving the 3 ′ ss
f F8 exon-16 that is supported by the experimental reac-
ivity patterns but not from in silico RNA folding alone
 Figure 2 D,E; Supplementary Figures S5 and 6 ) . Our SHAPE-
riven structural predictions suggest that an upstream re-
ion of F8 intron-15 base pairs with the branchpoint and
oly-Y tract, potentially occluding their accessibility to splic-
ng factor 1 ( SF1 ) and U2AF. This 3 ′ ss three-way junction
tructure, which we will refer to as TWJ-3–15 ( T hree- W ay
 unction at the 3 ′ -end of intron- 15 ) , may be a potential
arget for splice-modulating compounds to enhance splice
ite strength and therefore increase exon-16 inclusion during
plicing. 
TWJ-3-15 attenuates F8 exon-16 3 ′ ss strength 

To determine if splicing-sensitive HA-causing variants of
exon-16 can be rescued by ASOs, we designed non-
overlapping, phosphorothioate-substituted, 2 ′ -methoxyethyl
modified 18-mer ASOs that span exon-16 and its flanking in-
trons in a splicing reporter context ( Figure 3 A; Supplemen-
tary Table S2 and Supplementary Figure S7 ) . We include an
ASO that has no complementarity to F8 sequences, serving
as our non-targeting ( NT ) control ( Figure 3 B, lane 1 ) , and an
ASO ‘blocker’ that specifically targets the 5 ′ ss of exon-16 to
directly inhibit its splicing ( Figure 3 B, lane 2 ) . Co-transfection
of ASO 32 , ASO 30 , ASO 29 , ASO 27 , ASO 6 , ASO 4 or ASO 3

with the exon-16 c.5543A > G reporter resulted in a significant
increase in exon-16 inclusion relative to the control ( Figure
3 C ) . Of note, these ASOs target the upstream and downstream
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Figure 3. ASO walk reveals splice-modulating ASOs for the highly 
splicing-sensitiv e e x on-16 c.5543A > G v ariant. ( A ) A moc k sc hematic of an 
ASO walk. Each ASO used in our walks are 18 nucleotides in length and 
are designed using ribose sugars that are modified with a 
2 ′ -metho xy eth yl group ( 2 ′ -MOE, highlighted in light orange ) , and the 
phosphate backbone is modified to a phosphorothioate backbone 
( highlighted in light blue ) . Each 18-mer ASO is contiguous by design, tiling 
across e x on-16 and its flanking introns with no o v erlaps betw een each 
A SO . ( B ) Proof-of-concept demonstrating how our ASOs are expected to 
work in the ASO walk experiments. As shown in the annotative matrix 
abo v e a representative agarose gel, the first two controls consist of our 
5 ′ ss blocker ASO ( positive control ) and our non-targeting ASO ( negative 
control ) being co-transfected with our WT e x on-16 splicing reporter to 
demonstrate that our designed ASOs can modulate splicing. The last two 
controls consist of our WT e x on-16 and e x on-16 c.5543A > G splicing 
reporters without ASOs co-transfected to illustrate the typical splicing 
ratios we may expect to see from their splicing. Expected mRNA 
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intronic regions of exon-16 c.5543A > G . ASO 32 , ASO 30 , ASO 29 

and ASO 27 target regions upstream of the 3 ′ ss, includ- 
ing sequences comprising TWJ-3–15. These ASOs signifi- 
cantly increase inclusion of exon-16 c.5543A > G ( Figure 3 C, P - 
value < 0.0001 ) . ASO 6 , ASO 4 and ASO 3 target a region 
downstream of the 5 ′ ss and also significantly increase exon- 
16 c.5543A > G inclusion ( Figure 3 C, P -value < 0.0008 ) . We also 
observed that ASOs targeting exon-16, including the site of 
the variant at c.5543A > G, inhibited splicing. As a con- 
trol we repeated the ASO walk on the WT F8 exon-16 re- 
porter. As observed from the exon-16 c.5543A > G walk, ASOs 
directly targeting the exon, except for ASO 21 , strongly in- 
hibited the inclusion of WT exon-16 during splicing ( Figure 
3 D ) . By contrast, individual ASOs targeting the flanking in- 
trons had little impact on WT exon-16 splicing relative to 
the NT control. Interestingly, ASO 6 and ASO 4 which tar- 
get the intronic region downstream of the 5 ′ ss enhanced 
exon-16 splicing relative to the NT control ( Figure 3 D, P - 
value < 0.0011 ) . Taken together, these ASO walks indi- 
cate that targeting regions adjacent to F8 exon-16 with 
ASOs, but not the exon itself, may rescue inclusion of 
splicing-sensitive HA-causing exon-16 variants by perturb- 
ing the influence of inhibitory elements found in the flanking 
introns. 

Comparison of our SHAPE and ASO walk data revealed 
that ASOs which individually and most significantly improved 
splicing of exon-16 c.5543A > G achieved this effect by directly 
targeting TWJ-3–15 ( Figure 3 E,F ) . These ASOs include ASO 29 

and ASO 27 , which had a statistically significant improvement 
on exon-16 c.5543A > G splicing, and ASO 28 which also targets 
the structure but was unable to significantly rescue splicing of 
exon-16 c.5543A > G . Thus, our data supports the hypothesis that 
co-transfecting more than one ASO targeting TWJ-3–15 may 
further destabilize this structure to increase 3 ′ ss accessibility 
and thereby enhance proper splicing of exon-16. 

Splice-modulating ASOs alter the predicted 

structure and function of TWJ-3-15 

To test the hypothesis that a combination of ASOs can ad- 
ditively enhance splicing of F8 exon-16 c.5543A > G compared 
to a single ASO when targeting TWJ-3–15, we performed 
additional cell-based splicing assays where exon-16 c.5543A > G 

was co-transfected with ASO 29 , ASO 28 and ASO 27 . Due 
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
isoforms including or excluding the test exon are also annotated to the 
left of the agarose gel. ( C ) and ( D ) show our ASO walk data for the 
e x on-16 c.5543A > G v ariant and WT e x on-16, respectiv ely. Data 
corresponding to the e x on-16 c.5543A > G v ariant is annotated by a red color 
whereas the WT is annotated by a blue color. ASO walk results for both 
( C ) and ( D ) are quantified using the PSI ratio. Statistical significance 
between comparisons are denoted by asterisks that represent P -values 
with the f ollo wing range of significance: ns, P > 0.05, ** P ≤ 0.01, 
*** P ≤ 0.001, and **** P ≤ 0.0001. Statistical significance was 
determined using analysis of variance ( ANO V A ) , and Dunett’s post-hoc 
test. Each e x on-16 splicing reporter context and condition tested contains 
three independent / biological replicates. A schematic model of e x on-16 
and its flanking introns are shown at the bottom of each plot to illustrate 
relative positions of ASOs. ( E ) and ( F ) respectively depict SHAPE-driven 
secondary str uct ure predictions of TWJ-3–15 f or WT e x on-16 and 
e x on-1 6 c.5543A > G , where eac h ( E ) and ( F ) show where promising ASOs are 
hybridizing to within the str uct ure. The sequence is numbered according 
to the nucleotide positions of the heterologous splicing reporter, from the 
5 ′ to 3 ′ orientation. 
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o the observation that WT exon-16 is inefficiently spliced
 Figure 1 C ) , we also co-transfected the WT reporter with the
rio ASO combination in parallel. Remarkably, for both the
T and exon-16 c.5543A > G reporters, we discover that the trio
SO combination had a significant effect on exon-16 inclu-
ion ( Figure 4 A,B ) . Relative to WT exon-16 co-transfected
ith the NT control ( Figure 4 A,B ) , the trio ASO combi-
ation can enhance the splicing efficiency of WT exon-16
 Figure 4 A,B ) , significantly increasing exon-16 inclusion ( P -
alue < 0.0001 ) . Similarly, we observed that the trio combi-
ation significantly rescued exon-16 c.5543A > G splicing ( Figure
 A,B, P -value < 0.0001 ) and completely restores splicing of
xon-16 c.5543A > G to WT levels ( Figure 4 A,B, compare lanes 1
nd 6 ) . Additionally, in comparing this result to a preliminary
creen consisting of a duo ASO combination that includes
SO 29 and ASO 28 which worked the best ( Supplementary
igure S8 ) , the trio combination comprising ASO 29 , ASO 28

nd ASO 27 had a stronger additive effect on rescuing exon-16
plicing, also demonstrating that ASO 27 is necessary to im-
rove splicing. 
To test the hypothesis that ASOs targeting TWJ-3–15 in-

reases the accessibility of the poly-Y tract by antagonizing
he TWJ-3–15 structure, we performed additional chemical
robing experiments. Briefly, we adapted the same SHAPE-
aP-seq approach as previously described with the excep-

ion that prior to SHAPE probing, the in vitro RNA template
as unfolded and then re-folded in the presence of ASOs.
n order to draw comparisons between the probing condi-
ion with ASOs present and the control condition without
SOs, we calculated the average SHAPE reactivity for each
ucleotide from the respective datasets and plotted them to-
ether ( Figure 4 C ) . Differences between each dataset’s SHAPE
eactivities are represented by their distinct color annota-
ion, whereas predominant admixing of colors represent min-
mal differences. Accordingly, the results from this experi-
ent show that there is an increased shift in SHAPE reac-
ivities for nucleotides that surround or comprise the poly-Y
ract in the condition with ASO 29 and ASO 28 present, com-
ared to the condition with no ASOs present ( Figure 4 C ) .
he reduced SHAPE reactivities in the regions with ASO 29 

nd ASO 28 complementarity provide a direct measure of ASO
inding to the intended target sites ( Figure 4 C ) . Addition-
lly, a single ASO such as ASO 27 is also capable of increasing
he SHAPE activities for nucleotides comprising the poly-Y
ract ( Supplementary Figure S9 ) . These results indicate that
ppropriately designed ASOs enhance exon-16 splicing in
art by destabilizing TWJ-3–15 to increase the accessibility of
he 3 ′ ss, likely increasing the accessibility of the poly-Y tract
o U2AF. 

WJ-3-15 harbors hnRNPA1-dependent splicing 

ilencers 

esults of our RNA structure probing experiments in the pres-
nce and absence of specific ASO combinations suggest that
WJ-3–15 reduces the strength of F8 exon-16 definition by
ccluding the poly-Y tract. To determine if TWJ-3–15 may
lso contain any functional binding sites for RNA-binding
roteins ( RBPs ) , we used RBPmap to identify RBP consen-
us motifs within the structure ( 47 ) . We found two bind-
ng sites for the splicing repressor hnRNPA1 within TWJ-3–
5 ( Figure 5 A, indicated in red ) . Based on nucleotide posi-
ion numbering relative to the IVT RNA template used for
HAPE probing ( Supplementary Figures S3A, 6 and 7 ) , and
subsequent analysis of TWJ-3–15, the first potential bind-
ing site is found at nucleotide positions 84–90 ( U UAGG GA )
and the second motif is found at nucleotide positions 99–
105 ( C UAAGG A ) . We term these predicted hnRNPA1 bind-
ing sites as ISS-15–1 and ISS-15–2, respectively. Based on pub-
lished research, these predicted binding sites harbor motifs ei-
ther identical or highly similar to the hnRNPA1 consensus mo-
tif, ‘UA GG’ ( 50 , 51 ) . These predicted hnRNPA1 binding sites
are positioned within the apical stem loop region of TWJ-3–
15. Intriguingly, ASO 28 and ASO 27 directly bind ISS-15–1 and
ISS-15–2, respectively. These ASOs, when used individually
or in combination, antagonized the aberrant splicing of the
exon-16 c.5543A > G variant ( Figure 3 C and Supplementary Fig-
ure S8A ) . We hypothesize that this structured element weak-
ens the F8 exon-16 3 ′ ss by sequestering the poly-Y tract and
recruiting the splicing repressor protein hnRNPA1. To deter-
mine if TWJ-3–15 is sufficient to induce hnRNPA1-dependent
exon skipping we replaced the robust 3 ′ ss of F8 exon-15 with
the 3 ′ ss of exon-16, which includes TWJ-3–15 ( see Supple-
mentary Figure S1 ) . By contrast to the WT exon-15 reporter,
we found that overexpression of hnRNPA1 induced signifi-
cant levels of exon skipping in the TWJ-3–15 chimeric re-
porter ( Supplementary Figure S10 ) . These data suggest that
TWJ-3–15 is sufficient to induce hnRNPA1-dependent exon
skipping in a heterologous context. If hnRNPA1 recognizes
ISS-15–1 and ISS-15–2, we predict that ASO 28 and ASO 27

will block hnRNPA1-dependent exon skipping. To test this
hypothesis, we co-transfected the WT F8 exon-16 splicing re-
porter into HEK293T cells with or without hnRNPA1 overex-
pression. We performed these experiments with several ASO
conditions: ( 1 ) transfecting ASO 28 and ASO 29 to mask one
putative hnRNPA1 binding site, ISS-15–1, while exposing the
poly-Y track, ( 2 ) or transfecting ASO 27 , ASO 28 and ASO 29 to
mask both putative hnRNPA1 binding sites, ISS-15–1 and ISS-
15–2, while simultaneously exposing the poly-Y track in TWJ-
3–15. As expected, overexpression of hnRNPA1 strongly in-
hibits splicing of WT exon-16 ( compare lane 4 to lane 1, Fig-
ure 5 B,C ) . By contrast, we observed that the combination of
ASO 28 and ASO 29 partially attenuated the effect of hnRNPA1
overexpression, and the combination of all three ASO resulted
in the strongest attenuation hnRNPA1-dependent exon-16
skipping ( compare lane 4 to lanes 5 and 6 ) . Taken together,
these data suggest that ISS-15–1 and ISS-15–2 are recognized
by hnRNPA1 and that masking both sites is required to rescue
splicing efficiently. 

ASO 27 contains a potential high affinity hnRNPA1 bind-
ing site ( 5 ′ -A GGTCCTTA GG GTTTA CA-3 ′ ) , inviting the hy-
pothesis that ASO 27 may attenuate exon-16 splicing in our
hnRNPA1-ASO competition assay by directly binding to and
sponging hnRNPA1. To test this hypothesis, we repeated
the hnRNPA1-ASO competition assay using an orthogonal
hnRNPA1-responsive splicing reporter that does not bind
ASO 27 . This splicing reporter contains SRSF6 exon-6, a re-
porter previously validated to exhibit splicing suppression
upon hnRNPA1 overexpression ( 52 ) . We observe that, rel-
ative to the empty expression vector, overexpression of hn-
RNPA1 caused skipping of SRSF6 exon-6, as expected ( Figure
5 D, compare lane 1 to lanes 2 and 3; Figure 5 E ) . The effect
of hnRNPA1 overexpression is maintained in the presence of
ASO 27 ( Figure 5 D, lane 2 ) , suggesting that ASO 27 does not
attenuate hnRNPA1-directed inhibition of splicing by bind-
ing to the splicing factor itself. Taken together, these exper-
iments support our hypothesis that the trio ASO combina-
tion rescues exon-16 splicing in part by blocking bona fide
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Figure 4. A combination of ASOs targeting TWJ-3–15 can rescue splicing of the highly splicing-sensitive exon-16 c.5543A > G variant by increasing 3 ′ ss 
accessibility. ( A ) A representative agarose gel depicting the results from our in vitro cell-based splicing assays testing duo and trio ASO combinations’ 
ability to modulate reporter splicing ( upper panel ) . The lower panel depicts an internal control corresponding to the SRSF3 mRNA ( lower panel ) . Each 
splicing assay condition is annotated as shown in the matrix above the gel. Expected mRNA isoforms including or excluding the test exon are also 
annotated to the left of the agarose gel. ( B ) A plot quantifying the results from ( A ) using the PSI ratio. The WT context is annotated by a blue color 
whereas the e x on-16 c.5543A > G pathogenic v ariant is annotated b y a red color. T he same annotativ e matrix seen in ( A ) is used under the plot to label each 
ASO condition tested for each context. Statistical significance between comparisons are denoted by asterisks that represent P -values with the following 
range of significance: ns, P > 0.05, and **** P ≤ 0.0 0 01. St atistical significance w as determined using analy sis of v ariance ( ANO V A ) and Dunett’s 
post-hoc test. Each e x on-16 splicing reporter context and condition tested contains three independent / biological replicates. ( C ) An overlay plot 
comparing normalized 2A3 reactivities between two distinct SHAPE probing conditions used to probe the exon-16 c.5543A > G variant. One SHAPE condition 
probes e x on-16 c.5543A > G with ASOs present ( annotated light blue ) , and the other condition probes e x on-16 c.5543A > G without ASOs present ( annotated 
light red ) . Admixing of colors ( indicated by purple hue ) where this is indistinguishable overlap represents similar SHAPE reactivity values between the 
two probing conditions at that nucleotide position. The nucleotide positions where the ASOs bind, in addition to important splicing signals, are annotated 
in the plot. All SHAPE probing data presented were generated in vitro using the SHAPE reagent 2A3, and all subsequent data analy sis w as perf ormed in 
RNA Frame w ork. T he sequence is numbered according to the nucleotide positions of the heterologous splicing reporter, from the 5 ′ to 3 ′ orientation. 
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hnRNPA1-dependent silencers found within TWJ-3–15 and
increasing accessibility of the 3 ′ ss poly-Y tract. 

Targeting TWJ-3-15 rescues multiple 

splicing-sensitive HA-causing variants of F8 
ex on-1 6 

Our experiments indicate that the splicing fidelity of F8
exon-16 appears to be regulated in part by an RNA
structure that weakens the 3 ′ ss and recruits hnRNPA1 
to further suppress exon definition ( Figure 6 A ) . Because 
this feature is shared across all exon-16 HA-causing vari- 
ants ( Supplementary Figures S11–16 ) and is targeted by 
ASOs capable of rescuing exon-16 c.5543A > G splicing, we rea- 
soned that targeting TWJ-3–15 might rescue splicing of 
other splicing-sensitive exon-16 variants. To test this hy- 
pothesis, we co-transfected WT exon 16, exon-16 c.5561G > A ,
exon-16 c.5558C > T , exon-16 c.5531C > A , exon-16 c.5531C > T and 
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Figure 5. hnRNPA1 cooperates with TWJ-3–15 to amplify inhibitory effects at the 3 ′ ss of F8 e x on-16. ( A ) Secondary str uct ure model of TWJ-3–15 
showing predicted hnRNPA1 binding motifs underscored in red. The sequence is numbered according to the nucleotide positions of the heterologous 
splicing reporter, from the 5 ′ to 3 ′ orientation. ( B ) R epresentativ e Western blot and agarose gel depicting results from our hnRNP A1 -ASO competition 
assa y. Upper tw o panels depict w estern blots f or HSP90 and T7-epitope tagged hnRNP A1, respectively . Lower two panels depict the HBB splicing assay 
and the SRSF3 internal control for the RT-PCR reaction, respectively. Each condition tested in the assay is annotated as shown in the matrix above the 
gel. ( C ) A plot quantifying the results from ( B ) using the PSI ratio. Co-transfection of the WT e x on-16 splicing reporter with either the empty expression 
vector ( PCG ) or the hnRNPA1 expression vector is indicated by a light blue or light red color , respectively . The same annotative matrix seen in ( B ) is used 
under the plot to label each ASO condition tested for each context. ( D ) Representative Western blot and agarose gel electrophoresis depicting results 
from our SRSF6 splicing assay. Each condition tested in the assay is annotated as shown in the matrix above the gel. ( E ) A plot quantifying the results 
from ( D ) using the PSI ratio. Co-transfection of the SRSF6 exon 6 splicing reporter with either the empty expression vector ( PCG ) or the hnRNPA1 
e xpression v ector is indicated b y a light blue or light red color, respectiv ely. T he same annotativ e matrix seen in ( D ) is used under the plot to label each 
ASO condition tested for each context. Epitopes targeted by specific antibodies in the western blots are indicated to the left of their respective blots. 
Expected mRNA isoforms including or excluding the test exon are also annotated to the left of the agarose gel. Statistical significance between 
comparisons are denoted by asterisks that represent P -values with the following range of significance: ns, P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, 
and **** P ≤ 0.0 0 01. St atistical significance w as determined using analy sis of v ariance ( ANO V A ) , and Dunet t’s post-hoc test. Eac h e x on-16 splicing 
reporter context and condition tested contains three independent / biological replicates. 
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xon-16 c.5389C > T splicing reporters with the NT ASO control
r the trio ASO combination. Similar to exon-16 c.5543A > G , we
bserved that co-transfecting ASO 29 , ASO 28 and ASO 27 to-
ether strongly promotes inclusion of other splicing-sensitive
A-causing pathogenic variants of exon-16 ( Figure 6 B,C ) .
aken together, these data demonstrate that ASO 29 , ASO 28 

nd ASO 27 interfere with the function of TWJ-3–15 and can
enerally rescue a broad array of splicing-sensitive pathogenic
lleles implicated in HA. 
Splicing reporters, like those employed in this study, en-

ble the rapid screening and identification of splicing-sensitive
ariants across a wide array of exons. However, the heterol-
gous sequence contexts do not always accurately reflect the
splicing patterns of the endogenous gene. We therefore estab-
lished an orthogonal splicing reporter to determine whether
exon-16 c.5543A > G induces exon skipping in a more native con-
text. We substituted the HBB locus in our reporter plasmid
with the region of the F8 gene spanning from exon-15 to
exon-17, including the full length introns flanking exon-16
( Figure 6 D ) . To make appropriate comparisons, we generated
minigenes for both WT exon-16 and the exon-16 c.5543A > G

pathogenic variant that induces the most severe exon skipping.
Once the reporters were generated and sequence-validated,
we then repeated splicing assays to determine if the exon-
16 c.5543A > G variant induces exon skipping, and if the trio ASO
combination also rescued this splicing defect. This minigene
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Figure 6. A combination of ASOs targeting TWJ-3–15 in a heterologous and endogenous context can rescue splicing for a broad array of HA-associated 
variants of exon-16 by increasing 3 ′ ss accessibility and blocking hnRNPA1 binding. ( A ) A UCSC Genome Browser screenshot depicting the F8 exon-16 
locus and the positions of HA-causing variants tested in this study. Pathogenic variants demonstrated to be splicing-sensitive from our assays are shown 
in red, whereas non-sensitive variants are shown in black. The 3 ′ and 5 ′ splice sites are annotated in addition to TWJ-3–15. Successful ASOs targeting 
TWJ-3–15. ( B ) A representative agarose gel depicting the results from our cell-based splicing assays testing the trio ASO combinations’ ability to rescue 
splicing of other HA-linked splicing-sensitive exon-16 variants ( upper panel ) . The SRSF3 internal control for the RT-PCR reaction is also shown ( lower 
panel ) . Each splicing assay condition included in this specific assay is annotated as shown in the matrix above the gel. Expected mRNA isoforms 
including or e x cluding the test e x on are also annotated to the left of the agarose gel. ( C ) A plot quantifying the results from ( B ) using the PSI ratio. Each 
sequence context tested ( WT or pathogenic variant ) is annotated by a distinct color. The same annotative matrix seen in ( B ) is used under the plot to 
label each ASO condition tested for each context. ( D ) A schematic depicting the F8 e x on-16 minigene splicing reporter to validate aberrant splicing 
defects in an endogenous context. F8 exon-16, along with its neighboring introns and exons as annotated, are cloned in between a strong promoter and 
poly aden ylation signal. Expected isoforms generated from the splicing reporter are also shown and annotated. ( E ) A representative agarose gel 
depicting the results from our e x on-16 minigene splicing assa y s v alidating aberrant splicing and trio ASO rescue effects in an endogenous conte xt. Each 
assay condition included in this experiment is annotated as shown in the matrix above the gel. Expected mRNA isoforms including or excluding exon-16 
are also annotated to the left of the agarose gel. ( F ) A plot quantifying the results from ( E ) using the PSI ratio. Each sequence context tested ( WT 
minigene or e x on-16 c.5543A > G minigene ) is annotated by a distinct color. The same annotative matrix seen in ( E ) is used under the plot to label each ASO 

condition tested for each context. Statistical significance between comparisons are denoted by asterisks that represent P -values with the following 
range of significance: ns, P > 0.05, and **** P ≤ 0.0 0 01. St atistical significance w as determined using analy sis of v ariance ( ANO V A ) , and Dunett’s 
post-hoc test. Each e x on-16 splicing reporter context and condition tested contains three independent / biological replicates. 
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assay demonstrates that c.5543A > G induces exon-16 skip-
ping in a native context ( Figure 6 E, compare lanes 1 and 4 ) .
As expected, the exon-16 5 ′ ss blocking ASO reduces inclusion
of the WT and pathogenic variant minigene reporters ( Figure
6 E, compare lanes 1 to 2 and 4 to 5 ) , whereas the trio ASO
combination significantly increased exon-16 c.5543A > G inclu-
sion ( Figure 6 E, compare lanes 4 and 6, P- value < 0.0001 ) . To-
gether, these data demonstrate that our heterologous reporter
assay fully recapitulates the results of an orthogonal model
system presenting exon-16 and the c.5543A > G pathogenic
variant in an native context. 
Discussion 

RNA structure–function relationships in exon 

definition 

Our results suggest that a putative RNA structure, TWJ-3–
15, sensitizes exon-16 to aberrant splicing by attenuating the 
strength of the 3 ′ ss. This interpretation is supported by sev- 
eral lines of evidence. First, SHAPE data demonstrates that 
upstream intronic sequences base pair with the poly-Y tract.
This base pairing interaction could reduce accessibility of the 
poly-Y tract to U2AF. A similar mechanism was demonstrated 
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A

B

Figure 7. The loss of a critical ESE in F8 exon-16 is hypothesized to amplify the inhibitory nature of TWJ-3–15 to alter exon definition and splicing fidelity. 
T he f ollo wing models depict e xperimentally -driv en mechanisms on ho w F8 e x on-16 ( in light gra y ) ma y be aberrantly spliced and rescued as determined 
in this study. ( A ) A schematic depicting the loss of a critical ESE in e x on-16 due to the A > G pathogenic variant in the exon-16 c.5543A > G variant. Losing 
the ESE diminishes the ability to recruit a positive splicing factor that likely regulates TWJ-3–15 and hnRNPA1 antagonism at the 3 ′ ss of F8 exon-16, 
leading to decreased 3 ′ ss strength. ( B ) A schematic depicting the trio ASO combinations’ ability to rescue splicing of e x on-16 c.5543A > G b y destabilizing 
TWJ-3–15, and pre v enting the recruitment of hnRNPA1 to the 3 ′ ss. Collectively, our data-supported model indicates that the trio ASOs block the 
recruitment of a negative splicing factor and increases the accessibility of the 3 ′ ss to the splicing machinery. TWJ-3–15 is annotated by a simplified 
depiction of the ‘Y-shaped’ RNA secondary str uct ure at the 3 ′ ss of e x on-16. RBPs binding to TWJ-3–15 and this region such as hnRNPA1 and U2AF are 
respectively annotated. The predicted ESE is annotated in light green within exon-16, and its binding partner, presumably an RBP like SR proteins that 
are known to enhance splicing, is depicted as well. 
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or the 5 ′ ss of Tau exon 10 ( 53 ) . In this case, the RNA helicase
68 controls accessibility of the 5 ′ ss to U1 snRNP and ASOs
tabilizing this structure inhibit splicing ( 54 ) . Similarly, at least
wo putative hnRNPA1 binding sites are present in the apical
tem of TWJ-3–15. These sequences appear to be functional
inding sites as overexpression of hnRNPA1 inhibits splic-
ng of both wild-type and splicing defective exon-16 variants.
WJ-3–15 also imparts hnRNPA1-dependent exon skipping
n a heterologous constitutive exon, demonstrating the pres-
nce of splicing silencer activity ( Supplementary Figure S10 ) .
inally, we also discovered splice-modulating ASOs that res-
ue exon-16 inclusion by disrupting the function of this RNA
tructure. ASO 27 , ASO 28 and ASO 29 antagonize TWJ-3–15
y occluding hnRNPA1-responsive splicing silencers and by
xposing the poly-Y tract, underscoring the functional sig-
ificance of this structure and its sequence. Despite strong
plice site signals ( Supplementary Table S3 ) , our data sug-
est that TWJ-3–15 sensitizes exon-16 to HA-causing vari-
nts that cripple ESEs or create ESSs ( Figure 7 A ) . Modulating
his RNA structure–function relationship with ASOs rescues
plicing of a diverse array of splicing-sensitive HA-linked vari-
nts of exon-16 ( Figure 7 B ) . We note that in the absence of
n cellulo chemical probing data, TWJ-3–15 remains a struc-
ural model that requires additional experimental validation.
owever, the impact of our work does not rest solely on this
NA structure. Collectively, our data strongly suggest that
his sequence functions as an intronic splicing silencer and
hat ASOs occluding this region rescues an array of splicing-
ensitive variants in exon-16. 
By contrast to TWJ-3–15, we found that ASOs hybridiz-

ng to the exon-16 itself, spare one, inhibit pre-mRNA
plicing ( Figure 3 D ) . While ASO 21 hybridizes to a se-
uence predicted to function as a splicing silencer and
herefore might not be expected to interfere with splic-
ng, it is less clear why other ASOs targeting the exon
re deleterious to splicing. One possibility is that the sec-
ndary structure of exon-16 is important for exon defini-
ion. Indeed, SHAPE-MaP-seq suggests extensive intramolec-
lar pairing juxtaposes the 5 ′ ss and 3 ′ ss ( Supplementary
 

Figures S11–16 ) . Perhaps ASOs targeting exon-16 interfere
with base pairing interactions within the exon and disrupt
splicing. Alternatively, F8 exon-16 may be strongly depen-
dent on exonic splicing enhancers. In this model, ASOs
targeting the exon could mask binding sites for splicing
factors. 

The interplay of genetic variation and exon 

definition is complex 

Interpreting the impact of genetic variation on pre-mRNA
splicing is fundamental to understanding genotype-phenotype
relationships ( 25 , 55 , 56 ) . Recognition of exon-intron bound-
aries requires the combinatorial interaction of splicing reg-
ulatory proteins with ESEs and ESSs, and is required for
both constitutive and alternative splicing ( 57 ) . Recent high-
throughput saturating mutagenesis screens of model human
exons demonstrate that constitutive exons are more resilient
to substitutions than alternative exons ( 58 ) . In their study,
Baeza-Centurion et al. use human genetic variation to argue
that alternative exons are more prone to aberrant splicing
than constitutive exons. Surprisingly, our work demonstrates
that splicing of F8 exon-16 is vulnerable to pathogenic ge-
netic variants, despite limited evidence for regulated alterna-
tive splicing ( Figure 1 and Supplementary Figure S2 ) . Inter-
estingly, pathogenic genetic variants in exon-16 and the 5´ss
of intron 15 cause aberrant exon-16 splicing in HA patients
( 59 ,60 ) . 

An important consideration for interpreting this result is
that common polymorphisms ( minor allele frequency ≥ 5% )
are fixed in the population and unlikely to negatively affect fit-
ness. By contrast, rare pathogenic variants can induce aberrant
splicing of constitutive exons ( 61–71 ) . We previously demon-
strated that pathogenic variants are more likely to cause the
loss or gain of ESEs or ESSs, respectively ( 24 ) . Despite this
observation, we were surprised that for a majority of exons
tested in our study, pathogenic variants tested here did not sig-
nificantly alter splicing efficiency relative to the WT reporters
( Supplementary Figure S1 ) . Clearly, additional layers of reg-
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ulatory information such as splicing factor occupancy maps,
chromatin structure, and RNA polymerase kinetics need to be
considered in future predictive models ( 25 , 55 , 56 , 72 ) . 

Aberrant splicing of F8 in Hemophilia A 

An HA diagnosis causes a severe life expectancy disadvan-
tage. The global prevalence of HA is ∼17.5 cases per 100 000
males, while the prevalence at birth is 26.4 per 100 000 males
( 73 ) . These prevalence estimates suggest as many as 1 million
patients globally are afflicted with HA. Based on the Coag-
ulation Factor Variant Database, exon-16 contains 4.5% of
the 3052 unique pathogenic variants in the F8 gene. These
data suggest that > 40 000 HA patients could harbor exon-
16 pathogenic variants. Our work suggests that ∼37.5% of
variants tested in exon-16 induce aberrant splicing, suggesting
that globally, > 15 480 patients could benefit from ASOs tar-
geting TWJ-3–15. In the future, it will be important to create
patient-derived models to confirm the role for TWJ-3–15 in
exon-16 aberrant splicing in vivo . Better models will facilitate
development of singular ASOs targeting TWJ-3–15 capable of
fully rescuing exon-16 splicing. F8 exon-16 encodes a portion
of the A3 domain which is required for efficient blood clotting
and is frequently mutated in HA ( 74–76 ) . Because exon-16 is
divisible by 3, the aberrant skipped isoform is predicted to
express an internally deleted protein, rather than undergoing
nonsense mediated decay. 

Limitations of the study and future directions 

There are several limitations of our study. Because we did not
have access to patient-derived cell lines and cell lines express-
ing the canonical full length F8 mRNA isoform are not read-
ily available, we employed the well-established HBB reporter
system transfected into HEK293T cells to assay the impact
of F8 pathogenic variants on exon identity ( 77 ) . This mini-
mal system exploits the context dependence of exon defini-
tion as most auxiliary cis -regulatory signals are near splice
sites ( 78 ) . However, because this reporter system lacks most of
the endogenous F8 sequence, it remains possible that results
obtained with the heterologous reporter may differ from re-
sults obtained from the endogenous locus. Additionally, other
processes such as chromatin modification and transcriptional
elongation can regulate splicing ( 79 ) . While the artificial sys-
tem used here may differ from the endogenous locus, exon-16
and intron-15 variants that cause aberrant exon-16 splicing
have been reported in HA patients ( 59 ,60 ) . Despite this un-
certainty, our study represents an important step towards cor-
recting splicing-sensitive variants in F8 exon-16. Additional
work is required to validate or invalidate aspects of this po-
tential structure–function relationship in exon-16 identity. It
will also be important to learn how ESEs antagonize the func-
tion of this putative regulatory element. 

In the absence of patient-derived cell models, other groups
developed CRISPR edited induced pluripotent stem cell mod-
els ( 77 ,80 ) . In the future, translating our findings into a pre-
clinical setting will require the testing of variants and ASOs
in the context of the endogenous F8 locus in a disease-in-a-
dish preclinical model. Although we have not tested our hy-
potheses in a patient-derived cell line or in engineered cell
models, evidence supporting the fragile nature of exon-16 can
be found in HA patient registries. The European Coagula-

tion Factor Variant Database contains at least four unrelated 
patients with three different synonymous pathogenic variants 
at position c.5586 causing severe to modest HA phenotypes 
( 75 , 81 , 82 ) . Silent pathogenic variants most frequently induce 
aberrant splicing but can also alter RNA structure and mRNA 

stability, leading to changes in gene expression. Additionally,
variants in both intron-15 and exon-16 cause aberrant splic- 
ing of exon-16 in HA patient samples ( 59 ,60 ) . These published 
clinical findings, combined with our in vitro analysis of HA- 
pathogenic variants in exon-16, support the hypothesis that 
aberrant splicing of F8 exon-16 occurs in HA patients and 
represents a potential therapeutic target. Finally, it will be im- 
portant to determine how the F8 protein tolerates missense 
variants in exon-16. Recent studies demonstrated that non- 
conservative substitutions in exon-19, including those asso- 
ciated with aberrant splicing, have modest effects on protein 
activity when expressed from a cDNA ( 83 ) . Thus, the poten- 
tial translation of ASOs targeting TWJ-3–15 requires a similar 
study of F8 protein function and secretion using a pre-clinical 
model system focusing on the endogenous F8 locus. 
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