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Purpose: To quantify the impact of noncanonical FBNI splice site variants in undiagnosed
Marfan syndrome (MFS), a connective tissue disorder associated with skeletal abnormalities and
familial thoracic aortic aneurysm disease (FTAAD).

Methods: A systematic analysis of ultrarare FBNI variants was performed using genome
sequencing data from the 100,000 Genomes Project. Variants were annotated with SpliceAl and
the significance of enrichment among individuals with FTAAD was assessed using Fisher's
exact test. Experimental validation used RNA sequencing, reverse transcriptase polymerase
chain reaction, minigene constructs, and replication analysis was with data from UK Biobank.
Results: Using aggregate data for 78,195 individuals, we identified 13,864 singleton single-
nucleotide variants in FBNI of which 21 were predicted to affect splicing (SpliceAl > 0.5).
Incidence of candidate splice variants in individuals recruited with FTAAD (9/703) was
significantly elevated compared with that seen in non-FTAAD participants (12/77,492; odds
ratio = 84, P = 9.7 x 10™'%). Additional analysis uncovered a further 14 families harboring
11 different FBN1 splice variants. A total of 20 candidate splice variants in 23 families were
identified, of which 70% lay beyond the +8 splice regions. RNA testing confirmed the
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predicted splice aberration in 16 of 20 and for 9 of 20, pseudoexonization was the likely splicing

anomaly.

Conclusion: Our findings indicate that noncanonical splice variants may account for approxi-
mately 3% of families with undiagnosed FTAAD, highlighting the importance of incorporating

analysis of introns and confirmatory RNA testing into genetic testing for Marfan syndrome.
© 2025 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Introduction

Marfan syndrome (MFS; OMIM 154700), a connective
tissue disorder first described in 1896, has an estimated
incidence of 2 to 3 in 10,000 individuals and an average age
at diagnosis in the early 20s.'” In addition to a number of
typical skeletal features, aneurysm of the thoracic aorta is a
cardinal feature, which can, in the absence of surgery,
progress to sudden aortic dissection and death. The “Ghent
nosology,” which primarily comprises a set of cardiovas-
cular, ocular, and skeletal manifestations was developed to
facilitate clinical diagnosis of this syndrome and improve
patient management/counseling.” Although penetrance is
typically high and correlated with age, MFS has highly
variable expressivity, including absence of aortic pathology
in some individuals/families.

Although the first pathogenic variants in FBNI
(HGNC:3603) described in MFS patients >30 years ago
were de novo in origin,” inherited pathogenic variants have
also been found cosegregating across large multigenera-
tional pedigrees.”” FBN1 is a large gene spread over 237 kb,
with 66 exons of which 65 are coding. The gene encodes
fibrillin 1, a glycoprotein that is localized to the extracellular
matrix. Pathogenic variants reported to date frequently
include those resulting in premature termination codons
(PTCs; including those in the last exon), in-frame indels and
missense variants, particularly those disrupting cysteine
residues that affect the formation of structurally important
disulphide bonds.® '’ Geleophysic and acromicric dysplasia
(OMIM 614185 and 102370), conditions characterized by
severe short stature, short extremities, and stiff joints, can
also be caused by pathogenic FBN! variants in exons 41
and 42."

Using conventional methods, rare pathogenic or likely
pathogenic FBNI variants can be identified in >90% of
individuals with clinically diagnosed MFS.'”'? Families
without a molecular diagnosis after clinical testing may be
explained by poor phenotypic characterization, the presence
of variants in other gene(s) linked to related conditions, " or
cryptic variants in FBNI. Recently, the identification of
structural variants, including inversions,m’]5 balanced
translocations,'® and complex interchromosomal in-
sertions,'’ has highlighted the benefits of using genome
sequencing data and analyzing intronic sequence of FBNI
for genetically undiagnosed cases of MFS.

Genome sequencing also enables detection of cryptic
splice variants that lie beyond +8 bp into intronic sequence,
which often remain undetected by current clinical testing
procedures. Although many pathogenic variants in the
literature result in aberrant splicing, reports of noncanonical
splice variants in FBNI have mainly been limited to case
studies (Supplemental Table 1), and many of these were
detected using RNA-based testing approaches.

In this study, we performed a systematic assessment of
genome sequence data from the 100,000 Genomes Project
(100kGP) which included >700 individuals recruited with a
diagnosis of familial thoracic aortic aneurysm disease
(FTAAD). Although there are over 30 genes linked to this
condition, the diagnostic yield for this set of families (for
whom nondiagnostic standard-of-care National Health Ser-
vice (NHS) testing results were obtained previously) is
below 10%. We aimed to identify new molecular diagnoses
for families with suspected MFS and, in parallel, assess the
utility of genome sequencing in combination with in silico
splice prediction for the detection of cryptic variants in
FBNI.

Materials and Methods

Bioinformatic extraction/annotation of singleton
variants

A systematic analysis of ultrarare FBNI variants was per-
formed using an aggregated data set produced from the v10
release of the 100kGP, a nationwide study that aimed to
uncover the genetic basis of disease for individuals in whom
a diagnosis had not been obtained by standard-of-care
testing.'® The aggregation included germline data for
78,195 participants from both the rare disease and cancer
program of the 100kGP, with FTAAD being the 11th most
common disease indication (Supplemental Table 2). This
data set (the “AggV2” file) includes >722 million single-
nucleotide variants (SNVs) and small indels (<50 bp) and
is split into 1371 genome chunks of approximately equal
size. DNA samples were quality controlled, and genome
sequencing was conducted using a HiSeqX instrument
(Illumina) generating 150-bp paired-end reads. Alignment
was to the GRCh38 assembly. Further information about
data processing and the construction of these aggregate data
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is available in the Supplemental Methods and at https://re-
docs.genomicsengland.co.uk/aggv?2.

Singleton variants were extracted from the AggV?2 file
using BCFtools for the entire FBNI gene region
(chr15:48,408,313-48,645,709, GRCh38). Variant annota-
tion was performed using the Variant Effect Predictor (VEP)
and Human Genome Variation Society annotation of vari-
ants and was based on the MANE select transcript
(NM_000138.5). ORs and 2-tailed significance levels based
on Fisher's exact test were calculated using RStudio.
Additional scrutiny of in silico splice predictions and the
surrounding landscape of absolute (raw) SpliceAl scores
was performed using SpliceAl-visual,'” with the resulting
bedGraph files downloaded and imported as a custom track
into the UCSC genome browser. The SpliceAl lookup tool
(https://spliceailookup.broadinstitute.org) was also used
with the max region of effect increased to 500 bp. The
option to output absolute scores for REF/ALT alleles was
utilized. SpliceAl scores are linked to 1 of 4 possible con-
sequences: acceptor gain (AG), acceptor loss (AL), donor
gain (DG), and donor loss (DL). Unless otherwise stated,
just the highest of the 4 delta scores (range 0-1) is reported,
alongside the delta position.””

Secondary analysis involving FTAAD-only data

The October 2024 data release (v19) of the 100kGP includes
72,884 rare disease program participants. Included in this data
set were 672 families recruited with FTAAD. The FTAAD
category was created in the 100kGP to encompass patients
with syndromic and nonsyndromic forms of aortic dilatation
(Supplemental Methods). A number of these families were
not available on the GRCh38 genome build in data release
v10, ie, at the time the AggV?2 file was created. Thus, these
individuals would not have been assessed in our primary
analysis. A secondary analysis was therefore performed,
which included all families recruited to the 100kGP with
FTAAD, irrespective of which build had been used for read
mapping. In this analysis, we did not require rare variants to
be unique in the 100kGP, and the population allele frequency
threshold was <0.001 (based on data from gnomAD v3 and
the 1000 Genomes Project). We also used a more sensitive
SpliceAl threshold of 0.2. Data were analyzed using a range
of custom scripts. We also included a family sequenced as
part of NHS England’s Genomic Medicine Service using
similar procedures to those described above but for which the
variant had been picked up by the local Genomic Laboratory
Hub using a commercial analysis platform (Congenica) to
identify intronic substitutions with a SpliceAl score of >0.1.

RNA sequencing

RNA sequencing (RNAseq) data are available for 5546
probands from the 100kGP, of whom 180 were recruited
with FTAAD as the primary diagnosis. Further technical
details and information about sample prioritization are

available in the Supplemental Methods and elsewhere.”' In
brief, total RNA was extracted from peripheral whole blood
using the PAXgene Blood RNA Kit (Qiagen). Libraries
were constructed following the Illumina Stranded Total
RNA Prep kit, and ligation was with the Ribo-Zero Plus
protocol. Sequencing was done on the NovaSeq 6000 using
2 x 100-bp paired-end reads.

Targeted RNA analysis

For targeted RNA testing, blood-derived RNA samples were
collected into PAXgene RNA collection tubes. Comple-
mentary DNA (cDNA) preparation, reverse transcriptase
polymerase chain reaction (RT-PCR) and Sanger
sequencing was then carried out as described in the
Supplemental Methods and using the primers listed in
Supplemental Table 3. The one exception to this was family
20, for which fibroblasts were cultured in the presence/
absence of cycloheximide for up to 6 hours to monitor levels
of nonsense-mediated decay (NMD).

Minigene constructs

Minigene vectors for both wild-type and variant sequences of
FBNI were assembled by Gibson cloning using the SK3
minigene vector (a derivative of the pSpliceExpress minigene
splice reporter vector, gifted by S. Stamm; Addgene, 32485,
RRID:Addgene_32485), as previously described.”” Human
embryonic kidney 293 cells were cultured to 60% to 75%
confluency in 2 mL of high-glucose Dulbecco’s modified
Eagle’s medium (Gibco), supplemented with 10% fetal
bovine serum (Gibco) in a 6-well culture plate at 37 °C with
5% CO,. Cells were transiently transfected with 2 pg of either
wild-type or variant minigene constructs using Lipofectamine
2000 (Thermo Fisher Scientific) and the manufacturer’s
standard protocol. After 18 to 21 hours of incubation, RNA
was extracted using 1 mL of TRI Reagent (Invitrogen) per
well and further purified using the RNAeasy cleanup kit
(QIAGEN), which included a DNase digestion step. cDNA
was synthesized from up to 4 pg RNA (using an equal
amount of RNA for each sample set) by GoScript first strand
synthesis using the manufacturer’s recommended protocol
(Promega). Resulting cDNA was amplified using Q5 Poly-
merase (New England Biolabs) with the primers listed in
Supplemental Table 3. Finally, polymerase chain reaction
(PCR) products were run on an agarose gel (1%-4%) sup-
plemented with SYBR Safe (Thermo Fisher Scientific) for
visualization. PCR products were purified using a PureLink
gel extraction kit (Invitrogen) and sequenced by Sanger
sequencing (Eurofins Genomics) to confirm splicing products.

Analysis of FBN1 splice variants using UK Biobank
UK Biobank (UKB) is a population-based study involving

half a million participants from the UK. Recruitment was
between 2006 and 2010, and participants were aged 40 to 69


https://re-docs.genomicsengland.co.uk/aggv2
https://re-docs.genomicsengland.co.uk/aggv2
https://spliceailookup.broadinstitute.org

4

S. Walker et al.

years at the time of recruitment. In addition to the
comprehensive demographic and health-related measures,
short-read genome sequencing was recently performed, as
described (Li S, Carss KJ, Halldorsson BV, Cortes A, UK
Biobank Whole-Genome Sequencing Consortium. Whole-
genome sequencing of half-a-million UK Biobank partici-
pants. medRxiv. 2023.2012.2006.23299426; 2023. https://
doi.org/10.1101/2023.12.06.23299426). The R package
ukbrapR (https://Icpilling.github.io/ukbrapR) for working in
the UKB Research Analysis Platform was used to identify
UKB participants with the International Classification of
Diseases, 10th revision (ICD10) codes I71 (Aortic aneurysm
and dissection) and Q87.4 (MFS). Variants were annotated
using Ensemble VEP v110, as described (https://github.
com/drarwood/vep_ukb_aou_docker) and SNVs were
extracted from the chromosome 15 file (version of March
10, 2024) in the MANE select transcript for FBNI
(ENST00000316623.10 / NM_000138.5). To align with the
systematic analysis performed on 100kGP data, we filtered
for variants with a maximum SpliceAl score of 0.5 or more
using precomputed scores and the 50-bp analysis window.
The analysis was also repeated using a 0.2 SpliceAl
threshold. Ultrarare variants were identified by filtering us-
ing total population allele frequencies (ie, across all ancestry
groups) from the gnomAD v4.1.0 genomes, such that only
variants that are singleton variants or else absent in this data
set were retained. Variants also were required to have an
allele count of 5 or less in UKB. Data access was under the
approved UKB project “Understanding the role of rare and
common genetic variation in human phenotypes.”

Results
Identification of putative splice variants in FBN1

To assess the potential contribution of intronic FBNI
variants in the etiology of FTADD for families recruited to
the 100kGP, we performed a systematic analysis of rare
variants with SpliceAl scores indicative of a possible
splicing alteration. Initially, the analysis included 78,195
participants of the 100kGP, 703 of whom were recruited
with FTAAD, ie, 0.90% of the total cohort (Supplemental
Table 2). We considered singleton variants (allele count of
1 in the AggV?2 data set) in FBNI across all phenotype
categories and identified 13,864 SNVs. After annotation
with SpliceAl, only 21 were seen to have a SpliceAl score
of 0.5 or greater (Figure 1A). Incidence of this class of
variant in individuals recruited with FTAAD (9/703; 1.3%)
was significantly elevated compared with that seen in non-
FTAAD participants (12/77,492; 0.015%) and based on
Fisher's exact test, this enrichment was highly significant
(odds ratio [OR] = 84, P = 9.7 x 1074, Although 0.5 is
the intermediate cutoff recommended for SpliceAI,20 we
explored the effects of varying this threshold for variant

inclusion. Although the highest proportion of cases
recruited under FTAAD was seen at the 0.8 cutoff (7/10,
OR =260, P =54 x 10_]3), the most significant P value
(11/34,0R =53, P =6.8 X 10_15) was observed at the 0.3
cutoff (Figure 1B). We also explored the effect of relaxing
the allele frequency cutoff and repeated this analysis with
variants that have AC = 1-5 in the AggV?2 file. Although
enrichment in the FTAAD cohort was more significant than
with the singleton variants at the 0.5 SpliceAl threshold, it
came with a lower odds ratio (P < 2.2 X 107'%, OR = 35.2,
Supplemental Note 1).

The 703 individuals with FTAAD included in the pri-
mary analysis were from a total of 605 families, of which
523 (86%) were recruited with just a single affected indi-
vidual. However, there were also 70 families with 2 affected
individuals, 10 affected trios, 1 affected quad, and 1 affected
sextet. Therefore, we performed a secondary analysis
including all families recruited to the 100kGP with FTAAD.
In this analysis, we no longer required variants to be unique
in the data set and reduced the SpliceAl threshold to 0.2. We
also included families that had previously been available
only on GRCh37 (at the time of data aggregation) and 1
family sequenced as part of the Genomic Medicine Service
program. This FTAAD-only analysis led to the identifica-
tion of 11 noncanonical FBNI splice variants in 23 more
affected individuals from 14 unrelated families.

In combination with the initial 9 variants, a total of 20
unique variants were identified in 32 individuals from 23
families (Table 17’24’28). These variants were spread
throughout the gene from intron 1 to intron 63 (Figure 2A).
Although there was no significant clustering, introns 12, 54,
and 56 each harbored 2 variants. Overall, 14 of 20 variants
lay beyond the +8 splice regions used for prioritization in
the primary analysis performed by Genomics England, and
for 9 of these, inclusion of a pseudoexon (PE) was the
predicted consequence. Exon extension was also the pre-
dicted effect for 9 of 20 variants, in 1 case involving a 5'-
untranslated region (5’-UTR) exon (Figure 2B). Predictions
of exon skipping and exon contraction were each observed
just once. No coding variants predicted to result in anoma-
lous splicing were identified.

The total population allele frequencies for this set of
variants in gnomAD v4.1.0 ranged from O up to 7 in
1,613,362 for the NM_000138.5:¢c.1468+24C>T variant in
family 2 (Table 17**?%). The ¢.1468+24C>T variant is also
1 of 4 for which RNA testing was not possible; therefore,
this remains a variant of uncertain significance (VUS). Delta
SpliceAl scores ranged from 0.20 in families 12 to 15
(NM_000138.5:¢.1589-1217G>T) and  family 23
(NM_000138.5:¢.4942+19A>T), up to 1.00 in family 1,
where NM_000138.5:¢.6872-11A>G predicts a change in
acceptor site usage (Supplemental Figure 1). An interactive
UCSC session showing the position of all 20 variants,
SpliceAl-visual tracks showing absolute scores in compar-
ison with the reference and additional tracks showing the
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Figure 1  Analytical pipeline and phenotypic enrichment of rare splicing variants in FBNI. A. Green boxes denote steps taken in the
initial analysis of data from the 100k Genomes Project (100kGP). Singleton SNVs were annotated with SpliceAl and filtered at 0.50 (AG,
AL, DG, and DL) because that is the recommended intermediate stringency cutoff. Gray boxes show subsequent steps taken to identify 14
additional families. The salmon box summarizes the combined results from both arms of the study, whereas lilac boxes outline the different
methods used to validate RNA effect and the numbers supported by each method. B. Chart showing percentage of individuals with a rare
heterozygous splice variant who were recruited under FTAAD at each level of SpliceAl cutoff. As the splice cutoff decreases additional
FTAAD families were identified. The green box highlights the initial cutoff used as shown in (A). The highest proportion of FBNI variant
heterozygotes being from the FTAAD group was seen at a 0.80 cutoff, but this would have resulted in families 2, 7, 17, and 20 being
overlooked. P values corresponding to Fisher's exact test results of FTAAD enrichment for FBN/ variant heterozygotes show that the most
significant enrichment was seen at the 0.3 cutoff. FTAAD, familial thoracic aortic aneurysm disease; SNV, single-nucleotide variant.

predicted consequences of each variant, is available at

read alignment supported 1 of the 2 predicted splice junc-
https://genome.ucsc.edu/s/AlistairP/FBN1_pseudoexons.

tions, with the soft-clipped bases matching the sequence
from the start of exon 57. Similar junctions were not
observed in >400 control RNAseq data sets sequenced us-
ing the same pipeline (Figure 3A). The variant appears to
activate the same cryptic acceptor site as described in a
previous study”® (Figure 3B) and the PE was confirmed by
RT-PCR using an independent blood sample (Figure 3C).
For 11 families, RT-PCR was used as a standalone test

RNA testing for confirmation of aberrant splicing

Short-read RNAseq using blood-derived RNA had already
been performed for 10 of 23 families with candidate splice
variants in FBNI. Coverage at the FBNI locus was
extremely sparse (Supplemental Figure 2). However, closer

scrutiny of the loci of interest in the 10 data sets identified 1
read in 1 individual that supported the predicted splice
event, with no coverage for the relevant splice junction in
the other 9 data sets. The only confirmed event was in the
proband from family 21, with a single read spanning
NM_000138.5:¢.6872-955C>G and the 3’ end of the pre-
dicted 96-bp PE in intron 56 (Supplemental Figure 3). The

for assessing the effect of the variant on the FBNI transcript
(Figure 1A, Table 17°*?%). For 10 of 11 families, blood-
derived RNA was used as a template, and despite low
expression in this tissue, informative results were obtained
in every case. For family 7, multiple rounds of primer design
were required, but otherwise, this approach proved to be
highly efficient. RT-PCR requires fresh patient-derived
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Table 1

Summary of FBNI splicing variants in 23 families recruited with familial thoracic aortic aneurysm identified from the 100k Genomes Project or the Genome Medicine Service

HGVS Based on

NM_000138.5 AF in UK Family Structure,

Family GRCh38 Coordinates (SpliceAl Delta AF in AggV2 Biobank Cosegregation and Family Notable Variants at

D (NC_000015.10) Score, Position) (N =78,195) (N = 490,640) RNA Testing Results History Same Locus ACMG Classification ACMG Criteria

F1 15:9.48428482T>C €.6872-11A>G 1/156,390 Absent RT-PCR shows 10-bp extension Singleton in 100kGP. 2 NA P (SCV005888566) PVS1_RNA_Very_Strong,
(AG = 1.00, —1; of exon 57, paternal uncles suffering PM2_Moderate,
AL = 0.99, —11) r.6871_6872insaaucaaacag, aortic dissection/aneurysm PP4_Supporting

p.(Asp2291GlufsTer5) but no other living affected
family members

F2 15:9.48515363G>A €.1468+24C>T 1/156,390 1/981,088 NA (patient deceased) Singleton-no other affected NA VUS (SCV005888577) PP3_Supporting,
(DG = 0.63, +6) family. PM2_Supporting,

PP4_Supporting
F3 15:9.48441860A>C €.6038-14T>G 1/156,376 Absent Minigene assay confirms the Variant not in unaffected NA LP (SCV005888579) PS3_Strong,
(AG = 0.97, —1) introduction of an earlier mother. PM2_Moderate
acceptor splice site that extends
the exon 50 by 13 bp,
r.6037_6038insgugauucuuuuag,
p.(Asp2013GlyfsTer7).

F4 15:9.48447995G>C €.5671+773C>G 1/156,390 Absent RT-PCR and Sanger from blood Singleton NA P (SCV005888580) PVS1_RNA_Very_Strong,
(DG = 0.80, +1 confirms 59 bp pseudoexon PM2_Moderate,
but also AG = 0.67 prediction. Pseudoexon is PP4_Supporting
+59 if 500 bp €.56714+714_5671+772 or
distance used) r.5671_5672ins59,

p-(Asp1891GlufsTer2).

F5 15:9.48644510G>A €.1644+96C>T 1/156,390 Absent Minigene assay confirms the Singleton (father and NA P (SCV005888581) PVS1_RNA_Very_Strong,

(DG = 0.96, +2) utilization of a new donor splice brother are affected but not PM2_Moderate,
site which extends exon 2 by 94 in 100kGP). PP4_Supporting
bp and introduces a stop codon
shortly into the extended
sequence r.164_165ins94,
p.(Pro56Ter).

F6 15:9.48432996A>T c.6617-8T>A 1/156,390 1/981,056 RT-PCR from blood shows Variant not passed on to NM_000138.5:c.6617- VUS (SCV005888582) PM2 and PM4
(AG = 0.98, —2; creation of a novel splice unaffected daughter and no 9_6617-8inv listed in ClinVar
AL = 0.63, —8) acceptor with in-frame insertion other living family as LP (VCV000042404.4), also

of 2 amino acids, members. reported as ¢.6617-9_6617-
r.6616_6617inscugcag 8delCTinsAG”® but that would
p.(Glu2205_Asp2206insAlaAla). be 7 bp exon extension.

F7 15:9.48503942A>C c.1961-3T>G 1/156,390 Absent RT-PCR from blood showed no Singleton and no family Variant previously reported in P (SCV005888583) PVS1_RNA_Very_Strong,
(AL = 0.76, -3 difference initially, but no allele history Ogawa et al*® (2011), PM2_Moderate,
but also AG = 0.17, imbalance experiments were described as ¢.IVS15-3T>G. PP4_Supporting
130 if 500 done. Redone with intronic NM_000138.5:¢.1961-3T>C is
distance used). primers 133-bp extension in ClinVar as VUS

detected, r.1960_1961ins133 (VCV002195588.2).
p.(Asp654AlafsTer17).

F8 15:9.48499044A>C €.2114-6T>G 1/156,390 Absent Prediction is exon 18 skipping Singleton and no family NA VUS (SCV005888584) PP3_Supporting,
(AL = 0.82, —6) (in-frame), but no samples history PP4_Supporting,

available

PM2_Moderate

(continued)
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Table 1 Continued

HGVS Based on

NM_000138.5 AF in UK Family Structure,
Family GRCh38 Coordinates (SpliceAI Delta AF in AggV2 Biobank Cosegregation and Family Notable Variants at
1D (NC_000015.10) Score, Position) (N=178,195) (N = 490,640) RNA Testing Results History Same Locus ACMG Classification ACMG Criteria
F9 15:9.48645574C>T c.-1824+1G>A 1/156,390 Absent RT-PCR from blood shows the Singleton (mother with NA VUS (SCV005888585) PP3_Supporting,
(DL = 0.80, +1; first exon is extended by 4 bp aortopathy not in 100kGP). PP4_Supporting,
DG = 0.30, —3) consistent with the in silico PM2_Moderate
prediction. This introduces a
new ATG start codon so could
affect translation due to uORF
creation. The FBN1 5’-UTR does
not have any existing uAUGs;
therefore, it is anticipated that
creating one would be
deleterious.
F10 15:9.48417801T>C €.7820-2034A>G 3/156,390 Absent Failed to receive a sample from Proband, sister, and mother NA VUS (SCV005888567) PP3_Supporting,
(DG = 0.59, +5 and patient. The issue for minigene are all affected. All 3 PP4_Supporting,
AG = 0.71, +189 testing is the size of the individuals have the PM2_Moderate
if 500 bp fragment needed to incorporate variant; therefore, there is
window used) both the variant and the nearest support from
exon. Pseudoexon of 185 bp is cosegregation.
predicted.
F11 15:9.48475731T>C €.3965-1081A>G 2/156,390 Absent RT-PCR from blood showed Affected father and NA LP (SCV005888568) PVS1_Strong,
(DG = 0.95, +1) pseudoexon of 105 bp, proband PM2_Moderate,
consistent with in silico PP4_Supporting
prediction, r.3964_3965ins105,
p.(Asp1322delins36). The
inserted amino acid sequence is
EVMKKPKIPGPFQSFRWN
TWQIACLQTLSNHLIGLH.
F12-15 15:9.48511386C>A €.1589-1217G>T 3/156,390° 3/979,474 Previously reported to create 7 affected individuals from Reported in large family with P (SCV005888569) PVS1_RNA_Very_Strong,
(AG = 0.20, —3) 202 bp pseudo-exon 4 families (3 parent-child significant cosegregation.” PS4_Strong,
r.1588_1589ins202 and and 1 single affected). PM2_Moderate,
p.Asp530ValfsTer8.’ PP4_Supporting
F16 15:9.48456185G>A €.5422+452C>T Absent® Absent Minigene assay confirms 74 bp Affected father and NA P (SCV005888570) PVS1_RNA_Very_Strong,
(DG = 0.94, +2 and pseudoexon r.5422_5423ins74, daughter. Father was tall, PM2_Moderate,
AG = 0.83, +75 if p.(Ile1809ArgfsTer8), which given parental heights. PP4_Supporting
500 bp window used) matches prediction.
F17 15:9.48508577C>G €.1837+56G>C 1/156,390 Absent Proband in 100kGP is deceased; Singleton in 100kGP. Son €.1837+5G>A, also DG = LP (SCV005888571) PVS1_Strong,
(DL = 0.38, 45 but therefore, RNA analysis done on also affected and confirmed 0.83, —61 if 500 distance PM2, PP4
also DG = 0.96, —61 son who is also affected. RT-PCR to have variant. setting used. 9 submissions in
if 500-bp from blood shows a 66-bp ClinVar VCV000527158.37 as
window used). extension of exon, P or LP. Described as
r.1837_1838ins66, p.Lys612_Ile614ins22 after
p.(Lys612_Asp613ins22). The cDNA analysis®’ and therefore
inserted amino acid sequence is similar effect to
GSCYKTLDHVLHVPFLLLMLFR. €.18374+5G>C.
F18 15:9.48428341C>G €.6997+56>C 2/156,390 Absent 51-bp contraction predicted Variant inherited from €.6997+5G>A (DL = LP (SCV005888572) PM2, PP3, PP4,

(DL = 0.97, +5)

affected mother

0.87, +5)°°; Invitae and in
ClinVar VCV001437124.7 and
€.6997456>T (VUS)
VCV000954654.7

PS1_Moderate

(continued)
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Table 1 Continued

HGVS Based on

NM_000138.5 AF in UK Family Structure,

Family GRCh38 Coordinates (SpliceAI Delta AF in AggV2 Biobank Cosegregation and Family Notable Variants at

1D (NC_000015.10) Score, Position) (N=178,195) (N = 490,640) RNA Testing Results History Same Locus ACMG Classification ACMG Criteria

F19 15:9.48438838CA> (" €.6164-922del 1/156,390 Absent RT-PCR confirms inclusion of an Variant not maternal NA VUS (SCV005888573) PM2, PM4, PP4
(DG = 0.89, +4) 81 bp pseudoexon and 27 new (father not available but

amino acids predicted, may be affected)
r.6163_6164ins81,
p.(D2055_L2056ins27).

F20 15:9.48513912A>C €.1469-244T>G 1/156,390 Absent RT-PCR and Sanger sequencing Singleton in 100kGP. NA P (SCV005888574) PVS1_RNA_Very_Strong,
(DG = 0.47, +1 confirms 171-bp pseudoexon, PM2_Moderate,
and AG = 0.44, +171 r.1468_1469ins171 and predicts PP4_Supporting
if 500 distance p.(Asp490ValfsTer3s).
setting used) Fibroblast cells (+

cycloheximide) used for RT-PCR.

F21 15:9.48429426G>C €.6872-955C>G Absent® Absent Predicts a 96-bp pseudoexon Variant inherited from NM_000138.5:¢.6872- LP (SCV005888575) PVS1_str, PM2 and PP4

(DG = 0.72, +1) that contains stop codon, and affected mother. Proband 961A>G has been shown to
this is supported by single read has 2 healthy older siblings. create 90-bp pseudoexon that
in RNAseq data. PAXgene blood At least 4 further affected utilizes same cryptic acceptor
RNA from affected mother used maternal relatives. and causing NMD,*®
for RT-PCR and Sanger analysis VCV000643480.2.
confirms r.6871_6872ins96
p.(Asp2291ValfsTer9).

F22 15:9.48433135C>T €.6617-147G>A Absent" 2/981,008 RT-PCR and Sanger sequencing Variant transmitted from NA P (SCV005888576) PVS1_RNA_Very_Strong,
(AG = 0.44, —2; from blood RNA shows 58-bp affected father (proband) PM2
DG = 0.57, =59 pseudoexon, to affected son.
if 500 bp r.6616_6617ins6617- Cosegregation confirmed in
window used) 145_6617-88, which predicts 1 affected relative.

p.(Asp2206GlyfsTer20) and is
consistent with in silico
prediction.

F23 15:9.48465549T>A C.4942+19A>T Absent" Absent RT-PCR and Sanger sequencing Variant not in mother, DNA In ClinVar as likely benign P (SCV005888578) PVS1_Very Strong,
(DL = 29, +29; from blood PaxGene sample from deceased affected (VCV001564510.6) but out of PM2_Moderate
DG = 0.20, +6 but shows 13-bp extension of exon father is unavailable date splice predictors used.
absolute score for 40,
donor gain is 0.99) r.4942_4943insguaaaugguccug,

which predicts
p.(Asp1648GlyfsTers).
ACMG classifications are using the Richards et al** ACMG framework and accessions for ClinVar submissions are shown.

ACMG, American College of Medical Genetics and Genomics; AF, allele frequency; AG, acceptor gain; AL, acceptor loss; DG, donor gain; DL, donor loss; LP, likely pathogenic; NA, not applicable; P, pathogenic; RT-PCR,

reverse transcriptase polymerase chain reaction; VUS, variant of uncertain significance.
0Only 3 of 7 individuals available on GRCh38 when AggV2 file produced.
PParticipants from the Genome Medicine Service program are not included in AggV2.
“Data analyzed on build GRCh37 and therefore not in AggV2.
dCan also be described as NC_000015.10:9.48438840del.
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Figure 2 Distribution of noncanonical FBN1 splicing variants. A. UCSC genome browser graphic showing that variants identified were

spread throughout the gene. For viewing purposes, the multiregion view option (15:48396313-48540476, 15:48593651-48615606, and
15:48643624-48648334; GRCh38) was used to artificially shorten introns 2 and 6. An interactive UCSC custom session is available at
https://genome.ucsc.edu/s/AlistairP/FBN1_distribution_v3. The ClinVar track highlights that the vast majority of pathogenic/likely patho-
genic variants lie in or close to exons, with the only deep intronic variants shown are ¢.80514+375G>T, ¢.6872-961A>G, and c.1589-
1217G>T. Of the variants described here, only ¢.1589-1217G>T and ¢.1961-3T>G were reported previously.”® B. Bar chart summarizing
the numbers of variant falling into each category of splice effect, with the most common consequence being creation of a pseudoexon and
exon extension. HGVS annotations are based on transcript NM_000138.5. HGVS, Human Genome Variation Society.

RNA samples, and it was not possible to obtain these for all
participants. Therefore, to test additional variants and
explore the feasibility for alternative approaches, minigene
assays were considered. Minigene assays were performed
for 3 families and in all cases confirmed the predicted splice
events. These included variants in families 3 and 5 resulting
in exon extension of 13 and 94 bp, respectively with both
predicting the introduction of PTCs (Figure 4A and B). For
family 3, blood samples later became available, but instead
of confirming the 13-bp extension, RT-PCR results
suggested the occurrence of NMD (Supplemental
Figure 4). Minigene testing for the heterozygous
NM_000138.5:¢.5422+452C>T variant found in family 16
confirmed the prediction of a 74-bp PE (Supplemental
Figure 5) and the insertion, r.5422_5423ins74, would
create a PTC, p.(Ile1809ArgfsTer8).

Overall, experimental confirmation of the putative splice
variants has now been performed for 16 of 20 variants, 15 as
part of this study and 1 variant (families 12-15) for which
RNAseq data had already been reported in the literature.” In
all cases, aberrant splicing was detected. Overall, we esti-
mated that minigene assays required approximately twice
the resources in terms of costs and hands-on time, compared

with the RT-PCR

Methods).

simpler approach  (Supplemental

Interpretation of noncanonical splice variants based on
in silico approaches

The ability to detect variants likely to affect splicing is
essential, but accurate prediction of the alternative splice
event is highly beneficial for variant interpretation and for
designing appropriate confirmatory RNA testing assays.
Typically, the SpliceAl scores used are the delta scores,
representing the difference score between reference and
variant alleles.'” In this analysis, we observed the impor-
tance of more refined interpretation of candidate splice
variants.

Although precalculated SpliceAl scores using the 50-bp
window are the scores typically used by researchers and
used in our initial prioritization steps here (Figure 1A), for
further interpretation, the window size was expanded to 500
bp. Strikingly, for 3 families, the more distant SpliceAl
prediction increased the maximum delta SpliceAl score
(Table 17°*?%). The clearest example of an increased Spli-
ceAl score using a larger analysis window is for family
17. The proband and her affected son harbored the
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Figure 3 Deep intronic variant in family 21 leads to activation of a dormant splice acceptor site and a 96-bp pseudoexon. A. IGV
screenshot showing single RNAseq read at the informative locus in intron 56. The red boxes highlight soft-clipped sequence, which match the
start of exon 57 and are consistent with the SpliceAl prediction. The lower track shows squished view of reads from 402 merged RNAseq
data sets run using a similar pipeline during the same calendar month. No similar junctions are observed. B. UCSC browser image showing
positions of ¢.6872-955C>G and the absolute SpliceAl scores in comparison with the reference, as generated by SpliceAl-visual. The
predicted pseudoexon activates the same dormant splice acceptor site that was upregulated by the ¢.6872-961A>G variant (red) shown in the
ClinVar variant track. The positions of the 2 overlapping 96- and 90-bp pseudoexons are shown by black boxes. The dormant splice acceptor
site has an absolute score of 0.29. C. PCR-Sanger sequencing of cDNA further supports the in silico prediction, with the sequence highlighted
in green corresponding to the 5’ end of the 96-bp pseudoexon. The inserted sequence is predicted to lead to a frameshift and termination after
the insertion of 8 novel amino acids. cDNA, complementary DNA; IGV, Integrative Genomics Viewer; RNAseq, RNA sequencing.
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Figure 4 Minigene assay results confirm in silico predictions of exon extension for families 3 and 5. A. Agarose gel electrophoresis
showing aberrant RT-PCR product associated with the ¢.6038-14T>G variant in family 3 because of the introduction of an earlier acceptor
splice site consistent with the SpliceAl prediction for a novel acceptor site (AG = 0.97, —1 and AL = 0.20, —14). This extends exon 50 by 13
bp, r.6037_6038insgugauucuuuuag and predicts a frameshift p.(Asp2013GlyfsTer7). B. Gel image and Sanger sequence data showing that
the ¢.164+96C>T variant in family 5 results in the utilization of a new donor site which extends exon 2 by 94 bp and is consistent with the
SpliceAl prediction of the introduction of a novel deep intronic donor splice site (DG = 0.96, 4+2 and DL = 0.45, +96). This introduces a stop
codon shortly into the extended sequence, r.164_165ins94, p.(Pro56*). AG, acceptor gain; AL, acceptor loss; DG, donor gain; DL, donor

loss; RT-PCR, reverse transcriptase polymerase chain reaction.

NM_000138.5:¢.1837+4+5G>C variant, which has a moder-
ate score for a donor loss (DL = 0.38, +5), but the score
increases to DG = 0.96 (—61) if the distance setting is
increased. RT-PCR using blood-derived RNA from the son
confirmed an in-frame 66-bp extension of exon 15,
r.1837_1838ins66, p.(Lys612_Asp613ins22) (Supplemental

Figure 6). Similarly, in family 22, NM_000138.5:¢c.6617-
147G>A has a moderate prediction for an AG = 0.44, —2).
However, with the larger window, there is a stronger pre-
diction for a donor gain (DG = 0.57, —59). Together, this
would result in a PE of 58bp. RT-PCR and Sanger
sequencing from blood-derived RNA confirmed this PE,
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1.6616_6617ins6617-145_6617-88, p.(Asp2206GlyfsTer20)
(Supplemental Figure 7). A third example of this occurrence
was for family 10 for which in silico analysis with the larger
analysis window predicted a 185-bp PE (Table 177*7%),

In 1 case, a more accurate splicing prediction was able to
overcome some of the difficulty with confirmatory RNA
testing, although the maximum SpliceAl score was un-
changed. The NM_000138.5:c.1961-3T>G variant identi-
fied was described in an independent study, but RNA testing
had not been undertaken.”® For family 7, prior genetic
testing using a clinical exome had detected the same variant.
However, RNA testing was not indicative of aberrant
splicing, but it had been noted that a limitation of the RT-
PCR experiment was that the possibility of a large inser-
tion and PCR-bias or transcript degradation due to NMD
could not be excluded. Thus, the variant had remained a
VUS. Closer scrutiny of the SpliceAl scores using a 500-bp
analysis window showed that, although the main effect was
likely loss of an acceptor site (AL = 0.76, —3), there was
also a weaker cryptic acceptor site predicted 130 bp away
(AG = 0.17, 130). Although the delta SpliceAl score was
<0.2, the raw reference allele has an absolute score of 0.06
at this position; therefore, the absolute Splice Al score for the
variant was 0.23. Repeating the RT-PCR assay using
customized primers confirmed a 133-bp extension of exon
17 in the 5’ direction, r.1960_1961ins133, consistent with
the prediction (Supplemental Figure 8). This predicted a
frameshift leading to a PTC, p.(Asp654AlafsTer17).

Using the delta scores alone can also limit variant inter-
pretation,'” especially when there is potentially a high pro-
pensity for splicing with the reference allele (and therefore a
high raw score). The clearest example of the importance of
assessing absolute SpliceAl scores is seen in family 23. In
this family, the ¢.49424+19A>T variant, which is listed as
likely benign in ClinVar (VCV001564510.6), was detected in
the proband. Although the delta score is low (DG =
0.20, 4+6), the absolute SpliceAl splice donor scores increase
from 0.79 to 0.99 with the variant (Supplemental Figure 9A),
resulting in a higher score than the canonical donor site for
which the absolute score decreases from 0.99 to 0.84. If
assessing just the delta score, this variant would be easy to
overlook. RT-PCR and Sanger sequencing confirmed a 13-bp
extension of exon 40, 1.4942_4943insguaaaugguccug, which
predicts p.(Asp1648GlyfsTer5) (Supplemental Figure 9B).

Examples of variants identified

We observed 13 putative loss of function alleles resulting
from both inappropriate extension of canonical exons and
through the creation of novel PEs. For 7 of 20 variants, a
splicing anomaly was observed/predicted that is not ex-
pected to result in a PTC. These variants include in-frame
indels (2 deletions and 4 insertions, Supplemental Table 4)
and 1 variant expected to affect the 5’-UTR. Subsequent
interpretation of these variants requires in-depth knowledge
of the protein structure and functional domains and/or
further functional assessment. In family 6, the c.6617-8T>A
variant was shown to extend exon 55 by 6 bp, and this

predicts the insertion of 2 alanine resides, the structural
consequences of which are hard to determine. In family 8,
in-frame exon skipping is predicted, whereas in families 11
and 19, the PEs predict in-frame insertions of 35 and 27
novel amino acids, respectively. The 66-bp exon extension
in family 17 and 51 bp contraction in family 18 are also in-
frame.

Another notable example is the NM_000138.5:c.-
18241G>A variant detected in family 9. This variant in-
volves a noncoding exon in the 5-UTR and is predicted to
alter splicing of this exon (DL = 0.80, +1; DG = 0.30, —3).
RT-PCR was able to confirm the extension of exon 1 by 4
bp (Supplemental Figure 10), and it is notable that this same
variant also creates an AUG codon and an upstream open
reading frame (uORF) that would encode a short peptide of
27 amino acids. The 5’-UTR of FBNI does not contain any
other uORFs; therefore, we hypothesize that this variant
could alter the efficiency of translational initiation from the
canonical start site. The role of uORFs in translational
regulation of protein expression among humans is becoming
increasingly well understood,”” but confirmation of such a
mechanism would require further functional analysis, such
as with luciferase reporter assays. This individual had an
MFS phenotype, including nonprogressive dilated aortic
root (4.0 cm), pectus, and arachnodactyly, and his mother is
similarly affected. Previous testing of FBNI by Sanger
sequencing and Multiplex Ligation-dependent Probe
Amplification (MLPA) had returned negative results, but
unfortunately, segregation in the family has not been
possible. Examples of SNVs that simultaneously alter both
transcription and translation are rare in the literature, with
perhaps the best example being 5’-UTR variants in PAX6,
which alter the reading frame of an existing uORF."

Of the 20 variants identified, only 1
(NM_000138.5:¢.1589-1217G>T) was recurrent and iden-
tified in 7 individuals from 4 independent families (families
12-15), each recruited from a different geographical region
of the United Kingdom. Despite the relatively low SpliceAl
score (AG = 0.20; rising to DG = 0.32 if absolute scores
and larger analysis window is used), the variant was prior-
itized on account of the 7 individuals harboring this variant
being recruited under FTAAD and the variant not being
present in any other individuals recruited to the 100kGP. In
parallel with this observation, ¢.1589-1217G>T was detec-
ted by Guo et al’ after linkage analysis performed in a large
MEFS pedigree and was shown to result in a novel 202 bp PE
by RNAseq.” The variant is also listed in ClinVar under
accession VCV002664316.1. Because this variant has now
been identified in at least 5 families, we performed haplo-
type studies as described previously”' to assess whether the
variant lay in a shared segment that is identical by descent.
This included comparison of data for the 100kGP families
with a set of 16 rare SN'Vs found on the disease haplotype in
the original TAA758 family (pers. comm. Dong-Chuan
Guo).” Altogether, we found no strong evidence support-
ing a single founder origin. Furthermore, we identified a
nearby SNV (256 bp away) that could be phased with
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read-level data. In families 12, 14, and 15 ¢.1589-1217G>T
was in cis with the reference allele at rs9806163, whereas
in family 13, it was in cis with the nonreference allele
(Supplemental Figure 11). Further details of haplotype
studies performed, and gnomAD findings are mentioned in
Supplemental Note 2. Together, these data suggest inde-
pendent mutational recurrence for c.1589-1217G>T. It is
therefore important to screen for this cryptic variant in MFS
cohorts from all ethnicities.

Clinical impact of noncoding variants in FBN1

We estimate the diagnostic yield based on the set of non-
canonical FBNI splicing variants described here in the
FTAAD cohort from the 100kGP to be 2.8% in the primary
analysis (ie, 17 unrelated probands from 605 FTAAD
families included in AggV2) or 3.3% (22/672, based on
latest 100kGP release) in the FTAAD-only analysis. In all
families for which data are available, FBN] testing had been
undertaken before recruitment to the 100kGP. Many fam-
ilies had undergone a long diagnostic odyssey as evidenced
by the wide range of methods used for prior testing that
included denaturing high-performance liquid chromatog-
raphy, PCR-Sanger, next-generation sequencing panel
testing, MLPA, and clinical exome analysis. Aortic root
dilatation ranged from being in the normal range for several
individuals, up to 9 cm in diameter (before surgery) for the
proband in family 3. Cardiac surgery had been performed in
at least 11 of 23 families. Chest abnormalities were
described in 15 of 23 families, whereas ectopia lentis was
reported only in 5 of 23. Striae were noted in 8 of 23 and
standing heights of 190 cm and above were reported for 9 of
23 families. Further clinical details are available in
Supplemental Table 4.

Although the genome sequencing used in this study
revealed the likely genetic diagnosis for a total of 32 in-
dividuals from 23 families, it is anticipated that cascade testing
will be ongoing for several years and will identify many other
at-risk individuals who may benefit from regular cardiac
surveillance. The best example is family 22, for which the
pedigree stretches over 4 generations, and there are 10 to 20
individuals for whom cascade testing for the c.6617-147G>A
variant is anticipated (Supplemental Figure 7C). Similarly for
family 21, although the full pedigree was not available for
review, this nuclear family is part of another large MFS
kindred, with at least 4 further affected maternal relatives
reported; hence, ongoing cascade testing for the c.6872-
955C>G variant will affect cardiac surveillance directly.

The 20 variants described here were assessed using the
2015 American College of Medical Genetics and Genomics
(ACMG) framework™ and with supplemental guidance
from the ClinGen SVI Splicing Subgroup.’’ In total, there
were 9 of 20 assessed as pathogenic, 5 of 20 as likely
pathogenic, and 6 of 20 as a VUS (Supplemental Table 4).
Although assessments for this set of variants have been
submitted to ClinVar, we note that for some variants, clas-
sifications may change over time depending on results from
ongoing segregation testing, RNA studies, other related

functional experiments, or by expansion of gnomAD and
other population databases to include larger and more
ethnically diverse genome data sets.

Replication using UKB

Just under 1% (5000/502,284) of UKB participants had the
ICD10 code 171 “Aortic aneurysm and dissection” listed
either in their hospital episode statistics (n = 4736) or in the
death record (n = 264). The incidence of aortic aneurysm in
the general population is thought to be 1% to 2% above the
age of 65°” and therefore broadly in line with data from
the UKB. There were also 112 in 502,284 participants with
the code of Q87.4 (MFS) listed in the hospital episode
statistics data. The overlap of these codes was surprisingly
low, with only 40 of 112 of the individuals with Q87.4 also
having the 171 code. There were 81 ultrarare SNVs identi-
fied with SpliceAl delta scores of 0.50 or more
(Supplemental Table 5) found in a total of 115 UKB par-
ticipants (all heterozygotes). Rare FBNI splice variants were
not significantly enriched in the 171 cohort (OR = 1.76, P =
.32), whereas for the more specific Q87.4 code there was a
highly significant enrichment (OR = 167, P = 1.59 x 107%).
One of the 4 contributing variants was NM_000138.5:¢.863-
3641A>G (DG = 0.79, 1) in intron 8 and predicted to create
a 485-bp PE. The individual harboring this deep intronic
variant did not carry any other likely pathogenic variants in
FBN1. Because of the nature of UKB consent, we were
unable to obtain any further details or fresh biological
samples to perform RNA confirmatory studies. Repeating
this analysis with a more permissive SpliceAl filter
threshold (delta score of 0.2) identified an additional 183
qualifying rare variants in 307 individuals. Enrichment
analysis (Supplemental Note 3) showed increased signifi-
cance (OR = 81, P = 9.44 x 10'?) driven by a single SNV,
NM_000138.5:¢.5788+5G>A (DG = 0.47, —28).

Discussion

Several case reports have indicated that intronic variants in
FBNI can result in aberrant splicing and provide a molec-
ular diagnosis for families with MES.”**#*** However, the
overall contribution of such variants to the etiology of MFS
is unclear. In this study, the availability of genome
sequencing data across a large clinical cohort that included a
large number of participants with a diagnosis of FTAAD
allowed us to explore the incidence of splice variants in
genetically unsolved cases. Among >600 FTAAD families
in the 100kGP without a previously identified molecular
diagnosis, ~3% were found to have a candidate intronic
small variant, and for 9 of 20 variants, the creation of a PE
was predicted. Extrapolation of this yield into other clinical
cohorts is difficult. First, MFS was not a specific diagnostic
category used for recruitment to the 100kGP; therefore, it is
hard to estimate how many of the 672 families recruited
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with FTAAD also had a clinical suspicion specifically for
MEFS. Second, prior genetic testing was a requirement for
recruitment to the 100kGP, and because many families were
recruited through clinical genetics, it is possible that this
collection of unsolved families is biased toward those with a
strong family history and/or clinical suspicion of a mono-
genic disorder. As a result, noncanonical splice variants are
likely better represented here than would be the case in MFS
cohorts (or unselected population groups such as UKB)
naive to previous genetic testing. We also note that because
a single splice prediction tool was used for variant prioriti-
zation, there could be additional splice variants in FBNI
among the families with FTAAD in the 100kGP that were
not considered. The fact that no exonic splice variants were
identified may be the result of poorer predictive capabilities
for splice variants in exonic regions.*

The Clinical Genome Resource FBNI Variant Curation
Expert Panel have recently published consensus recom-
mendations guiding the classification of variants in FBNI,”°
following the coding structure of the original ACMG/As-
sociation for Molecular Pathology guidance.”* Minor mod-
ifications to the PVSI1 criterion were proposed, including for
canonical donor/acceptor splice dinucleotide sites, but the
coding of deeper intronic splicing variants was not consid-
ered. The Variant Curation Expert Panel guidance also more
clearly delineates the particular regions of functional rele-
vance in fibrillin via the PM1 criterion, namely the repeated
calcium binding epidermal growth factor domains, and re-
gions of the gene with known cysteine-mediated dinucleo-
tide-bonded secondary structure (which include the TB
domains and organized N-terminal region of the protein). As
our work has shown, noncanonical splicing variants are a
recurrent and likely underreported cause of MFS. We would
recommend clarifying the PVS1 criterion such that these
splice-affecting variants, in cases in which they are
demonstrated by cDNA analysis to introduce in-frame
pseudoexonic cryptic sequence or delete multiple in-frame
residues within these cysteine-rich domains, are subject to
the interpretation “disrupts reading frame and is NOT pre-
dicted to undergo nonsense-mediated decay” and “trun-
cated/altered region is critical to protein function”; therefore
PVS1_strong is applied. In these circumstances,
PVS1_strong would supplant the PP3 (in silico evidence of
splicing abnormality) and PS3 (functional studies) criteria.

The data for all participants recruited to the 100kGP are
available for research in the National Genomic Research
Library. There have been a number of new tools published
in recent years to enable prediction of splice variants, and
this is an active area of research interest. Examples of sys-
tematic analyses of splicing variants in the 100kGP have
focused for instance on “near-exonic” regions’’ or searching
for elusive splice variants in trans with a single heterozy-
gous pathogenic allele.”™"” For participants with data
available in the National Genomic Research Library, pri-
mary clinical data are provided as Human Phenotype
Ontology terms, which were provided by referring clinicians
at the time of recruitment to the 100kGP. Secondary clinical

data derived from NHS hospital records are also available,
which can provide additional phenotypic information. We
acknowledge that this level of phenotype information in
large collections of individuals is not uniform and miss-
ingness can be limiting for clinical correlation of candidate
variants. It is thus not always clear if a participant was
considered to have FTAAD or MFS, and in younger patients
especially, the clinical presentation is often incomplete. This
is why RNA studies are critical for confirming the genetic
testing of MFS and appropriate screening to be implemented
for cardiac and ocular complications.

To date, SpliceAl and other similar splice prediction tools
have most frequently been used for variant prioritization in
research analyses and/or for investigation of candidate vari-
ants for which there is a high clinical suspicion of a molecular
diagnosis in a single or small number of candidate genes.
Systematic implementation of such tools in clinical pipelines
requires further work to assess an appropriate approach,
balancing sensitivity with specificity, particularly considering
the need for clinical scientists’ time to assess variants. For the
majority of novel candidate splice variants, further RNA
testing would be required to support variant interpretation.

We observed a strong enrichment (OR = 84, P = 9.7 X
10" of singleton splice SNVs in the FTAAD cohort of the
100kGP. However, we failed to replicate this observation
among individuals with “Aortic aneurysm and dissection” in
the UKB. This lack of replication may be due to recruitment
bias in the 100kGP, or a lack of phenotypic specificity in the
UKB cohort, in which the ICD10 code, “Aortic aneurysm
and dissection,” is less precise than the clinical indication in
the 100kGP data set (in which families were recruited with
FTAAD, ie, “Familial Thoracic”). Abdominal aortic aneu-
rysms are more common and usually related to age, male
sex, and atherosclerosis and are thought not to have as
significant a genetic contribution. The aortic aneurysm and
dissection ICD10 code we used does not differentiate be-
tween the thoracic and abdominal aorta. UKB also con-
tained 112 individuals with the more explicit ICD10 code of
Q87.4, and for this phenotype, the enrichment of FBNI
splice variants was highly significant (OR = 167, P =
1.59 x 107%). Unfortunately, it is unclear whether Q87.4 is
typically assigned on a clinical or genetic basis. If the latter,
then this supporting evidence is circular and should be
treated with caution.

For 16 of 20 candidate variants identified, an impact on
mRNA splicing has now been confirmed using at least 1
RNA testing method. A limitation remains in this study that
for the remaining 4 variants, RNA testing was not possible
for a variety of reasons, including patients not being avail-
able to provide samples for testing. However, this limitation
highlights challenges with confirmatory RNA testing,
especially for genes with low expression in blood, for which
bespoke testing methods or invasive sample collection ap-
proaches may be required. Even when a result is obtained,
PCRs that use low amounts of starting template are in
danger of exhibiting stochastic allelic dropout, as was seen
in experiments on family 9 (Supplemental Figure 10). In this
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study, we made use of a number of different approaches for
RNA analysis, and each method comes with its own set of
advantages and disadvantages. RT-PCR wusing RNA
extracted from blood was the approach that requires the least
resources and was the most commonly used approach used
in this study. This technique was performed for 10 families
as a standalone test and in 2 further families for confirmation
of minigene/RNAseq results. Quantitative RT-PCR using
RNA derived from patient fibroblasts was used in a further
case, and this approach allows the introduction of NMD
inhibitors, such as cycloheximide, to the culture media to
help monitor the impact of the ¢.1469-244T>G variant on
NMD (Supplemental Figure 12) and potentially enhance
any signal from aberrant transcripts. Although fibroblasts
have traditionally been used for RNA analysis of FBNI, a
recent study proposed urine analysis as a viable noninvasive
solution.”” Minigene assays require more resources but are
helpful for patients for whom collection of fresh samples is
not feasible. However, effective design of minigene con-
structs can be problematic for variants that lie too far into an
intron. Testing splice donor variants involving exon 1 are
not straightforward to design because these exons do not
harbor natural splice acceptor sites. Although these can be
engineered,”' this procedure is not trivial. Based on the re-
sults presented here, RNAseq from blood is not recom-
mended for analysis of splicing variants in FBNI and the
single read in data from family 21 capturing one of the
predicted PE junctions (Figure 3A) was fortuitous.

Pathogenic variants involving FBNI are highly actionable
in terms of surveillance/management, and the gene is
included in the ACMG list recommended for reporting of
secondary findings.*” It is therefore critically important that
RNA validation studies are performed for confirmation of
pathogenicity. Currently, provision of follow up RNA testing
is variable in existing clinical testing pathways; therefore,
many families had experienced long diagnostic odysseys. For
2 families presented here, the variant of interest was within
15 bp of the nearest exon and had been previously identified
using a clinical panel test. However, in the absence of
confirmatory RNA analysis, the variants were considered as
VUS, and for 1 family, additional genetic testing was pursued
even after genome sequencing. Increased availability of RNA
testing would help resolve VUS and, in some cases, negate
repeated DNA testing. Widespread use of RNA testing is
hindered by low FBNI expression in blood for which the
median transcript per million value is just 0.2158 (803 data
sets from GTEXx; https://gtexportal.org/home/gene/FBN1). In
this study, most RNA experiments were performed using RT-
PCR by a single clinically accredited genomics laboratory
that has significant expertise in working with low abundance
transcripts.

Over the last decade, there have been vast improvements
in the accuracy of splice prediction algorithms. SpliceAl,
which uses a deep neural network to facilitate highly ac-
curate prediction of splice junctions from primary
sequence,”” is one of the most widely used approaches. Our
results demonstrate that it is now feasible to scan large

intronic regions across thousands of individuals in the
search for cryptic splice variants. For the set of variants
presented here, in silico predictions all proved to be correct.
In contrast, a study from 2012 performed RNA analysis for
36 FBNI variants and identified only 2 that caused an ab-
normality of splicing, leading to the conclusion that, at that
time, in silico analysis did not accurately predict the splicing
seen experimentally.”® Further improvements in splice pre-
diction tools may enable the strength of evidence attributed
to computational evidence and variant colocalization with
other previously reported variants to be increased and
potentially reduce the need for complex RNA testing. An
example is family 18; although RNA studies were unable to
be performed, support for pathogenicity was obtained
from variant colocalization at the same +5 position.
The proband and affected mother both harbored a
NM_000138.5:c.6997+5G>C variant that predicted a
strong donor loss (DL = 0.97, +5) and a donor gain (DG =
0.57, +56) that would result in contraction of the exon by 51
bp. Database searches indicated that another variant at the
same base ¢.6997+5G>A with strikingly similar in silico
prediction (DL = 0.87, +5, DG = 0.58, +56) has been
described previously.”® The variant is also listed in ClinVar
with 1 likely pathogenic assessment (VCV001437124.8).
For some genes, deep intronic splice variants can show
significant clustering due to the intronic sequence already
having exon-like properties and thus only requiring a small
increase in splice efficiency to result in PE inclusion.***
Such information should be incorporated into the analysis
of candidate splice variants.

Our experience demonstrates that adapting the use of
SpliceAl predictions from the default parameters facilitates a
more refined analysis of candidate splice variants that in-
creases diagnostic yield and enables improved experimental
design of confirmatory RNA analysis. In particular, we note
the benefits of increasing the SpliceAl window size from 50
to 500 bp and an analytical window of even 5000 bp has
been proposed elsewhere.*® Here, the increased window size
was important for determining the formation of PEs because
all 9 PEs detected were over 50 bp in size (58 to 202 bp,
Table 177*7%). However, when designing analytical pipe-
lines, it is important to balance gains in analytical accuracy
with the bioinformatic resources required and the interpre-
tation burden. Highly customized modification of parame-
ters is not feasible at scale in high-throughput analysis
pipelines, highlighting that further improvements in splice
prediction tools would be beneficial.

In the case of FBNI, analysis of candidate splice variants
can be facilitated by the phenotypic specificity of MFS as
the associated condition. For other disorders with a broader
phenotypic range and higher genetic heterogeneity, bespoke
adaptation of splice parameters with the aim of achieving
high sensitivity would be substantially more challenging,
likely resulting in a greater analytical challenge and poten-
tially more false positives.

In conclusion, our systematic evaluation of candidate
splice variants in FBNI in the 100kGP highlights the
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benefits of considering rare noncoding variants, prioritized
by computational predictions. Meticulous variant analysis
led to in silico predictions proving to be correct in all 16
cases in which RNA testing was possible. Our findings
indicate that ultrarare FBNI variants with supportive Spli-
ceAl scores should be considered as strong candidates in
individuals with a FTAAD phenotype and/or suspicion for
MFS, indicating that genome sequencing would be an
appropriate test method for families without a candidate
diagnosis identified. However, for any increased yield to be
realized, such changes must also be accompanied by an
increased capacity for splicing analysis of low abundance
genes being available in clinical laboratories.

Data Availability

Data from the 100kGP and the Genomic Medicine Service
are held in the National Genomic Research Library, Geno-
mics England, https://doi.org/10.6084/m9.figshare.4530893.
v7. Data from UK Biobank cannot be shared publicly
because of data availability and data return policies. Data are
available from the UK Biobank for researchers who meet
the criteria for access to data sets to UK Biobank (www.
ukbiobank.ac.uk).
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