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Summary

Haploinsufficiency of JAG1 is the primary cause of Alagille syndrome (ALGS), a rare, multisystem disorder. The identification of JAG1
intronic variants outside of the canonical splice region as well as missense variants, both of which lead to uncertain associations
with disease, confuses diagnostics. Strategies to determine whether these variants affect splicing include the study of patient RNA or
minigene constructs, which are not always available or can be laborious to design, as well as the utilization of computational splice pre-
diction tools. These tools, including SpliceAl and Pangolin, use algorithms to calculate the probability that a variant results in a splice
alteration, expressed as a A score, with higher A scores (>0.2 on a 0-1 scale) positively correlated with aberrant splicing. We studied the
consequence of 10 putative splice variants in ALGS patient samples through RNA analysis and compared this to SpliceAl and Pangolin
predictions. We identified eight variants with aberrant splicing, seven of which had not been previously validated. Combining these data
with non-canonical and missense splice variants reported in the literature, we identified a predictive threshold for SpliceAl and Pangolin
with high sensitivity (A score >0.6). Moreover, we showed reduced specificity for variants with low A scores (<0.2), highlighting a lim-
itation of these tools that results in the misidentification of true splice variants. These results improve genomic diagnostics for ALGS by
confirming splice effects for seven variants and suggest that the integration of splice prediction tools with RNA analysis is important to

ensure accurate clinical variant classifications.
Introduction

Precise splicing of mRNA is critical to generate mature, pro-
tein-coding cDNA, and the disruption of this process can
lead to disease. RNA splicing is tightly regulated, with ca-
nonical consensus sequences within the introns providing
docking instructions for the spliceosome, a large ribonu-
cleoprotein complex that excises introns from pre-mRNA
transcripts and joins exons." Consensus sequences typi-
cally consist of a donor site, located at the 5’ end of the
intron with the invariant nucleotide sequence GU at
positions +1 and +2, and an acceptor site at the 3’ end
of the intron with the invariant sequence AG at positions
—2 and —1, along with a lariat branchpoint site deeper in
the intron that may be more difficult to identify. Although
these canonical nucleotides influence where splicing
occurs, sequences both near and far from exon-intron
boundaries can direct spliceosome docking and catalysis,”
which can lead to altered splicing and result in disease.
Utilization of in silico splice prediction tools can be help-
ful in identifying putative splice variants. SpliceAl and
Pangolin use deep learning-based algorithms to predict
the consequences of sequence variation at the whole-tran-
script level, including exon skipping, cryptic splice site

activation, and pseudo-exon creation.”* The probability
that a variant will result in a splice alteration is expressed
as a A score (0-1 scale) for both tools, with higher A scores
positively correlated with aberrant splicing. At a threshold
of 0.2, SpliceAl performs with a predictive sensitivity of
~90%, and therefore, this has been routinely used as a
minimum A score cutoff, with a similar sensitivity reported
for corresponding Pangolin A scores.” Although the
sensitivity and specificity of these tools represent an
improvement over earlier splice predictors,® analysis of
RNA is necessary to confirm aberrant splicing.

Splicing variants in the disease gene Jaggedl (JAGI
[MIM: 601920]) have been well documented to cause Ala-
gille syndrome (ALGS [MIM: 118450]), a pediatric cause of
liver disease, among other multisystemic features.””*
Nearly 100 splice variants have been described for JAG1,
accounting for ~12% of all JAGI variants.”” Although
many of these variants affect the canonical splice donor
and splice acceptor sites, occasionally, variants have been
reported in non-canonical intronic positions (7 = 13 out
of 62 [21%] splice variants reported in the Human Gene
Mutation Database [HGMD]).””'°"'> Moreover, there
have been reports of nucleotide substitutions within the
coding region that result in aberrant splicing through the
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generation of a cryptic splice site, rather than missense
variation, as initially predicted (n = 4 reported in
HGMD).”">"'® Loss of function, most often occurring
through protein truncation, is the known pathomechan-
ism of ALGS; therefore, confirmation of aberrant splicing
from non-canonical intronic variants or through the gen-
eration of novel splice acceptor or donor sites by variation
within the coding region is immediately relevant to diag-
nostics. We sought to test the predictive ability of two
deep learning-based splice tools, SpliceAl* and Pangolin,’
in an ALGS cohort of individuals with either JAGI
missense or non-canonical intronic variants predicted to
affect splicing. Using RNA samples, we were able to test
the splice tools’ predictions, improve diagnostics, and pro-
vide guidance for clinical interpretation for putative JAG1
splice variants.

Subjects, material, and methods

ALGS cohort

Individuals were ascertained through an institutional re-
view board-approved ALGS research study at the Chil-
dren’s Hospital of Philadelphia (CHOP). We identified
479 probands and affected family members who were
enrolled between May 1992 and June 2022 with JAG1 var-
iants (Figure 1). This cohort was filtered to include all
participants with missense variants or variants in intronic
regions captured with our Sanger sequencing primers,
which contain on average ~100 bp of intronic sequence
(Table S1). Intronic variants that alter the +1 or 2 position
(canonical splice site) were removed from the final cohort.
A cohort of 90 individuals was reviewed for redundant
variants, with 50 unique putative cryptic splice variants
identified (n = 43 missense and n = 7 non-canonical in-
tronic variants). Splice predictor filters (described below),
including SpliceAl,* Pangolin,® and Alamut (SOPHIA Ge-
netics, Lausanne, Switzerland) were applied to identify var-
iants predicted to affect splicing (n = 14 out of 50). Bio-
specimens were available for 10 variants (n = 5 missense
and n = S non-canonical intronic variants) (Figure 1).

Splice predictor filters

A total of 50 variants (n = 43 missense and n = 7 non-ca-
nonical intronic variants) were analyzed using SpliceAl*
Pangolin,” and Alamut (SOPHiA Genetics) to predict their
effects on splicing. Variants were included for analysis if
Alamut, Pangolin, or SpliceAl predicted a possible effect
at the nearest splice site. Pangolin and SpliceAl predic-
tions were provided as a A score, with higher A scores
indicating a greater probability of a splicing effect.'? Var-
iants were retained if a A score for splice loss or gain
was greater than 0.2 for either Pangolin or SpliceAl, as
previously recommended."® Alamut integrates four splice
prediction algorithms into their software, including
SpliceSiteFinder-like,”” MaxEntScan,”' GeneSplicer,”* and
NNSPLICE.** Any variant annotated by Alamut to pro-

duce a possible effect at the nearest splice site was
included for study, regardless of the strength of their score
by each of the four algorithms. Ten individuals harboring
10 unique variants (missense, n = 5; non-canonical splice
site, n = 5) with predicted effects on splicing had available
lymphoblastoid cell lines, allowing for RNA analysis
(Table S2).

Cell culture

Lymphoblastoid cell lines were cultured in RPMI 1640 me-
dia containing 20% fetal bovine serum, 1% penicillin-
streptomycin, and 2% L-glutamine. Cycloheximide treat-
ment was performed as described.”* Briefly, cells were
treated with 1:1,000 Ready-Made cycloheximide solution
(stock 100 mg/mL, catalog no. C4859; Sigma-Aldrich, St.
Louis, MO) to inhibit nonsense-mediated decay or with
1:1,000 DMSO (Sigma-Aldrich) as a control for 6 h. Cells
were harvested by centrifugation at 1,500 rpm for 5 min
and washed once with PBS before proceeding to RNA
extraction.

DNA and RNA analysis

Genomic DNA (gDNA) was extracted from untreated cells
using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Ger-
many), followed by amplification using AmpliTaq Gold
(Applied Biosystems, Waltham, MA) and listed primers
(Table S1). Clean-up of amplified gDNA was accomplished
using ExoSAP-IT Express Reagent (Applied Biosystems)
before sequencing.

RNA was extracted using the RNEasy Kit (Qiagen) and
cDNA was transcribed using TagMan Reverse Transcrip-
tion Reagents (Invitrogen, Waltham, MA), followed by
amplification using previously described primers*® and
primers designed using Primer3Plus (Thermo Fisher Sci-
entific, Waltham, MA) (Table S3). Amplified cDNA was
visualized on a 2% agarose gel. Bands were excised
and purified using the Nucleospin Gel and PCR Purifica-
tion Kit (Machery-Nagel, Duren, Switzerland) before
sequencing. Sequence alignment and analysis were per-
formed using Mutation Surveyor (SoftGenetics, State Col-
lege, PA), SnapGene (Dotmatics, Boston, MA), and Ala-
mut (SOPHiA Genetics).

Literature review

A literature search on PubMed for splice variants in JAGI
was performed with a last search date of April 26, 2024.
Queries included the search terms “jagl,” “splice site,”
“cryptic splice,” and “non-canonical splice.”

Results

Within a cohort of 479 individuals with a JAGI variant
within our ALGS research study at CHOP, we identified 14
variants predicted to affect splicing (Table S4), the bio-
specimens of which were available for 10 participants
(Figure 1). These included 5/7 missense variants that were
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Figure 1. Flow diagram of the study population

RNA analysis was performed on a cohort of 10 individuals identified in our research study. Inclusion and exclusion criteria are indicated.

predicted to result in a cryptic splice site by in silico tools,**
and four individuals who harbored intronic variants
captured with our sequencing primers but outside of

the +1 or 2 canonical splice site, with a fifth variant resulting
inaduplication of the splice donor (NM_000214.3:¢.755+1_
75542dup). The final cohort included six males and four
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females with a median age at enrollment of 12.6 years (range
0.5-32years) and with clinical features presented in Table S5.

The five missense variants were found throughout the
JAG1 protein, with no predominance for specific exons
or functional domains (Table 1). Two intronic but non-ca-
nonical variants predicted to affect splicing were identified
in adjacent bases within intron 3 (c.439+5G>A and
¢.439+4+-6T>A; GenBank: NM_000214.3), while the remain-
ing three were found within introns 5, 10, and 20. To study
the effects of these variants on RNA, lymphoblastoid cell
lines obtained from individuals with ALGS were treated
with either DMSO or cycloheximide, and cDNA was gener-
ated from extracted RNA for study. Since many splicing al-
terations result in frameshift variants, with creation of a
premature stop codon, these mutations would be predicted
to be degraded via the nonsense-mediated decay pathway,
and the use of cycloheximide interferes with translation,
thereby blocking nonsense-mediated decay and allowing
for the sequencing of the resultant mRNA.

Three of the five missense variants that were suspected
to affect splicing were confirmed to produce altered
splice products (Figure 2). The NM_000214.3:c.1156G>A
(p-Gly386Arg) variant (individual 2) results in the forma-
tion of a cryptic splice site, producing a 37-nt deletion,
which splices out the first 37 nucleotides of exon 9 and
leads to a frameshift (p.Asn374Argfs*26). The NM_000214.
3:¢.1720G>C (p.ValS74Leu) variant (individual 3) alters
the last nucleotide of exon 13, introducing a cryptic splice
site that results in splicing out of the entire exon 13 and
leads to an early protein truncation (p.Leu524*). The
NM_000214.3:c.2455A>G (p.lle819Val) variant (individ-
ual 5) located within exon 20 introduces a cryptic splice
site that results in splicing out of the last 4 nucleotides in
exon 20 and leads to a frameshift (p.Ile819Thrfs*50). All
three of these spliced products were stabilized by the addi-
tion of cycloheximide, an inhibitor of nonsense-mediated
decay, which is expected when there is a premature stop
codon. Two variants hypothesized to result in splicing ab-
normalities, NM_000214.3:¢c.686G>A (p.Cys229Tyr) (indi-
vidual 1) and NM_000214.3:c.2231G>A (p.Arg744Gln)
(individual 4), did not affect splicing and are predicted to
result in missense substitutions (Figures 2B and 2E). These
results are consistent with the in silico informatic predic-
tion for the c.686G>A variant, which had SpliceAl and
Pangolin A scores of 0 (Table S2). The c.686G>A variant
was only predicted by Alamut to affect splicing. Alamut
uses four splice prediction algorithms, and further
review indicated that only one of the four algorithms
(GeneSplicer””) predicted a moderate effect on splicing
for the c.686G>A variant. The ¢.2231G>A variant, howev-
er, had a maximum A score of 0.48 (Pangolin, splice loss)
(Table S2), which was well above the recommended A score
threshold of 0.2.

All five of the non-canonical intronic variants were
confirmed to produce aberrantly spliced products through
the apparent introduction of cryptic splice sites after the
analysis of cDNA (Figure 3). The NM_000214.3:c.439+

5G>Aand NM_000214.3:¢.439+6T>C variants (individuals
6 and 7, respectively) both resulted in exon skipping
and removal of the entire exon 3, leading to the same frame-
shift (p.Arg130Asnfs*14). The NM_000214.3:¢.755+1_755+
2dup variant (individual 8) identified in intron Sresulted in
exon skipping and the removal of the entire exon 5, leading
to a frameshift (p.Ala232Glyfs*160). The NM_000214.
3:c.1349-12T>G variant (individual 9) identified in intron
10 resulted in exon skipping and removal of the entire
exon 11, leading to a frameshift (p.Asn450Argfs*4). The
NM_000214.3:¢c.2458+5G>A variant (individual 10) identi-
fied in intron 20 resulted in exon skipping and removal of the
entire exon 20, leading to a premature stop (p.Cys791*). Two
variants, ¢.755+1_755+2dup and c.24584-5G>A (GenBank:
NM_000214.3), were incompletely sensitive to cyclohexi-
mide, indicating partial escape from nonsense-mediated
decay for the aberrant splice products (Figure 3).

A literature review was performed to compile a compre-
hensive list of all reported JAGI non-canonical and
cryptic splice variants, with a total of 23 identified vari-
ants, 8 of which were studied in our cohort (Figure 4;
Table S6). Most of these variants (n = 18; 78.3%) were re-
ported to be predicted splice variants, without laboratory
confirmation, including 7 of 8 that we studied, while
a minority (n = 5; 21.7%) were previously reported
with RNA evidence supporting a splicing effect, including
1 of 8 that we studied (NM_000214.3:c.1156G>A;
p-Asn374Argfs*26). We reviewed all 23 variants using
SpliceAl and Pangolin to obtain in silico splicing predic-
tions (Table S6). Two of 23 variants were not predicted
to affect splicing by either SpliceAl or Pangolin (A score
<0.2). Both variants (c.886G>A [p.Asp296Asn] and
c.886+3A>G; GenBank: NM_000214.3) are located at
the same exon/intron 6 boundary, and one of these
variants, NM_000214.3:c 886+3A>G, had prior RNA
evidence confirming an effect on splicing."”” The
c.886+3G>A variant was shown to cause skipping of
exon 6 that resulted in a frameshift and premature
termination (p.Arg252Argfs*17), while the c.886G>A
variant was described as a putative splice variant due to
its position near the splice site.'*'® An additional two var-
iants (c.1395G>T [p.Arg465=] and c.1395+3A>G;
GenBank: NM_000214.3) had scores just above the 0.2
cutoff for SpliceAl (>0.2), but with higher scores
for Pangolin (>0.6). Of these two variants, evidence sup-
porting an RNA effect was previously published for
the ¢.13954+3A>G variant (maximum SpliceAl/Pangolin
A scores 0.26/0.64).>° The second variant (c.1395G>T;
maximum SpliceAl/Pangolin A scores 0.27/0.66) was orig-
inally published as a splice variant due to its position
immediately upstream of the exon/intron 11 junction
and its possible effect in generating a new splice donor
site; however, confirmatory assays were not completed.'®
Of note, the NM_000214.3:c.1395G>T (p.Arg465=)
variant would be predicted to result in a synonymous
substitution at the amino acid level if it did not affect
splicing.
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Table 1. Splicing and protein effects of study variants

Nucleotide variant Predicted protein Max. SpliceAl Max. Pangolin
No. Exon/intron (NM_000214.3) effect Actual protein effect Splicing effect score score Previous report(s)
1 exon 4 €.686G>A (p.Cys229Tyr) p-Cys229Tyr no effect 0° 0" none
2 exon 9 c.1156G>A (p-Gly386Arg) p-Asn374Argfs*26 37 bp del. in exon 9 0.98 0.99 Gilbert et al.,” Heritage et al.,”®
Lin et al.,”” Tada et al.,”® Wang et al.*’
3 exon 13 ¢.1720G>C (p-Val574Leu) p.Leu524* skipping of exon 0.7 0.82 Gilbert et al.,” Samejima et al.*"
13 (150 bp del.)
4 exon 18 c.2231G>A (p-Arg744Gln) p.Arg744Gln no effect 0.25 0.48 de Filippis et al.*’
*described in this report as a
missense variant
5 exon 20 C.2455A>G (p-Ile819Val) p-11e819Thrfs*50 4 bp del. in exon 20 0.72 0.87 Gilbert et al.”
6 intron 3 Cc.439+5G>A P.?) p-Arg130Asnfs*14 skipping of exon 3 0.97 0.8 Gilbert et al.”
(51 bp del.)
7 intron 3 c.439+6T>A %) p.Arg130Asnfs*14 skipping of exon 3 0.77 0.65 Gilbert et al.,” Warthen et al.”
(51 bp del.)
8 intron 5 €.755+1_755+2dup P.?) p-Ala232Glyfs*160 skipping of exon 5 0.92 0.98 Gilbert et al.”
(100 bp del.)
9 intron 10 €.1349-12T>G ®.? p.Asn450Argfs*4 skipping of exon 11 0.64 0.72 Gilbert et al.,” Krantz et al.'*
(54 bp del.)
10 intron 20 €.2458+5G>A .7 p-Cys791* skipping of exon 20 0.49 0.64 Gilbert et al.,” Warthen et al.”*

(85 bp del.)

del., deletion; Max., maximum.

Variant was predicted to affect splicing by Alamut.
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Figure 2. cDNA analysis of putative missense splice variants

(A) Gel of cDNA from cells treated with DMSO or cycloheximide. Bands are labeled according to the panel showing their respective
gDNA and cDNA chromatograms along with a schematic of the splicing effect for (B) c.686G>A, (C) c.1156G>A, (D) c.1720G>C,

() c.2231G>A, and (F) ¢.2455A>G.

(B-F) Sequencing of both gDNA and cDNA is shown for all variants. Variant and missense predictions are shown in the gDNA box. Boxes
around the cDNA are colored to indicate the location of the sequence within its respective exon and correspond to the schematic below
the chromatogram. Variant and protein consequences confirmed through RNA analysis are depicted in the protein schematic. GenBank:

NM_000214.3.

Discussion

Splicing alterations are an important class of disease-
causing variants in many human genetic disorders. While
alterations in canonical splice sites are readily recognized
and predicted to cause abnormal splicing, other alter-
ations, such as the formation of cryptic splice sites gener-

ated by nucleotide changes resulting in apparent missense
variants, or intronic nucleotide changes outside of the ca-
nonical positions, can be harder to interpret. The valida-
tion of a splicing effect for non-canonical and missense
variants is important for the clinical diagnostics of ALGS
since haploinsufficiency is the defined pathomechanism.
Missense variants, which do not result in early protein
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Figure 3. cDNA analysis of putative non-canonical splice variants

(A) Gel of cDNA from cells treated with DMSO or cycloheximide. Bands are labeled according to the panel showing their respective
gDNA and cDNA chromatograms, along with a schematic of the splicing effect for (B) c.439+5G>A, (C) c.439+6T>A, (D) c.755+1_

755-+2dup, (E) ¢.1349-12T>G, and (F) ¢.2458+5G>A.

(B-F) Sequencing of both gDNA and cDNA is shown for all variants. Variants are shown in the gDNA box. Boxes around the cDNA are
colored to indicate the location of the sequence within its respective exon and correspond to the schematic below the chromatogram.
Variant and protein consequences confirmed through RNA analysis are depicted in the protein schematic. GenBank: NM_000214.3.

truncation, and non-canonical splice variants, which may
or may not interfere with normal splicing, both lead to un-
certain associations with disease and often require func-
tional analysis of the protein product or RNA to confirm
pathogenicity. Review of JAG1 missense variants detected
in our cohort of individuals with ALGS identified 43 vari-
ants, which we evaluated using splice prediction tools,
and identified 7/43 with evidence for a splicing effect.
We also identified 7 variants within ~100 bases of an
intron/exon boundary, but not within the canonical =1

or 2 positions. Of these combined 14 unique variants,
there were 10 individuals for whom we had biospecimens,
making it possible to study RNA for splicing alterations.
Eight of 10 putative splicing variants studied were found
to result in aberrant splice products, which confirms their
pathogenic role in causing ALGS, while two missense var-
iants did not affect splicing and likely result in functionally
abnormal or improperly trafficked proteins that would
require further validation (c.686G>A [p.Cys229Tyr] and
€.2231G>A [p.Arg744Gln]; GenBank: NM_000214.3).

Human Genetics and Genomics Advances 5, 100351, October 10, 2024 7



Validated Splice Variants

p

3
e
& o
o]
v O AR
N & x o S
- © (O] i (o
+ F @ [T
0 © 0 < @
(- £ S
Qc439+6T>A'g G S S G
@c.82-6C>A QcA39+5G>AQ @ (] o0
@c.388-5T>A ...CA8866>A @c.1395G>T

@c.388-17_391del

¥
A

OVsUlIdpZ+6EY GE
V<98S

Putative Splice Variants

©c.1720G>C

@c.1393_1395+2del

@ Non-canonical splice
@ Missense

©c.2455A>G

@ c.2458+5G>A @c.2917-8C>A

@c.1720G>T

@c.2458+2_2458+5del
@c.2458+4A>C

19PQ+CLET €+CLETD

Figure 4. Schematic of all reported putative and confirmed splice variants

Variants are color-coded to indicate whether they were identified as missense (blue) or non-canonical intronic (red) splice variants. Lol-
lipops with an asterisk indicate variants that were included in this study. JAG1 protein domains are color-coded for the C2-like domain
(purple), the delta-serate-LAG2 domain (red), NOTCH2-interacting epidermal growth factor (EGF)-like domains (brown), EGF-like do-

mains (yellow), and transmembrane domain (orange).

A review of the literature identified an additional 4
cryptic splice variants with RNA evidence to support
aberrant splicing'”'*'* and 18 putative splice variants
without RNA evidence (Table S6). Of these 18 putative
splice variants, 7 were included in our study, and we
now have data to confirm their effect on splicing.”***°
One additional variant from the literature with prior evi-
dence to support an effect on splicing was also included in
our cohort, where we confirmed the reported effect
(NM_000214.3:c.1156G>A; p.Asn374Argfs*26).%” Thus,
there are now 12 (52.2%) validated and 11 putative
JAG1 splice variants (Figure 4).

To identify putative JAGI cryptic splice variants, we used
in silico splice prediction tools, including Pangolin and
SpliceAL* Both tools were created using deep neural
networking to predict splicing variants based on near and
distant sequence composition, with SpliceAl predictions
based on a single cell type in humans and Pangolin based
on four cell types across four species. The probability that a
variant is more likely to result in a splice alteration over
the wild-type sequence is expressed as a A score, with higher
A scores (>0.2 on a 0-1 scale) positively correlated with aber-
rant splice events. Use of these splice predictor tools for other
disease genes has identified instances of both false positives,
where variants above the recommended threshold are found

not to affect splicing, and false negatives, where variants
below this threshold are identified to affect splicing.'?**
Thus, while these tools represent a notable and valuable
development for splice variant identification, confirmatory
assays are necessary to establish an RNA effect.

Our data suggest that SpliceAl and Pangolin have
reduced sensitivity for variants with low A scores (<0.2),
highlighting a limitation of these tools that results in the
misidentification of true splice variants. Of the 10 variants
we studied and 4 additional variants from the literature
with RNA evidence, one (NM_000214.3:c.886+3A>G)"?
was validated to be a false negative using RNA evidence
(maximum A score = 0.06). A second variant from our
literature search (NM_000214.3:c.886G>A)'” also had a
maximum A score below 0.2 (0.11), but without confirma-
tory RNA evidence supporting aberrant splicing. Interest-
ingly, both variants are located at the exon/intron 6 junc-
tion, which posits that this region’s sequence composition
may reduce the specificity of both splice predictor tools.
Given that we used a A score threshold of >0.2 to identify
variants in our cohort for this study, we are unable to
confirm whether other true splice variants exist that were
missed by SpliceAl and Pangolin; however, the finding
that the ¢.886+3A>G variant affects splicing supports
this possibility.
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The specificity of SpliceAl at a A score >0.2 has been re-
ported at ~90%™*°%3% thus, there is an expected inci-
dence of false positives when using this cutoff. Of the 10
variants we studied and the 4 additional variants from
the literature with RNA evidence, only one had a A score
>0.2, but this did not affect splicing (NM_000214.3:
c.2231G>A [p.Arg744Gln]). Although this variant was
the second-lowest-scoring variant within the cohort, its
maximum A score of 0.48 was well above the cutoff of
0.2 used for SpliceAl and Pangolin."? The lowest-scoring
variant, NM_000214.3:c.686G>A (p.Cys229Tyr), had a
A score of O by both Pangolin and SpliceAl, and it was
only retained for study due to its location near the exon
4 terminus and the Alamut prediction that it might affect
splicing. A closer review of Alamut indicated that only
one of the four splice prediction tools incorporated within
the Alamut software projected a moderate effect on
splicing. Indeed, of the 10 variants in our study, Alamut
incorrectly predicted the splicing effects of 6, indicating
that Alamut does not provide the best predictive modeling
of splice variants. Although increasing the A score
threshold for SpliceAl and Pangolin would improve speci-
ficity and reduce the rate of false positives for JAGI vari-
ants, the identification of the two variants described above
with A scores below 0.2 (c.886G>A and c.886+3A>G;
GenBank: NM_000214.3), but with confirmatory RNA ev-
idence supporting aberrant splicing of the c.886+3A>G
variant,'*'® highlights the limitations of balancing
sensitivity with specificity. The size of our cohort and the
ascertainment bias of excluding variants from study with
a A score <0.2 inhibits our ability to calculate accurate
sensitivity and specificity estimates for SpliceAl and
Pangolin, but our finding of both false positives and false
negatives when applying this cutoff suggests similarities
with other published studies.**'?%%3

The lowest maximum A score of all predicted splice
variants with confirmatory RNA evidence (our study
combined with those from the literature, n = 12) was
0.64 (both ¢.2917-8C>A and c.2458+5G>A; GenBank:
NM_000214.3), suggesting that A scores above this cutoff
have a high likelihood of causing aberrant splicing. Sensi-
tivity and specificity should be considered thoroughly
when using tools such as SpliceAl and Pangolin as the pre-
dicted molecular consequence, location of the variant,
and tissue of study may require different thresholds.”
Although our combined cohort of 14 variants with RNA
evidence (n = 12 confirmed splice variant and n = 2 likely
missense variants) presented here or previously described
is small, it suggests that a A score cutoff >0.6 is recommen-
ded for high sensitivity and that there is a greater impor-
tance in validating the splicing effects of variants with A
scores below this using RNA assays. This small cohort
size is a limitation of our study and is due in part to both
the rare nature of ALGS and the low availability of bio-
specimens for functional study. Increasing the cohort
size through future studies could better resolve cutoff
recommendations.

We noted that SpliceAl and Pangolin A scores occasion-
ally differed in their strength of confidence. Two
variants from the literature at the exon/intron 11 junc-
tion, NM_000214.3:¢.13954+-3A>G and NM_000214.3:c.
1395G>T (p.Arg465=), had maximum SpliceAl A scores
just above the 0.2 cutoff (0.26 and 0.27, respectively),
but higher Pangolin A scores (0.64 and 0.66, respectively),
highlighting differences between the SpliceAl and
Pangolin algorithms in the interpretation of sequence
composition and suggesting that both tools should be
reviewed when evaluating a putative splice variant. Of
note, the NM_000214.3:¢.1395+3A>G variant has been
confirmed to affect splicing based on RNA evidence.?®
The NM_000214.3:¢.1395G>T (p.Arg465=) variant oc-
curs at the last nucleotide of exon 11 and encodes a syn-
onymous change; however, predictions from these tools,
identification of the variant in affected individuals,'® and
absence of the variant in population databases (gnomAD
versions 2 and 3) support a possible effect on splicing that
should be confirmed using RNA.

Utilization of cycloheximide in our cDNA assays was
essential to inhibit nonsense-mediated decay and allow
for sequencing of the splice products. Surprisingly, two
variants (c.7554+2G>T and c¢.245845G>A; GenBank:
NM_000214.3) resulted in aberrantly spliced products
that appeared to partially escape nonsense-mediated
decay, as is evident by their presence in the DMSO con-
trol. The prevailing pathomechanism of ALGS is hap-
loinsufficiency whereby Notch signaling is disrupted
due to a depleted dosage of JAG1 protein.” A domi-
nant-negative effect has been proposed, with evidence
suggesting that soluble JAG1 can bind NOTCH2, but
studies have been unable to confirm that mutant JAG1
is released from the endoplasmic reticulum to exert this
effect under physiological conditions.”®*°% Thus, the
presence of these bands in our samples does not indicate
whether these products are sequestered intracellularly or
secreted, and more research would be needed to discern
those effects.

In conclusion, we show that three JAG1 missense var-
iants and five intronic variants outside of the canonical
splice site positions identified in individuals with ALGS
cause abnormal splicing and are likely pathogenic. Re-
view of an additional 15 putative or confirmed splice var-
iants from the literature allowed for a comparison of
RNA analyses with the in silico splice prediction tools
SpliceAl and Pangolin. Review of true splice variants
with confirmatory RNA evidence indicates that A scores
>0.6 show high predictive sensitivity. Usage of the rec-
ommended cutoff of 0.2 results in instances of both false
positives and false negatives, highlighting the limita-
tions of these tools and underscoring the need to inte-
grate RNA evidence with computational predictions for
variants with low A scores. We expect that this will pro-
vide guidance for the incorporation of these tools during
clinical variant classification of JAG1 and potentially
other disease genes.
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