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Abstract

Background Single-nucleotide variants (SNVs) within gene coding sequences can significantly impact pre-mRNA
splicing, bearing profound implications for pathogenic mechanisms and precision medicine. In this study, we aim
to harness the well-established full-length gene splicing assay (FLGSA) in conjunction with SpliceAl to prospec-
tively interpret the splicing effects of all potential coding SNVs within the four-exon SPINKT gene, a gene associated
with chronic pancreatitis.

Results Our study began with a retrospective analysis of 27 SPINKT coding SNVs previously assessed using FLGSA,
proceeded with a prospective analysis of 35 new FLGSA-tested SPINKT coding SNVs, followed by data extrapolation,
and ended with further validation. In total, we analyzed 67 SPINKT coding SNVs, which account for 9.3% of the 720
possible coding SNVs. Among these 67 FLGSA-analyzed SNVs, 12 were found to impact splicing. Through detailed
comparison of FLGSA results and SpliceAl predictions, we inferred that the remaining 653 untested coding SNVs

in the SPINKT gene are unlikely to significantly affect splicing. Of the 12 splice-altering events, nine produced

both normally spliced and aberrantly spliced transcripts, while the remaining three only generated aberrantly spliced
transcripts. These splice-impacting SNVs were found solely in exons 1 and 2, notably at the first and/or last coding
nucleotides of these exons. Among the 12 splice-altering events, 11 were missense variants (2.17% of 506 poten-
tial missense variants), and one was synonymous (0.61% of 164 potential synonymous variants). Notably, adjusting
the SpliceAl cut-off to 0.30 instead of the conventional 0.20 would improve specificity without reducing sensitivity.

Conclusions By integrating FLGSA with SpliceAl, we have determined that less than 2% (1.67%) of all possible coding
SNVs in SPINKT significantly influence splicing outcomes. Our findings emphasize the critical importance of con-
ducting splicing analysis within the broader genomic sequence context of the study gene and highlight the inher-
ent uncertainties associated with intermediate SpliceAl scores (0.20 to 0.80). This study contributes to the field

by being the first to prospectively interpret all potential coding SNVs in a disease-associated gene with a high degree
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of accuracy, representing a meaningful attempt at shifting from retrospective to prospective variant analysis in the era

of exome and genome sequencing.

Keywords Chronic pancreatitis, Full-length gene splicing assay (FLGSA), Precision medicine in genetics, Pre-mRNA
splicing, Single-nucleotide variants (SNVs), SpliceAl, Splicing prediction algorithms, Splice site, SPINKT gene, Variant

interpretation

Background

Single-nucleotide variants (SNVs) within the coding
sequences of genes have the potential to exert a profound
influence on pre-mRNA splicing. Remarkably, approxi-
mately 22% of disease-associated missense variants have
been recognized as having the capacity to modulate pre-
mRNA splicing [1, 2]. This influence goes beyond mis-
sense variants and includes synonymous and nonsense
variants [3, 4]. These findings have far-reaching implica-
tions for our understanding of disease pathogenesis and
the advancement of precision medicine. For instance,
what was once considered a 'neutral’ missense variant
or a synonymous’ variant may, upon closer examina-
tion, be found to be disease-causing or related due to its
impact on splicing. Similarly, the effectiveness of molec-
ular treatment strategies targeting specific ‘missense’ or
‘nonsense’ variants may be compromised if these variants
unexpectedly affect splicing.

The gold standard for studying the splicing effects
of clinically detected SNVs is the analysis of RNA from
pathophysiologically relevant tissues. However, practi-
cal constraints often limit access to these tissue samples
[5]. As an alternative, RNA analysis from patient blood
cells or immortalized lymphoblastoid cells is commonly
employed, under the assumption that the gene of interest
exhibits normal expression in these cell types [6]. When
these options prove unfeasible, the frequently employed
approach is the cell culture-based minigene splicing assay
[7]. It is essential to acknowledge the inherent limitation
of this assay — its inability to capture the broader genomic
context of the study gene. This limitation could lead to
erroneous findings [8, 9] due to the intricate nature of
splicing regulation [10, 11].

In recent years, significant progress has been made in
predicting the splicing outcomes of SNVs. An notable
development is SpliceAlI [12], a 32-layer deep neural net-
work, which, since its introduction, has become a widely
utilized tool in medical genetics for predicting splicing
variants (e.g., [13—19]). While these in silico prediction
tools are valuable, they cannot be used in isolation to
establish pathogenicity in accordance with variant clas-
sification guidelines recommended by the American Col-
lege of Medical Genetics and Genomics (ACMG) [20].
Instead, they serve as first-line tools for variant classifica-
tion and prioritization.

Another critical issue in medical genetics lies in the
retrospective nature of functional analyses conducted
on clinically identified variants [21]. With exome and
genome sequencing becoming commonplace in clinical
diagnostics, the urgency for prompt functional analysis
is ever-increasing. Typically conducted in specialized
labs, these analyses are vital for accurate variant clas-
sification [20]. However, the traditional, retrospec-
tive approach struggles to meet the rapidly evolving
demands of precision medicine. Addressing this chal-
lenge requires a fundamental shift from retrospective
to prospective assessment, examining the functional
impact of all potential SN'Vs at clinically significant loci
in the human genome [21, 22]. The development of mul-
tiplexed assays for variant effects (MAVE) has catalyzed
this shift, enabling the collection of functional data for
a vast array of variants in a single experiment [23]. A
notable example is the prospective assessment of the
functional impact, including splicing, of nearly 4,000
single nucleotide substitutions across 13 exons of the
23-exon BRCAI gene (NM_007294.3) [24]. However,
MAVE is technically and resource demanding, limiting
its widespread application in many laboratories.

SPINKI (OMIM #167790) stands out as one of
the primary genes associated with chronic pan-
creatitis [25-28]. Located on chromosome 5q32,
the pathologically relevant SPINKI mRNA isoform
(NM_001379610.1) comprises four exons, encod-
ing a 79-amino acid precursor protein that eventually
yields the mature 56-amino-acid pancreatic secretory
trypsin inhibitor [29, 30]. Loss-of-function variants in
the SPINK1 gene increase susceptibility to chronic pan-
creatitis through the trypsin-dependent pathway [25,
31, 32]. Previously, we successfully cloned the~7-kb
genomic sequence of the four-exon SPINKI gene into
the pcDNA3.1/V5-His-TOPO vector, establishing a cell
culture-based full-length gene splicing assay (FLGSA)
[33]. Notably, FLGSA, unlike the frequently used mini-
gene assay, preserves the broader natural genomic con-
text of the gene under investigation—a crucial factor
considering the intricacies of splicing regulation. Natu-
rally, FLGSA also provides a practical advantage over
the minigene assay, enabling comprehensive analysis
of all coding and intronic variants within a consistent
genomic framework.
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In the context of the SPINK1 gene, we have previously
employed the FLGSA assay to analyze both known cod-
ing and intronic variants [8, 34—38]. The accuracy of the
FLGSA assay is illuminated by the study of the SPINKI
c.194+2 T>C variant, a type of variant often consid-
ered to cause a complete functional loss of the affected
allele due to its occurrence within the canonical GT
splice donor site [39]. Specifically, the findings from the
FLGSA assay [34] were in alignment with in vivo splic-
ing data [40] for c.194+2 T >C, revealing a notable pres-
ence of wild-type (WT) transcripts alongside with exon
3-skipping aberrant transcripts (N.B. the ratio of WT
transcripts to aberrant transcripts was subsequently
estimated to be 1:9 [41]). Remarkably, this preservation
of 10% residual function correlates with the less severe
phenotypes observed in SPINKI ¢.194+2 T > C homozy-
gotes, who exhibit chronic pancreatitis with variable
expressivity [42]. In contrast, homozygous SPINK1 vari-
ants leading to a total loss (100%) of the gene product are
associated with a more severe phenotype referred to as
severe infantile isolated exocrine pancreatic insufficiency
[43].

In this study, we set out to harness the combined power
of the FLGSA assay and SpliceATI’s predictive capabilities
to prospectively interpret the splicing effects of all poten-
tial coding SN'Vs within the SPINKI gene. The preprint of
this manuscript is available on medRxiv [44].

Methods

Research rationale and strategy

The primary objective of this study was to prospectively
interpret the splicing impact of all potential coding SNVs
within the SPINKI gene by leveraging a synergistic com-
bination of the FLGSA assay and SpliceAl predictions.
Our hypothesis was grounded in the belief that insights
derived from correlating experimental data obtained
through FLGSA with SpliceAl predictions for a subset of
SPINK1I coding SNVs could be reasonably extrapolated
to the broader pool of unanalyzed SPINKI coding SN'Vs.
The study would begin with a retrospective correlation
analysis (using previously FLGSA-analyzed SPINKI cod-
ing SN'Vs), advance to a prospective correlation analysis
(involving newly FLGSA-tested SPINKI coding SNVs),
followed by data extrapolation, and end with further vali-
dation (Fig. 1).

SpliceAl

SpliceAl provides four A scores: acceptor gain (AG),
acceptor loss (AL), donor gain (DG), and donor loss (DL).
These scores represent the maximum difference between
the probability of the variant and the reference alleles
concerning splice-altering. The A score ranges from 0
to 1, with higher scores indicating a greater likelihood
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Fig. 1 Overview of the FLGSA assay and research strategy. a
Representation of the SPINKT full-length gene expression vector
and the experimental steps involved in the FLGSA assay for each
study variant. The coding sequences of the four-exon SPINKT gene
are depicted to scale, while the intronic and untranslated region
sequences are not. The reference SPINKT genomic sequence
is NG_008356.2, and the reference SPINKT mRNA sequence
is MANE (Matched Annotation from the NCBI and EMBL-EBI [45])
select ENST00000296695 or NM_001379610.1. NM_001379610.1
represents the SPINKT transcript isoform expressed in the exocrine
pancreas [29, 30]. The starting and ending positions of the coding
sequences in each exon, as well as those of the SPINKT genomic
sequence cloned into the pcDNA3.1/V5-His-TOPO vector, are
indicated in accordance with NM_001379610. b Illustration
demonstrating how the FLGSA assay was integrated with SpliceAl
to prospectively evaluate the splicing effects of all potential coding
variants within the SPINKT gene. Abbreviations: FLGSA, full-length
gene splicing assay; RT-PCR, reverse transcription-PCR; SNVs,
single-nucleotide variants

that the variant affects splicing. Variants with a A score
of <0.20 were generally considered unlikely to have a sub-
stantial impact on splicing, while variants with a A score
exceeding 0.80 were generally associated with a high
specificity for splicing alterations [12]. SpliceAl also pro-
vides the pre-mRNA positions of the predicted splicing
effect with respect to the variant position. For SPINKI
variants, positive and negative pre-mRNA positions indi-
cate positions 5’ and 3’ to the variant position in terms of
the gene’s sense strand.

Our retrospective analysis involved comparing FLGSA
data with SpliceAl predictions for known SPINKI cod-
ing SNVs. For our prospective analysis, we selected
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new SPINKI coding SNVs for FLGSA analysis based
on SpliceAl-predicted A scores. These steps relied on
SpliceAI A scores obtained from using the default set-
tings of SpliceAl in February 2020. These SpliceAI A
scores correspond to Illumina’s precomputed scores [46]
created using Gencode v24 and max distance=50 bp at
the time [12] and align with those accessible to academic
users on the SpliceAl-visual website [47]. Importantly, in
May 2023, SpliceAl retired these Illumina precomputed
scores. To adapt to this change and refine the cross-cor-
relation, we additionally conducted a second-step analy-
sis for SPINK1 coding SN'Vs that underwent the FLGSA
assay, utilizing SpliceAI A scores obtained from SpliceAl
Lookup [48] with the following parameters: (i) Genome
version, hg38; (ii) Score type, Raw; and (iii) Max distance,
10,000. This new set of SpliceAl A scores was manually
obtained in October 2023.

Collation of known SPINK1 coding variants with FLGSA
data

To date, the FLGSA assay has been employed to analyze
27 clinically identified SPINK1 coding SNVs, comprising
24 missense variants and 3 synonymous variants [8, 38].
All these 27 variants were included in our retrospective
correlation analysis.

Selection of potential SPINK1 coding variants for FLGSA
We conducted a rigorous selection process to identify
potential SPINKI coding variants for FLGSA. This pro-
cess involved a comprehensive assessment of Illumina’s
precomputed SpliceAl A scores for all 720 potential cod-
ing SN'Vs, resulting from the multiplication of 240 coding
nucleotides by 3, within the SPINKI gene. Our selection
was methodically carried out for each of the gene’s four
exons. Typically, we included all three potential SNVs
at both the start and end of each exon, with the excep-
tion of the start of exon 1 and the end of exon 4, regard-
less of their SpliceAI A scores. We gave priority to SNVs
with at least one SpliceAI A score >0.20. Nonetheless, we
excluded A scores>0.20 deemed physiologically irrel-
evant, such as high DL scores indicating non-existent
splice donor sites in exon 1. Additionally, we deliberately
incorporated certain variants, usually affecting the same
nucleotide as a variant with a high A score, predicted to
have no impact on splicing, into the FLGSA assay. This
initial selection resulted in 35 SNVs. For further valida-
tion purposes, an additional five SNVs were chosen for
FLGSA analysis. More detailed information is provided
in the Results section.

FLGSA
The newly selected SPINKI coding SNVs underwent
FLGSA analysis, as previously described [34, 36, 39].
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Specifically, the introduction of the selected variants
into the full-length gene expression vector containing
the WT SPINKI genomic sequence [33] and the subse-
quent confirmation of the introduced variants through
Sanger sequencing were executed by GENEWIZ Bio-
tech Co. (Suzhou, China). All subsequent experimental
procedures were conducted at the Shanghai Changhai
laboratory.

Cell culture, transfection, RNA extraction, and reverse
transcription (RT)

Human embryonic kidney 293 T (HEK293T) cells were
cultured in the DMEM basic medium (Gibco) with 10%
fetal calf serum (Procell). 3.5 10° cells were seeded per
well in 6-well plates 24 h before transfection. 2.5 pg of
either WT or variant plasmid, mixed with HieffTrans
Universal Transfection Reagent (Yeasen), was used for
transfection per well. Forty-eight hours after transfec-
tion, total RNA was extracted using the FastPure Cell/
Tissue Total RNA Isolation Kit V2 (+gDNA wiper)
(Vazyme). RT was carried out using the HiScript III 1st
Strand cDNA Synthesis Kit (Vazyme), incorporating 2 pL
of 5x gDNA wiper Mix, 2 uL of 10 X RT Mix, 2 pL of HiS-
cript III Enzyme Mix, 1 pL of Oligo (dT)20VN, and 1 pg
of total RNA.

RT-PCR and sequencing of the resulting products

RT-PCR was performed in a 25-pL reaction mixture
containing 12.5 pL 2xTaq Master Mix (Vazyme), 1 pL
¢DNA, and 0.4 puM of each primer. The primers used
were 5-GGAGACCCAAGCTGGCTAGT-3 (forward)
and 5-AGACCGAGGAGAGGGTTAGG-3’ (reverse),
both of which are located within the pcDNA3.1/V5-His-
TOPO vector sequence. The PCR program had an ini-
tial denaturation step at 94 °C for 5 min, followed by
35 cycles of denaturation at 94 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 5 min, and a
final extension step at 72 °C for 7 min. RT-PCR products
presenting either a single band or multiple bands were
excised from the agarose gel and then purified using a
Gel Extraction Kit (Omega Bio-Tek). The sequencing
primers employed were identical to those used for the
RT-PCR analyses. Sequencing reactions were conducted
using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems).

Approximate estimate of relative expression levels

of co-expressed WT and aberrant transcripts

To estimate the relative expression levels of aberrantly
spliced transcripts in comparison to normally spliced
transcripts for variants that produced both types of
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transcripts, we employed Image] software [49] for quan-
tifying the relative intensities of corresponding RT-PCR
bands.

The contribution of generative artificial intelligence

to the writing process

We used ChatGPT-4 [50] to enhance the readability and
linguistic quality of this manuscript. We take full respon-
sibility for the content presented herein.

Results

lllumina precomputed SpliceAl A scores and graphical
illustrations

SPINKI1 is located on the reverse strand of chromosome
5. The precomputed SpliceAl A scores for each potential
SNV at every coding site within the SPINK1 gene were
initially aligned with the hgl9(chr5) coordinates [46].
These scores have been recalibrated to reflect the coding
sequence of SPINK1I from the 5" to 3’ end and are detailed
in Additional file 1. Specifically, the coding nucleotides
of exon 1 (c.1_55), exon 2 (c.56_87), exon 3 (c.88_194),
and exon 4 (c.195_240) correspond to the reverse com-
plements of the hgl9(chr5) coordinates at positions
147,211,086-147,211,140, 147,209,162-147,209,193,
147,207,585-147,207,691, and 147,204,224—-147,204,269,
respectively.

Graphical representations have been created to eluci-
date the AG, AL, DG, and DL scores for the three poten-
tial SN'Vs at each coding site, along with the variants
analyzed via FLGSA. These visual aids are presented in
the context of each SPINKI exon (Figs. 2-5) to enhance
understanding and facilitate discussion of the findings in
subsequent sections.

Retrospective correlation of FLGSA data with SpliceAl
predictions for known SPINK1 coding SNVs

We initiated the study with a retrospective analysis
involving known SPINKI coding SNVs that had previ-
ously undergone FLGSA analysis. All 27 such variants
(5 in exon 1, 1 in exon 2, 14 in exon 3, and 7 in exon 4)
consistently yielded WT transcripts in the FLGSA assay
[8, 38]. Details of these variants, including their precom-
puted SpliceAlI A scores by Illumina [46], are provided in
Table 1.

Among the 108 corresponding SpliceAl A scores, only
one exceeded the threshold of 0.20. This was a DL A score
of 0.29 (20 bp) for the variant c.26 T >G. However, it’s
important to note that this DL score did not have physi-
ological relevance, as it related to the GT dinucleotide
at SPINK1 coding positions c.7_8, which is not used as a
splice donor site in any of the four documented SPINKI
transcript isoforms (NM_003122.5, NM_001354966.2,
XM_047417625.1, and XM_047417626.1; with "XM"
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indicating predicted transcripts), as detailed in reference
[51]). The next highest score was only 0.11, a DG score
for the variant c.29G > A. Therefore, with the exception of
the ¢.26 T > G variant, a perfect correlation was observed
between the FLGSA-derived and SpliceAl-predicted data
in the context of the subset of known SPINKI coding
SNVs.

Selection of potential SPINK1 coding SNVs for FLGSA

Next, building upon Illumina’s precomputed SpliceAl
scores (Additional file 1), we embarked on selecting a
new cohort of SPINK1 coding SNVs for FLGSA. Adher-
ing to the methodological guidelines specified in the
Methods section, we meticulously chose 35 SN'Vs within
exon-dependent contexts.

In exon 1, which consists of 55 coding nucleotides, all
165 potential SNVs displayed AG and AL scores of zero
(see Additional file 1; Fig. 2). Consequently, our selec-
tion focused on DG and DL scores. Initially, we included
the three possible SN'Vs at the terminal position of exon
1 (c.55G > A, ¢.55G>C, and ¢.55G >T), with DG and DL
scores ranging from 0.33 to 0.51. Subsequently, from the
remaining SN'Vs, we selected the three with the highest
DG scores (¢.11C>G, 0.44; ¢.15C>T, 0.52; and c.43 T > G,
0.38), and added two more variants at ¢.43 (c.43 T>C
and c.43 T > A) for further analysis. Regarding DL scores,
we considered those with positive position values, which
indicate potential loss of donor splice sites within the
5’-untranslated region or the coding sequence of exon
1, and certain negative position values, also suggesting
donor splice site loss within the coding sequence of exon
1, as physiologically irrelevant. These included the cluster
of high DL scores associated with variants spanning posi-
tions c.4_11. Importantly, all five variants with a physi-
ologically relevant DL score above 0.10 (c.11C> G at 0.45;
¢.15C>T at 0.13; c.55G > A at 0.40; ¢.55G > C at 0.34; and
¢.55G>T at 0.51) also had a DG score of at least 0.33 and
were thus already included in our selection. For compara-
tive purposes, we also included all three SN'Vs at c.9, each
predicted to have a DG score of 0.04.

Exon 2, encompassing 32 coding nucleotides, hosts
96 potential SNVs. Notably, two SNVs at the starting
position (c.56) and all six SNVs at the final two posi-
tions (c.86 and ¢.87) of exon 2 demonstrated AL and DL
scores>0.20 (Additional file 1; Fig. 3). As a result, we
included all potential SN'Vs at these three positions in
the functional analysis. Additionally, the sole additional
SNV meeting the criteria of both AL and DL scores >0.20
was ¢.84A > G. Hence, we incorporated this SNV, along
with the other two possible SNVs at the ¢.84 position,
into the functional analysis. Finally, four variants dem-
onstrated a single score surpassing 0.20. These included
c.64G>T with an AL score of 0.22, c.65G>T with an
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Fig. 2 Graphical illustration of the SpliceAl A scores for three potential single-nucleotide variants at each coding position within SPINKT exon 1.
The x-axis enumerates the coding positions to correlate A scores with specific nucleotide changes. Variants subjected to full-length gene splicing
assay are highlighted at the figure’s bottom, with arrows denoting their analysis status: black for previously analyzed variants, red for those currently
assessed in the initial step of prospective analysis, and green for variants in the further validation phase. Variant labels are styled to indicate
transcript outcomes: variants producing solely normally spliced transcripts are in standard font, while those resulting in both normally spliced

and aberrantly spliced transcripts are highlighted in bold blue. Abbreviations: DS, A score; AG, acceptor gain; AL, acceptor loss; DG, donor gain; DL,

donor loss

AL score of 0.31, ¢.80G >T with a DG score of 0.61, and
¢.85G>T with an AL score of 0.25. For the FLGSA assay,
we selected the latter three variants for inclusion.

Exon 3, comprising 107 coding nucleotides, con-
tains 321 potential SNVs. Among the 1284 SpliceAl
scores associated with these variants, most were zero

(Additional file 1; Fig. 4). However, exceptions included
an AG score of 0.13 for c.92A > G and a DG score of 0.26
for ¢.178 T>G. In our FLGSA analysis, we prioritized
¢.178 T>@G. Additionally, we incorporated three SNVs
at the beginning of exon 3 (c.88G>A, ¢.88G>C, and
¢.88G>T) and two at its end (¢.194G>C and ¢.194G>T,
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Table 1 FLGSA data and lllumina precomputed SpliceAl A scores for 27 known and 35 newly selected potential SPINKT coding SNVs

b

Exon Variant? lllumina precomputed SpliceAl scores Generation of aberrantly spliced Study

transcripts as determined by
Nucleotide change Amino acid change AG AL DG DL ELGSAS

1 CcI9A>C p.Val3val 0.00 0.00 0.04 0553 bp)d No This study

1 c9A>G p.Val3val 0.00 0.00 0.04 054(3bp)? No This study

1 C9A>T p.Val3Vval 0.00 0.00 0.04 0553bp)?  No This study

1 c11C>G p.Thr4Arg 0.00 0.00 044 (5bp) 045(-44bp) No This study

1 c15C>T p.Gly5Gly 0.00 0.00 0.52(2bp) 0.13(-40bp) No This study

1 c26T>G p.Leu9Arg 0.00 0.00 003 0.29 20 bp)d  No [38]

1 c29G>A p.Ser10Asn 0.00 0.00 0.11 (23 bp) 0.03 No [38]

1 c36G>C p.Leu12Phe 0.00 0.00 0.02 0.10(30bp)¢ No [38]

1 c41T>C p.Leu14Pro 0.00 0.00 0.01 0.04 No [38]

1 A T>G p.Leul4Arg 000 0.00 0.02 0.09(35bp)¢ No [38]

1 c43T>A p.Leu15Met 0.00 0.00 0.02 01237 bp)d No This study

1 c43T>C p.leul5= 0.00 0.00 0.03 0.14 37 bp)d No This study

1 c43T7>G p.Leu15Val 0.00 0.00 0.38(1bp) 0.00 No This study

1 c.55G>A p.Gly19Ser 0.00 0.00 0.36 (49 bp) 0.40 (0 bp) Yes (Intron 1 retention®/normally This study
spliced: 1/9.03)

1 c.55G>C p.Gly19Arg 0.00 0.00 0.33 (49 bp) 0.34 (0 bp) Yes (Intron 1 retention®/normally This study
spliced: 1/21.72)

1 c.55G>T p.Gly19Cys 0.00 0.00 0.37 (49 bp) 0.51 (0 bp) Yes (Intron 1 retention®/normally This study
spliced: 1/9.38)

2 c56G>A p.Gly19Asp 0.01 0.10(0bp) 0.00 0.07 No This study

2 c56G>C p.Gly19Ala 001 040((Obp) 000 0.29 (=31 bp) Yes (E2 skipping/normally spliced: This study
1/1.32)

2 c56G>T p.Gly19Val 001 061 (0bp) 000 046 (=31 bp) Yes (E2 skipping/normally spliced: This study
2.97/)

2 c65G>T p.Gly22Val 0.00 031(bp) 000 0.17 (=22 bp) Yes (E2 skipping/normally spliced: This study
1/5.16)

2 c75C>T p.Ser25= 0.00 0.02 0.00 0.02 No [38]

2 c80G>T p.Gly27Val 0.00 0.09 061 (2bp) 0.10(=7bp) No This study

2 c84A>C p.Arg28Ser 0.00 0.01 0.00 0.00 No This study

2 Cc84A>G p.Arg28 = 0.00 049 (28 bp) 0.00 0.25(=3bp)  Yes (E2 skipping/normally spliced: This study
10.80/1)

2 C84A>T p.Arg28Ser 000 0.04 0.01 0.02 No This study

2 c85G>T p.Glu29* 0.00 0.25(29bp) 0.00 0.17 (=2 bp) No This study

2 Cc.86A>C p.Glu29Ala 0.00 0.51((30bp) 001 0.23(-1bp) No This study

2 Cc.86A>G p.Glu29Gly 0.00 0.84 (30bp) 0.00 0.67 (=1 bp)  Yes (E2 skipping/normally spliced: This study
4.13/1)

2 Cc86A>T p.Glu29Val 0.00 081 (30bp) 0.00 0.58 (=1 bp)  Yes (E2 skipping/normally spliced: This study
1/5.31)

2 c87G>A p.Glu29= 0.00 0.87 (31 bp) 0.00 0.92 (0 bp) Yes (Complete E2 skipping) This study

2 c87G>C p.Glu29Asp 0.00 0.84(31bp) 001 0.93 (0 bp) Yes (Complete E2 skipping) This study

2 c87G>T p.Glu29Asp 0.00 0.88(31bp) 0.00 0.93 (0 bp) Yes (Complete E2 skipping) This study

3 c88G>A p.Ala30Thr 0.00 0.00 0.00 0.00 No This study

3 c88G>C p.Ala30Pro 0.00 0.00 0.00 0.00 No This study

3 c88G>T p.Ala30Ser 0.00 0.01 0.00 0.00 No This study

3 c101A>G p.Asn34Ser 0.00 0.00 0.00 0.00 No [38]

3 c110A>G p.Asn37Ser 0.00 0.00 0.00 0.00 No [38]

3 c123G>C p.Lys41Asn 0.00 0.00 0.00 0.00 No [38]

3 c126A>G plle42Met 0.00 0.00 0.00 0.00 No [38]

3 c133C>T p.Pro45Ser 0.00 0.00 0.00 0.00 No [38]

3 c137T>A p.Val46Asp 0.00 0.00 0.00 0.00 No (38]
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Table 1 (continued)
Exon Variant® lllumina precomputed SpliceAl scores® Generation of aberrantly spliced Study
transcripts as determined by
Nucleotide change Amino acid change AG AL DG DL ELGSAS
3 c143G>A p.Gly48Glu 0.00 0.00 0.00 0.00 No [38]
3 c150T>G p.Asp50Glu 0.00 0.00 0.00 0.00 No (38]
3 c160T>C p.Tyr54His 0.00 0.00 0.00 0.00 No [38]
3 c163C>T p.Pro55Ser 0.00 0.00 0.00 0.00 No [38]
3 c174C>T p.Cys58= 0.00 0.00 0.00 0.00 No [38]
3 c178T>G p.Leu60Val 0.00 0.00 0.26 (1 bp)  0.00 No This study
3 c.190A>G p.Asn64Asp 0.00 0.00 0.00 0.00 No [38]
3 c.193C>T p.Arg65Trp 0.00 0.00 0.00 0.00 No [38]
3 c194G>A p.Arg65GIn 0.00 0.00 0.00 0.00 No [8]
3 c194G>C p.Arg65Pro 0.00 0.00 0.00 0.00 No This study
3 c194G>T p.Argé5Leu 0.00 0.00 0.00 0.00 No This study
4 c195G>A p.Arg65= 0.00 0.3 0.00 0.00 No This study
4 c.195G>C p.Arg65= 0.00 0.10(0bp) 0.00 0.00 No This study
4 c195G>T p.Arg65s = 000 023(0bp) 000 0.00 No This study
4 c.198A>C p.Lys66Asn 0.01 0.00 0.00 0.00 No [38]
4 c.199C>T p.Arg67Cys 0.00 0.01 0.00 0.00 No [38]
4 c200G>A p.Arg67His 0.00 0.00 0.00 0.00 No [38]
4 c203A>G p.GIN68Arg 0.01 0.00 0.00 0.00 No [38]
4 c206C>T p.Thrédlle 0.00 0.01 0.00 0.00 No [38]
4 c231G>A p.Gly77 = 0.01 0.00 0.00 0.00 No [38]
4 c236G>T p.Cys79Phe 000 0.02 0.00 0.00 No [38]

AG, acceptor gain; AL, acceptor loss; DG, donor gain; DL, donor loss; FLGSA, full-length gene splicing assay; SNVs, single-nucleotide variants

@ SPINKT mRNA reference sequence: NM_001379610.1

b Information in parentheses indicates pre-mRNA positions associated with variants exhibiting a A score >0.10. Positive and negative positions reflect locations 5’
(upstream) and 3’ (downstream) relative to the variant, in accordance with the gene’s sense strand orientation

¢ Information in parentheses indicates the ratio of aberrantly spliced to normally spliced transcripts when a variant results in both normally and aberrantly spliced
transcripts. This ratio is provided as a rough estimation (refer to the main text for detailed information)

d Considered not to be physiologically relevant as the predicted donor loss is situated within exon 1 of the SPINKT gene

€ Retention of the first 140 bases of intron 1

with the note that ¢.194G > A had been previously ana-
lyzed in [8]).

Exon 4, with 46 coding nucleotides, contains 138 pos-
sible SNVs. All 552 corresponding SpliceAl A scores
consistently remained at or near zero, with a maximum
of 0.05, except for two cases: an AL score of 0.10 for
¢.195G > C and an AL score of 0.23 for ¢.195G > T (Addi-
tional file 1; Fig. 5). Since ¢.195 is the starting position of
exon 4, we included all three possible SN'Vs at this posi-
tion for FLGSA.

Details of the 35 chosen SNVs, along with their corre-
sponding precomputed SpliceAl scores, are provided in
Table 1. Additionally, the rationale behind their selection
is briefly summarized in Additional file 1.

FLGSA assay for the 35 prospectively selected SPINK1
coding SNVs

Then, we advanced to functionally characterize the splic-
ing effects of the 35 prospectively selected SPINK1 coding

SNVs using the FLGSA assay. The results, represented by
RT-PCR band patterns in agarose gel analysis, are shown
in Fig. 6. In accordance with our common practice [34,
36, 37], we employed Sanger sequencing to determine the
identity of RT-PCR bands whenever possible. This step
carried particular significance for two primary reasons:
(i) a seemingly normally spliced RT-PCR band could dif-
fer from the genuine WT by only one or two base pairs
[37, 39], and (ii) this information was pivotal for com-
parison with SpliceAl-predicted splice-altering sites in
instances of aberrant splicing. Additionally, it’s worth
mentioning that the normally spliced transcripts origi-
nating from cells transfected with the variant expression
vectors consistently contained the corresponding coding
SN'Vs.

We attempted but failed to obtain readable results
from Sanger sequencing for some faint RT-PCR bands,
such as the one beneath the major band in the c.11C>G
variant (Fig. 6). These faint bands may signify authentic
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Fig. 3 Graphical illustration of the SpliceAl A scores for three potential single-nucleotide variants at each coding position within SPINKT exon 2.
The x-axis enumerates the coding positions to correlate A scores with specific nucleotide changes. Variants subjected to full-length gene splicing
assay are highlighted at the figure’s bottom, with arrows denoting their analysis status: black for previously analyzed variants, red for those currently
assessed in the initial step of prospective analysis, and green for variants in the subsequent validation phase. The typographic treatment of variant
names reflects their transcript profiles: standard font denotes variants leading to only normally spliced transcripts, bold blue highlights variants
associated with both normally spliced and aberrantly spliced transcripts, and bold red identifies variants exclusively resulting in aberrantly spliced
transcripts. Abbreviations: DS, A score; AG, acceptor gain; AL, acceptor loss; DG, donor gain; DL, donor loss

aberrantly spliced transcripts; however, their extremely
low intensity compared to normal transcripts implies a
lack of clinical relevance. This is based on the rationale
that a SPINKI variant causing<10% functional loss (or
retaining >90% function) is unlikely to be pathologically
significant [32]. Therefore, these faint bands were not
further pursued in our analysis.

RT-PCR bands that were successfully Sanger
sequenced are highlighted in Fig. 6. Among the 35

variants, 23 yielded exclusively normally spliced tran-
scripts, while 12 resulted in aberrant splicing. Of these
12, three variants at the terminal position of exon 3
(c.87G>A/C/T) exclusively produced exon 2-skipped
transcripts. Six variants in exon 2 (c.56G>C/T,
c.65G>T, c.84A>G, c.86A>G/T) yielded a mix of
normal and exon 2-skipped aberrant transcripts.
The three variants at the terminal position of exon 1
(c.55G>A/C/T) generated a mix of normally spliced
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Fig. 4 Graphicalillustration of the SpliceAl A scores for three potential single-nucleotide variants at each coding position within SPINKT exon 3.
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and aberrantly spliced transcripts, with the latter
retaining the initial 140 bp of SPINKI intron 1.

It is imperative to highlight that in cases where variants
resulted in two successfully sequenced RT-PCR bands,
some bands contained both normally spliced and aber-
rantly spliced transcript isoforms. This occurrence, likely
due to hybrid dimer formation among co-existing iso-
forms under our experimental conditions, is exemplified
by the sequencing of ’aberrant RT-PCR bands’ derived
from five different variants. Specifically, Fig. 7 illustrates
the sequencing of the weaker upper 'Retention of the first

140 bases of intron 1’ RT-PCR bands from three exon 1
terminal variants (c.55G>C/T/A), which include nor-
mally spliced transcripts. Similarly, Fig. 8 provides details
on the sequencing of the weaker lower ’Exon 2-skipped’
RT-PCR bands from two exon 2 variants (c.56G >C and
¢.65G>T), also containing normally spliced transcripts.
These two figures serve not only to reveal the identities of
the two distinct aberrant transcripts but also the identi-
ties of the introduced exonic variants.

To estimate the relative expression levels of normally
and aberrantly spliced transcripts for the nine variants
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(See figure on next page.)

Fig. 6 RT-PCR results from the FLGSA analysis of 35 potential SPINKT coding variants. Each band that underwent successful Sanger sequencing

has been systematically annotated. These bands have been classified as either normally spliced transcripts (indicated by arrows) or aberrantly
spliced transcripts, characterized by the retention of the first 140 bases of intron 1 or the skipping of exon 2. It is noteworthy that in cases

where a variant produced two successfully sequenced bands, certain bands may contain both normally spliced and aberrantly spliced transcript
isoforms. For further details and interpretation of these findings, refer to the main text. Full-length, unaltered gel images corresponding to this figure
are made accessible in Additional file 2. Abbreviations: FLGSA, full-length gene splicing assay. RT-PCR, reverse transcription-PCR

producing two distinct, successfully sequenced RT-PCR  results, are provided in Table 1. It’s crucial to note that
bands, we utilized Image] for band quantification. The this quantification directly contrasted the bands for
outcomes of this analysis, along with the primary FLGSA  normally spliced and aberrantly spliced transcripts as
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depicted in Fig. 6, without accounting for the presence of
both transcript isoforms within some bands. Essentially,
this represents an approximate analysis and did not alter
our main findings.

Correlation of FLGSA data with SpliceAl predictions
for the 35 prospectively analyzed SNVs
Subsequently, we conducted a thorough analysis to cor-
relate the FLGSA data generated for the prospectively
examined 35 SNVs with their corresponding Illumina
precomputed SpliceAl scores (Table 1). After discard-
ing physiologically irrelevant DL scores linked to vari-
ous SN'Vs in exon 1, we observed a significant pattern in
relation to the threshold A scores of 0.20 and 0.80 [12].
Specifically, all variants with a A score not exceeding 0.20
exclusively produced normally spliced transcripts. Con-
versely, every variant with a A score above 0.80 consist-
ently led to the production of aberrant variants.
Establishing a clear correlation between the presence
or absence of aberrant transcripts and intermediate A
scores (0.20 to 0.80) was challenging. However, a nota-
ble pattern emerged upon analyzing A scores for SNVs
at positions c.55, c.56, and ¢.86. Each of these positions
underwent FLGSA analysis, with at least two of the three
possible SN'Vs at each position generating both aberrant
and normal transcripts. For a more focused analysis, we
will compare the DL scores associated with these SN'Vs.
At position c.55, all three SN'Vs yielded both aberrantly
and normally spliced transcripts (Table 1). Notably, the
variant with the lowest DL score, ¢.55G >C (0.34), also
had the lowest ratio of aberrantly to normally spliced
transcripts. At c.56, the ¢.56G > A variant, with no scores
above 0.20, produced only normally spliced transcripts.
In contrast, ¢.56G>C and ¢.56G>T, with DL scores of
0.29 and 0.46 respectively, yielded both transcript types,
and their aberrant/normal transcript ratios aligned with
their DL scores. Regarding c.86, c.86A > C, which had the
lowest DL score (0.23), did not produce aberrant tran-
scripts. Conversely, c.86A > G, with the highest DL score
(0.67), resulted in a significantly higher aberrant/normal
transcript ratio of 4.13/1. Interestingly, c.86A > T, with a

(See figure on next page.)
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lower DL score (0.57) than c.86A > G, led to a much lower
aberrant/normal transcript ratio (1/5.31) in comparison.
We then hypothesized that conducting a compre-
hensive cross-comparison of various events within the
same exon context might yield valuable insights into
the remaining intermediate A scores. We explored this
hypothesis within the contexts of the four exons.

Exon1

All three SNVs at the last nucleotide of exon 1, ¢.55,
exhibited DL scores ranging from 0.34 to 0.51 and DG
scores between 0.33 and 0.37 (Table 1). Based on their
corresponding mRNA positions, these SNVs were pre-
dicted to disrupt the physiological GT splice donor site
at positions ¢.55+1_2 and activate an upstream cryptic
splice donor site within exon 1 (i.e., the GT dinucleotide
at position c.7_8) (Fig. 9a). This would result in a signifi-
cantly shortened transcript that lacked the last 49 nucleo-
tides (i.e., c.7 to c.55) of exon 1. Interestingly, our FLGSA
assay detected an aberrant transcript that retained the
first 140 bases of intron 1 (Figs. 6 and 7), due to the acti-
vation of a downstream cryptic GT splice site located
at the deep intron 1 region (precisely at c.55+141_142)
(Fig. 9a).

We performed two additional analyses to address the
discrepancy between in silico predictions and experi-
mental data. First, considering that the Illumina precom-
puted scores were created using a maximum distance of
50 bp, we reevaluated the three possible c¢.55 SN'Vs using
SpliceAI with an extended distance of 10,000 bp and the
hg38 sequence [48]. Although the resulting DG and DL
scores showed slight variations compared to the Illu-
mina precomputed scores (Additional file 1), they did not
alter the predicted splicing outcomes. Second, we exam-
ined the predicted and experimentally obtained cryptic
GT donor site in the context of the 9-bp 5’ splice signal
sequence and their pairing with the 3’-GUCCAUUCA-5’
sequence at the 5" end of UlsnRNA (see [39] and refer-
ences therein). Interestingly, the experimentally identified
cryptic GT donor site was found within a 9-bp 5’ splice
signal sequence that exhibited 8 bp complementarity

Fig. 7 Sanger Sequencing results of 'Retention of the first 140 bases of intron 1'RT-PCR bands from three exon 1 terminal variants

(c.56G > A/C/T) in SPINKT. Refer to Fig. 6 for the corresponding bands. Each band was found to contain a mixture of aberrantly spliced

and normally spliced transcripts, with the 5'and 3'junctions of the aberrant transcript isoform, being delineated by vertical lines. The annotations
beneath the electropherograms detail the junction-spanning sequences for both isoforms: the upper annotation for the aberrantly spliced
transcript and the lower for the normally spliced transcript. In all subpanels, the normally spliced transcripts show a consistent sequence of exon 1
followed by exon 2, with the introduced exon 1 terminal variants highlighted in red. The aberrantly spliced transcripts have consistent 5'junctions
with exon 1 followed by intron 1 sequences (introduced variants in red), and their 3'junctions are uniform, displaying retained intron 1 sequence
(up to c.55+140) followed by exon 2. Sequence numbering is based on NM_001379610.1. Specifically, .55 and c.56 denote the terminal position
of exon 1 and the start of exon 2 in SPINK1, respectively; c.55+ 1 and ¢.55 + 140 refer to the first and the 140th nucleotides of intron 1 in SPINKT.

Abbreviations: RT-PCR, reverse transcription-PCR
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Fig. 8 Sanger sequencing of 'Exon 2-skipped’ RT-PCR bands from two exon 2 variants (c.56G>C and ¢.65G >T) in SPINK]. For the corresponding
bands, refer to Fig. 6. Sanger sequencing revealed that each band contains a mix of aberrantly spliced and normally spliced transcripts,

with the junctions of both transcript isoforms being delineated by vertical lines. Annotations beneath the electropherograms specify

the junction-spanning sequences for both isoforms: the upper annotation pertains to the aberrantly spliced transcript, and the lower

to the normally spliced transcript. In both panels, the normally spliced transcripts exhibit a consistent sequence of exon 1 followed by exon 2,
differentiated only by the introduced variants (highlighted in red). The aberrantly spliced transcripts are identical, characterized by exon 1 directly
followed by exon 3. Sequence numbering aligns with NM_001379610.1. Specifically, c.55, ¢.56, and ¢.88 mark the terminal position of exon 1,

the start of exon 2, and the start of exon 3 in SPINKT, respectively

with the 9 bp UlsnRNA sequence. In contrast, the in sil-
ico predicted cryptic GT donor site resided within a 9-bp
5’ splice signal sequence with only 6 bp complementarity
to the 9 bp UlsnRNA sequence (Fig. 9a). It’s noteworthy
that this in silico predicted cryptic GT donor site coin-
cides with the previously discussed false physiological
GT dinucleotide at position c¢.7_8, which was related to
the DL score of the known ¢.26 T >@G variant (see Retro-
spective correlation of FLGSA data with SpliceAl predic-
tions for known SPINKI1 coding SNVs). Based on these
new findings, we speculate that SpliceAl might have

favored the nearby cryptic donor site in exon 1 over the
more distant cryptic donor site in intron 1.

Another variant in exon 1, ¢.11C>@G, was predicted
to induce a splicing effect similar to the three potential
c.55 SNVs based on the SpliceAl scores. Interestingly,
it displayed even higher DG and DL scores than those
of the three potential c.55 SNVs (Table 1). However, the
FLGSA analysis did not reveal aberrant transcripts asso-
ciated with the c.11C> G variant. As illustrated in Fig. 9b,
¢.11C> G resides within the 9-bp 5’ splice signal sequence
linked to the previously mentioned cryptic 5 splice
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Fig. 9 Interpretation of the three c.55 SNVs and the ¢.11C> G variant in exon 1 by reference to SpliceAl predictions and FLGSA results. a lllustration
of the (partial) disruption of the physiological 5'splice donor site of SPINKT intron 1 caused by the three potential SNVs at the last nucleotide of exon
1 (c.55). This disruption is shown in the context of the corresponding 9-bp 5'splice signal sequence, which interacts with the 3'-GUCCAUUCA-5'
sequence at the 5'end of UTsnRNA. SpliceAl predicted this disruption (DL scores, 0.34 to 0.51) and the activation of an upstream cryptic splice
donor site within exon 1 (DG scores, 0.33 and 0.37). However, our FLGSA assay revealed the activation of a downstream cryptic splice donor site.
Vertical lines indicate paired bases between the 9-bp 5'splice signal sequence and the 5'end sequence of UTsnRNA. The GT dinucleotides involved
are highlighted in blue, with their positions (in accordance with NM_001379610.1) indicated. The 9-bp 5'splice site signal sequence position weight
matrices (PWM) were sourced from Leman et al. [52], an Open Access article distributed under the terms of the Creative Commons Attribution
Non-Commercial License. Note that the 9-bp 5'splice signal sequences, whether in the context of the consensus sequence or SPINKT sequences,
are presented in DNA. b lllustration of the ¢.11C> G variant in the context of the aforementioned upstream cryptic splice donor site. A dotted line
represents the new base pairing derived from the variant, enhancing the interaction between the 9-bp 5'splice signal sequence and the 5'end
sequence of UTsnRNA
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GT donor site at positions c¢.7_8. Notably, it increased
sequence complementarity with the 9-bp UlsnRNA
sequence from 6 to 7 bp compared to the WT sequence.
It’s essential to highlight that, in this scenario, the physi-
ological intron 1 splice donor signal sequence remains
unaltered. Bearing this in mind, we conjecture that the
enhanced sequence complementarity brought about by
the ¢.11C> @G variant may have encountered difficulties
in competing with the intact physiological intron 1 splice
donor signal sequence, which exhibited 8 bp complemen-
tarity with UlsnRNA (Fig. 9a).

Shifting our focus to other variants, let’s consider
¢.15C>T, which had the highest DG score (0.52) among
all possible coding SNVs in exon 1, but it only had a DL
score of 0.13. We also have c.43 T >@G, which had a DG
score of 0.38 but a DL score of zero. Importantly, neither
of these variants resulted in the generation of aberrant
transcripts (Table 1). Drawing parallels with the previ-
ously discussed c.11C>G variant, we propose that their
predicted cryptic 5 splice donor sites, located within
the coding sequence of exon 1, may not have effectively
competed against the intact physiological intron 1 splice
donor signal sequence.

Exons 2-4

Moving on to exons 2-4, two variants warrant closer
examination: ¢.80G >T in exon 2 and ¢.178 T > G in exon
3. The former variant displayed a DG score of 0.61 but
a DL score of only 0.10, while the latter had a DG score
of 0.26 but a DL score of zero (Table 1; Figs. 3-5). Our
FLGSA analysis did not produce any aberrant transcripts
associated with either of these variants. In line with our
earlier observations concerning variants in exon 1, such
as ¢.11C>G and c.15C>T, we propose that the predicted
cryptic 5" splice donor sites may not have effectively com-
peted with the intact physiological intron 2 and intron 3
splice donor signal sequences, respectively.

Extrapolation to unanalyzed SPINK1 coding SNVs

Finally, we addressed a critical question: Can we reason-
ably interpret the potential splicing effects of the 658
SPINK1 coding variants that have not yet undergone
functional analysis, based on insights derived from the
cross-correlation of FLGSA data and SpliceAl predic-
tions of the 27 known and 35 newly analyzed SNVs?
To accurately answer this question, we initially evalu-
ated whether the Illumina precomputed scores signifi-
cantly deviated from those calculated using a distance
of 10,000 bp and the hg38 sequence. Consequently, we
manually acquired these latter scores from [48] for all
SNVs that underwent FLGSA. While we did observe
slight disparities between the two datasets for many
SNVs (see Additional file 1), it’s crucial to emphasize
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that these variations were not expected to result in any
changes to the predicted splicing outcomes. Thus, we
proceeded confidently, utilizing the Illumina precom-
puted scores for our subsequent discussions within the
contexts of the four exons. Our primary focus remained
on unanalyzed SNVs with a A score falling within the
range of 0.20 to 0.30. This choice was motivated by two
factors: (i) we have already included all variants with
a physiologically relevant A score exceeding 0.30 for
FLGSA analysis, and (ii) a A score below 0.20 is highly
unlikely to impact splicing.

Exon1

In exon 1, we identified nine unanalyzed SNVs with a
physiologically plausible A score of>0.20 (c.3G>A,
c4A>C, cl1C>T, c14G>T, c28A>T, c.29G>T,
c¢.36G>A, ¢.37G>T, and c45G>T). Notably, these
scores consistently fall within the DG type, ranging from
0.20 to 0.24. Interestingly, all of these variants were pre-
dicted to have cryptic GT splice donor sites that coincide
with the previously discussed GT at c.7_8. Additionally,
these variants exhibited low DL scores, spanning from 0
to 0.12. When comparing these scores with those of the
functionally analyzed exon 1 SNVs (see Table 1), we can
conclude that none of these nine variants had any dis-
cernible impact on splicing.

Exon 2
In exon 2, we identified only two unanalyzed SN'Vs with a
physiologically plausible A score of>0.20 (c.64G>T and
¢.81A >T). Both scores are identical (0.22) and belong to
the AL type. AG and DG scores of the two variants are
zero, while their DL scores are similar (0.11-0.13). Evalu-
ation of the corresponding mRNA positions associated
with the AL and DL scores demonstrated that their pre-
dicted splicing outcomes would result in exon 2 skipping.
Of the functionally analyzed exon 2 variants, ¢.85G>T
most closely resembles c.64G>T and ¢.81A>T in terms
of the A scores. However, ¢.85G>T had both slightly
higher AL and DL scores than ¢.64G>T and c.81A>T
(AL, 0.25 vs. 0.22; DL, 0.17 vs. 0.11-0.13) and produced
no aberrant transcripts. c.65G>T is the next variant that
most closely resembles c.64G>T and c.81A>T. c.65G>T
had a higher AL score (0.31) but equal DL score (0.17)
compared to ¢.85G>T and generated aberrant tran-
scripts. However, the aberrant transcript was generated
alongside the WT transcript, and its amount was much
less than that of the WT transcript (ratio of 1:5.16).
Based on this cross-comparison, we can conclude that
c.64G>T and c.81A>T are highly unlikely to generate
aberrant transcripts.
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Exons 3 and 4

In exon 3 and 4, none of the functionally analyzed SNVs
generated aberrant transcripts (Table 1). Moreover,
except for ¢.92A > G in exon 3, which had an AG score of
0.13, none of the unanalyzed SNVs had a SpliceAl score
exceeding 0.05 (Additional file 1; Figs. 4 and 5). Conse-
quently, all SN'Vs in these two exons were considered not
to impact splicing.

Further validation

While we had confidence in our above extrapolation, we
opted for additional validation. Therefore, we selected
five variants with the highest scores among those not
functionally analyzed within exons 1, 2, and 3 for FLGSA
analysis. Specifically, they included two of the nine exon
1 variants mentioned above (c.29G>T and ¢.37G>T),
the two exon 2 variants mentioned earlier (c.64G>T and
¢.81A >T), and the exon 3 variant c.92A > G (Table 2). As
shown in Fig. 10, all five variants exclusively produced
WT transcripts, thereby validating our extrapolation.

Overall correlation between FLGSA findings and SpliceAl
predicted scores across all exons

In broadening our correlation analysis beyond isolated
exon assessments, we evaluated the relationship between
FLGSA findings and SpliceAl predicted scores across
all exons of the SPINK1 gene. The 67 variants examined
through FLGSA were categorized based on their tran-
script outcomes: (i) variants that exclusively produce
normally spliced transcripts, (ii) variants that lead to a
mixture of normally spliced and aberrantly spliced tran-
scripts, and (iii) variants that exclusively result in aber-
rantly spliced transcripts. Recognizing that a single
SpliceAl score might not capture the intricate nature of
splicing events, we utilized the highest of the four avail-
able scores for our analysis. This approach revealed that
variants with the highest SpliceAl scores >0.80 invariably

Table 2 Selected five SPINKT coding SNVs for further validation*
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Fig. 10 RT-PCR results for the validation analysis of five potential
SPINKT coding variants through FLGSA. Arrows indicate wild-type

or normally spliced transcripts, all of which were confirmed by Sanger
sequencing. Full-length, unaltered gel image corresponding to this
figure is made accessible in Additional file 3. Abbreviations: FLGSA,
full-length gene splicing assay. RT-PCR, reverse transcription-PCR

led to aberrantly spliced transcripts, with those scor-
ing>0.90 exclusively yielding aberrant splicing. In
contrast, variants with the highest scores <0.30 were con-
sistently associated with the production of only normally
spliced transcripts (Fig. 11).

Overview of splice-altering coding SNVs in the SPINK1

gene

Overall, our study covers 67 SPINKI coding SNVs,
accounting for 9.3% of all 720 possible coding SNVs
and affecting 46 (19.2%) of 240 coding nucleotides.
Out of these 67 SNVs, 12 were experimentally found
to impact splicing. Based on a comprehensive cross-
correlation of FLGSA-obtained and SpliceAl-predicted
data, we conclude that all unanalyzed potential coding
SNVs in the SPINK1 gene are unlikely to have a signifi-
cant effect on splicing. Therefore, the 12 splice-alter-
ing events identified in our study represent the totality
of splice-altering events among the 720 potential cod-
ing SNVs in the SPINKI gene. These splice-altering
SNVs were found solely in exons 1 and 2, notably at
the first and/or last coding nucleotides of these exons.

Exon Variant® lllumina precomputed SpliceAl scores®

Nucleotide change Amino acid change AG AL DG DL
1 c29G>T p.Ser10lle 0.00 0.00 0.24 (23 bp) 0.10 (26 bp)
1 c37G>T p.Ala13Ser 0.00 0.00 0.23 (31 bp) 0.08
2 c64G>T p.Gly22* 0.00 0.22 (8 bp) 0.00 0.1 (-23 bp)
2 c81A>T p.(=) 0.00 0.22 (25 bp) 0.00 0.13 (-6 bp)
3 C92A>G p.Lys31Arg 0.13 (=1 bp) 0.00 0.00 0.00

AG, acceptor gain; AL, acceptor loss; DG, donor gain; DL, donor loss; FLGSA, full-length gene splicing assay; SNVs, single-nucleotide variants

" All five variants exclusively produced normally spliced transcripts through FLGSA (see Fig. 10)

@ SPINKT mRNA reference sequence: NM_001379610.1

b Information in parentheses indicates pre-mRNA positions associated with variants exhibiting a A score > 0.10. Positive and negative positions reflect locations 5’
(upstream) and 3’ (downstream) relative to the variant, in accordance with the gene’s sense strand orientation
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Fig. 11 Overall correlation between FLGSA findings and SpliceAl
predictions across all exons of the SPINKT gene. On the y-axis,
"Highest DS" represents the highest A score among the four
SpliceAl predictions for each of the 67 SPINKT variants analyzed
through the full-length gene splicing assay (refer to Table 1

for details). The x-axis categorizes the variants based on their
transcript outcomes: "No" for variants exclusively producing normally
spliced transcripts, "Partial" for variants leading to a mix of normally
and aberrantly spliced transcripts, and "Complete" for variants solely
resulting in aberrantly spliced transcripts. A scores of 0.90 and 0.30
are demarcated with thicker dotted lines to denote thresholds

for exclusive generation of aberrantly spliced or normally spliced
transcripts, respectively

Table 3 Summary of splice-altering coding SNVs in the SPINK1

gene
Variant types Total Splice- Percentage
potential altering (b/a)
SNVs SNVs (b)
(a)
Translation initiation codon?® 9 0 0
Missense 506 1 217
Synonymous 164 1 0.61
Nonsense 32 0 0
Translation termination codon® 9 0 0
Total 720 12 1.67

SNVs, single-nucleotide variants

2 SNVs occurring within either the translation initiation or termination codon are
referred to simply as "translation initiation codon" or "translation termination
codon" variants

Among the splice-altering events, 11 were missense
variants, accounting for 2.17% of the 506 poten-
tial missense variants, while one was synonymous,
accounting for 0.61% of the 164 potential synonymous
variants (see Table 3).
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Discussion
In this study, we leveraged the well-established FLGSA
assay [8, 34-38] in conjunction with SpliceAl [12] to
explore the prospective interpretation of splicing effects
for all potential coding SNVs within the SPINKI gene,
following the structured progression outlined in Fig. 1.
It’s pertinent to note that the field of splicing predictions
has witnessed continuous improvements and advance-
ments. Some recent tools, like SPiP [53, 54] and Splice-
Vault [55], claim higher accuracy than SpliceAl. Our
decision to employ SpliceAl was based on its comprehen-
sive validation and widespread acceptance as a bench-
mark in splicing prediction within medical genetics at the
time our study commenced. While a comparison with
SPiP and SpliceVault might offer additional insights, such
an analysis falls outside the scope of our current research.
Our analysis revealed notable discrepancies between
SpliceAI predictions and FLGSA data. Specifically,
SpliceAlI predicted that several exon 1 SNVs would dis-
rupt a splice donor site within the coding sequence of
exon 1 (refer to Additional file 1; Table 1). However, these
predictions were contradicted by a crucial piece of evi-
dence: none of the four documented SPINKI transcript
isoforms [51] utilize a GT dinucleotide within the coding
sequence of exon 1 as a splice donor site. This observa-
tion, coupled with our FLGSA assay results, strongly
indicates that these SpliceAl predictions were inaccurate.
A further notable discrepancy involved the splicing
outcomes of the three SNVs at position c.55, specifi-
cally at exon 1’s terminal nucleotide. SpliceAl predicted
the activation of an upstream cryptic GT dinucleotide
at c.7_8, whereas our FLGSA assay identified the activa-
tion of a downstream cryptic GT dinucleotide located
at ¢.55+141_142. Intriguingly, the SpliceAl-predicted
cryptic GT dinucleotide coincided with one of the afore-
mentioned erroneous splice GT donor sites, highlighting
a recurring issue with SpliceAl predictions in the context
of exon 1 coding sequences. Notably, our experimentally
identified cryptic GT dinucleotide exhibited stronger
complementarity with the 3’-GUCCAUUCA-5’ sequence
at the 5" end of UlsnRNA, featuring eight complementary
bases, in contrast to the SpliceAl-predicted cryptic GT
dinucleotide with only six complementary bases (refer
to Fig. 9a). It’s important to mention that our experimen-
tally identified cryptic GT dinucleotide is situated more
distantly (141 bp) from c.55 than the SpliceAl-predicted
cryptic GT dinucleotide (47 bp), potentially explaining
why the latter was not correctly predicted by SpliceAl.
Additionally, it’s worth acknowledging that variants in
exon 1 are not readily amenable to analysis through the
commonly used minigene assay [9], and the activation of
cryptic donor or splice sites in deep intronic regions may
often elude detection via a minigene assay.
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The above two notable discrepancies were consistently
observed with exon 1 variants. Coincidently, the SpliceAl
DG and DL scores for exon 1 variants (Fig. 2) appear con-
siderably noisier when compared to scores for exons 2—4
(see Figs. 3-5). It is possible that these may be related
to SpliceAl’s training, which focuses mainly on internal
exons [12]. The unique characteristics of the first exon,
despite its involvement with the same core spliceosomal
components as internal exons, might diminish SpliceAI’s
predictive accuracy for mutations there. At present, spe-
cific analytical guidelines for first or last exon variants are
lacking.

Except for the aforementioned discrepancies, we found
a robust correlation between FLGSA data and SpliceAl
predictions, particularly concerning the 0.20 and 0.80
threshold scores and the findings for all possible SNVs
at ¢.55, ¢.56, and c.86. While the relationship between
FLGSA data and SpliceAl scores below 0.20 or above
0.80 tended to be straightforward, deciphering the cor-
relation between FLGSA data and intermediate SpliceAl
scores within the range of 0.20 to 0.80 presented chal-
lenges. Nevertheless, our efforts to correlate these inter-
mediate SpliceAl scores with FLGSA findings yielded
intriguing insights. For instance, variants with intermedi-
ate SpliceAl scores, when leading to aberrant transcripts,
often produced a mix of aberrant and WT transcripts.
Furthermore, in the case of all possible SNVs at c.55,
¢.56, and .86, intermediate SpliceAl scores seemed to
correlate with the aberrant/WT transcript ratio. These
mutually reinforcing data were instrumental in guid-
ing a cross-comparison concerning unanalyzed variants,
allowing us to reasonably extrapolate that none of the
unanalyzed coding SN'Vs in the SPINKI gene are likely to
exert a significant effect on splicing.

In our study, we initially employed a 0.20 threshold
score as defined in [12] for our analyses. It is crucial to
recognize, however, that the applicability of this thresh-
old score may not be uniform across different variant or
gene contexts, as reported in the literature [56, 57]. This
variation highlights the importance of a context-specific
approach when applying such thresholds. In light of
this, our extensive correlation analysis, encompassing all
variants analyzed using FLGSA (illustrated in Fig. 11),
revealed a noteworthy subtlety. Adjusting the cut-off
to 0.30, rather than sticking with the conventional 0.20,
resulted in more specific outcomes without compromis-
ing sensitivity. This adjustment indicates that even minor
modifications in threshold scores can considerably refine
the accuracy of our predictions, making them more
appropriately tailored to the unique characteristics of the
study gene. These findings underscore the significance
of integrating experimental assays with in silico tools in
genetic research. By doing so, we not only validate our
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methodologies but also pave the way for more advanced
and precise analyses in future studies.

While our data, derived from the functional analysis of
67 variants and subsequent correlation with SpliceAl pre-
dictions, strongly suggest that SPINKI coding SNVs with
a SpliceAl score below 0.20 are unlikely to significantly
affect splicing, we acknowledge the theoretical possibil-
ity of exceptions. This perspective is informed by studies
such as [56, 58], which demonstrate that low-scoring var-
iants in other genes can indeed influence splicing. Given
the larger number of SPINKI variants with scores under
0.20, a categorical dismissal of their potential impact
without functional analysis may be premature. However,
we assert that our extrapolation is grounded in a robust
dataset, providing a reasonable basis for our conclu-
sions while understanding the limitations inherent in any
extrapolative analysis.

To the best of our knowledge, this study represents
the first attempt to prospectively interpret all potential
coding SNVs in a disease-associated gene. Our findings
unveiled that within the SPINK1I gene, 2.17% of all poten-
tial missense variants, 0.61% of all potential synonymous
variants, but none of the potential nonsense variants have
an impact on splicing. In total, 1.67% (12 out of 720) of all
potential coding SNVs in the SPINKI gene were found to
alter splicing.

Among the 12 splice-altering variants, five (c.84A>G,
c.86A>@, c.87G>A, ¢.87G>C, and ¢.87G>T) led exclu-
sively or predominantly to aberrant transcripts. These
five variants can be classified as “pathogenic” and would
have been mislabeled as silent or missense variants
without the FLGSA assay. The remaining seven variants
exhibited aberrant to WT transcript ratios ranging from
1/21.72 to 2.97/1. In all these cases, the aberrant tran-
scripts—either retaining part of intron 1 or omitting the
entire exon 2—would yield a non-functional product.
However, when the aberrant transcript ratio is substan-
tially lower than that of the WT transcript, the variant in
question (e.g., ¢.55G > C with a ratio of 1/21.72) may not
be of pathogenic significance.

It’s important to acknowledge the limitations of our
FLGSA assay. For instance, like the minigene assay, our
experiments required transfected cells, which may not
always faithfully recapitulate in vivo conditions. How-
ever, findings from correlation of our FLGSA data with
SpliceAI and cross-comparisons of our FLGSA data
across different variants gave strong support to the valid-
ity of our FLGSA assay.

Conclusions

By integrating the FLGSA assay with SpliceAl predic-
tions, our study presents compelling evidence that 1.67%
of potential SPINKI coding SNVs exert a discernible
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impact on splicing outcomes. Our findings underscore
the critical necessity of conducting splicing analysis
within the broader genomic context of the target gene,
a perspective that can reveal splicing outcomes often
missed by conventional minigene assays. Additionally,
we emphasize the inherent uncertainties associated with
intermediate SpliceAl scores (ranging from 0.20 to 0.80),
highlighting the critical role of functional analysis in vari-
ant interpretation. Finally, our approach offers potential
implications for transitioning from 'retrospective” to
"prospective” variant analysis in other disease genes,
accelerating the full realization of precision medicine in
the exome sequencing or genome sequencing era.
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