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Congenital insensitivity to pain: a novel mutation
affecting a U12-type intron causes multiple
aberrant splicing of SCN9A
Margherita Marchia,*, Ilaria D’Amatoa, Mirna Andelica,b, Daniele Cartellia, Erika Salvia, Raffaella Lombardia,
Evren Gumusc, Giuseppe Lauriaa,d

Abstract
Mutations in the alpha subunit of voltage-gated sodium channel 1.7 (NaV1.7), encoded bySCN9A gene, play an important role in the
regulation of nociception and can lead to a wide range of clinical outcomes, ranging from extreme pain syndromes to congenital
inability to experience pain. To expand the phenotypic and genotypic spectrum of SCN9A-related channelopathies, we describe the
proband, a daughter born from consanguineous parents, who had pain insensitivity, diminished temperature sensation, foot burns,
and severe loss of nociceptive nerve fibers in the epidermis. Next-generation sequencing ofSCN9A (NM_002977.3) revealed a novel
homozygous substitution (c.37717T.G) in the donor splice site of intron 3. As the RNA functional testing is challenging, the in silico
analysis is the first approach to predict possible alterations. In this case, the computational analysis was unable to identify the splicing
consensus and could not provide any prediction for splicing defects. The affected intron indeed belongs to the U12 type, a family of
introns characterised by noncanonical consensus at the splice sites, accounting only for 0.35% of all human introns, and is not
included inmost of the training sets for splicing prediction. A functional study on probandRNA showed different aberrant transcripts,
where exon 3 was missing and an intron fragment was included. A quantification study using real-time polymerase chain reaction
showed a significant reduction of the NaV1.7 canonical transcript. Collectively, these data widen the spectrum of SCN9A-related
insensitivity to pain by describing a mutation causing NaV1.7 deficiency, underlying the nociceptor dysfunction, and highlight the
importance of molecular investigation of U12 introns’ mutations despite the silent prediction.
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1. Introduction

Congenital insensitivity to pain (CIP [MIM: 243000]) is an extremely
rare autosomal recessive disorder, characterized by the lack of
pain-related protective mechanisms against noxious stimuli, which
predisposes patients to self-mutilations, burns, and painless

fractures. In addition, patients with CIP can also experience
anosmia or hyposmia. Congenital insensitivity to pain is caused by
biallelic loss-of-function mutations in SCN9A, located on chromo-
some 2 (2q24.3),23 containing 27 exons and encoding the alpha
subunit of the voltage-gated sodium channel 1.7 (NaV1.7).
Conversely, mutations inducing a gain of function in NaV1.7 have
been shown to cause Mendelian human pain disorders, such as
inherited erythromelalgia6,24 and paroxysmal extreme pain disor-
der.10 The channel NaV1.7 is predominantly expressed in the
peripheral nervous system and olfactory sensory neurons and
shares structural similarity with other mammalian voltage-gated
sodium channel subtypes (NaV1.1 to NaV1.6, NaV1.8, and
NaV1.9).

4,12 Genetic, structural, and functional studies have
demonstrated the contribution of NaV1.7 within the spectrum of
human pain disorders.7 Some gain-of-function variants in NaV1.7
have been associated to more common acquired pain disorders
such as small fiber neuropathy9 and painful diabetic neuropathy.3

Thirty-one single nucleotide substitutions and 19 ins/del variations
inSCN9Ahavebeenpreviously identified in subjectswithCIP.20Most
of them are frame-shift, nonsense, or splicing mutations, and all
producing nonfunctional truncated NaV1.7 channels. Missense
mutations are extremely rare with only 6 intronic variants having
been reported, all located in the consensus sequence of splice sites,
within 5bp from exon junction,2,8,13,14,16,21 and only 2 of them are
supported by transcript analyses.

We report the molecular characterization of a novel intronic
mutation affecting the donor splice site of intron 3, c.37717T.G
(ClinVar: SCV001738328.1), identified in a pediatric patient
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diagnosed with CIP. The affected intron belongs to the U12
family, characterized by a noncanonical AT-AC sequence at the
splice sites, recognized by a functionally relevant U12-dependent
spliceosome defined as the minor spliceosome. In most of the
cases (98.7%), the exon or intron boundary sequences contain
GT and AGmotifs at the 59 and 39 ends of the intron, respectively,
whereas noncanonical AT-AC sequences at the splice sites
occur only in 0.09% of the human intron splice sites.

Consequently, atypical splice sites are generally not present in
the training sets of bioinformatic splicing prediction tools, with a
certain number actively excluding such introns from model
training.18,22 Thus, U12-type introns remain largely unexplored,
although such introns are enriched in genes that represent a
restricted and conserved set of functional classes and pathways
related to DNA replication and repair, transcription, RNA
processing, translation, cytoskeletal organization, vesicular
transport, and voltage-gated ion channel activity. Both the
identities of genes carrying U12-type introns and their positions
within the genes are evolutionarily conserved.22

The aim of this study was to widen the spectrum of pathogenic
mutations in CIP syndrome and to provide further insight on the
underestimated impact of variants affecting atypical introns.

2. Material and methods

2.1. Case report

The proband, an 8-year-old girl, was born from consanguineous
parents (first-degree cousins). From birth, although urinary in-
continence was not observed, the patient had a history of frequent
urinary tract infections. From infancy, the parents realized their
daughter did not react normally to painful stimuli while playing and
interacting with the environment. In addition, the patient’s
susceptibility to burns, which is the key finding of the disease, is
clearly seen. The most valuable finding suggesting the disease is
that the patient especially puts her hand on the burning stove and
does not withdraw her hand despite the third-degree burn that
caused tissue loss. The intelligence quotient was 88. The
neurological examination showed isolated impairment of nocicep-
tive and thermal sensation. Hearing and smell were normal, as well
as tactile and proprioceptive sensation and deep tendon reflexes.
Nerve conduction studies showed normal amplitude of sensory
and motor action potentials, and needle electromyography
showedmotor unit potentials with normal morphology on all limbs.
Brain magnetic resonance imaging was normal. Abdominal
ultrasound revealed lack of ovarian tissue and a hypoplastic uterus.

Previous genetic screening revealed karyotype rearrangement
(47, XXX) that explained the urogenital tract abnormalities and
found no mutations in NTRK1 gene. A homozygous mutation
c.37717T.G was identified in SCN9A at the beginning of intron
3. Parents were heterozygous carriers of this mutation. This
nucleotide variant was not reported either in the literature or in the
public mutations database dbSNP (build 154). In an adjacent

position, another point mutation located 3bp upstream
(c.37715C.T; rs200972952) is reported as pathogenic in the
ClinVar database in association to CIP, although no functional
evidence is provided.8

2.2. Skin biopsy

Skin biopsy was taken at the distal site of the leg (10 cm above the
lateral malleolus in the territory of the sural nerve) using a
disposable 3-mmpunch under sterile conditions after intradermal
anesthesia with lidocaine. Immediately after sampling, the biopsy
was submerged in Zamboni fixative (American MasterTech
Scientific) and stored at 4˚C. Subsequently, samples were rinsed
with 20% sucrose cryoprotectant solution and cryosected in 50-
mm-thick sections. Intraepidermal nerve fiber density (IENFD) was
evaluated on sections immunostained with polyclonal antiprotein
gene product 9.5 (1:500, Ultraclone) by using the free-floating
protocol.5,15 Intraepidermal nerve fiber density was calculated on
3 sections by bright-field microscopy.

2.3. Confocal microscopy

Skin biopsy sections were stained with the following primary
antibodies: rabbit anti-human PGP 9.5 (1:400) and mouse anti-
human collagen IV (clone CIV 22, 1:20, Dako), secondary goat
anti-rabbit IgG Alexa 555, goat anti-mouse Alexa 488, and TO-
PRO-3 (1:2000, Thermo Fisher Scientific). The imageswere taken
with oil immersion 63x/1.4 NA objective by using an inverted
TCS-SP8 confocal microscope (Leica Microsystems).

2.4. Genetic analysis

Genomic DNA from the proband and her mother was extracted
from peripheral blood sampling using the Gentra Puregene Blood
Kit (QIAGEN), according to the manufacturer’s instructions. The
presence of the mutation was verified with Sanger sequencing
using a primer pair covering SCN9A exon 3 and its flanking splice
sites (Table 1). Amplicons were purified with Illustra ExoProStar
1-Step (GE Healthcare) and bidirectionally sequenced. Intron 2
was amplified using an upstream oligonucleotide at 500bp from
exon 3 and a downstream oligonucleotide at the end of intron 2
(Table 1). The amplification products were separated on a 2%
agarose gel, and DNA fragments were cropped out from the gel
and purified using the Invitrogen PureLinkQuickGel Extraction Kit
(Thermo Fisher Scientific) and then sequenced. Mutation
nomenclature and nucleotide positions are referred to SCN9A
transcript NM_002977.3 (human reference release GRCh37).
Primers were designed by the Primer3Plus online tool.

2.5. Transcript analysis

Total RNA of the proband and her mother was extracted,
according to the manufacturer’s instructions, from peripheral

Table 1

Primers used for genomic DNA amplification and Sanger sequencing.

Amplicon size (bp) Oligo sequence (59-39) Ta (˚C) Cycles n.

Exon 3 346 TGGAGTCTGATGGCAGTGTT—Fw

CCAGAGTCTTTCAAGGTGCAA—Rev

57 30

Intron 2 508 ACTCTGACGTTCCTTCAACTT—Fw

CTGCAGGAGGAAAAAGAAAGGA—Rev

56 30

Fw, forward primer; Rev, reverse Primer; Ta, annealing temperature; Cycles n., amplification cycles number.
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blood collected in PAXgene Tubes, using the PAXgene RNA
extraction Kit (all by QIAGEN), and processed with the Invitrogen
TURBO DNA-free Kit (Thermo Fisher Scientific). Retrotranscription
was obtained by using the Invitrogen SuperScript IV VILO cDNA
Synthesis Kit (Thermo Fisher Scientific), and the region of interest
was amplified with specific oligonucleotides hybridizing exon 2 and
exon 4 (Table 2). Amplicons were separated on a 4% low-melting
agarose gel, different-sized fragments were cropped out, and
purifiedwith the InvitrogenPureLinkQuickGel ExtractionKit (Thermo
Fisher Scientific) and then sequenced. Selective polymerase chain
reaction (PCR) for WT transcript amplification was performed using
specific forward oligonucleotide, targeting the junction between
exon 2 and exon 3, and a reverse oligonucleotide matching the
junction between exon 5 and 6 (Table 2). The amplification product
was purified with Illustra ExoProStar 1-Step (GE Healthcare) and
bidirectionally sequenced. Primers were designed by the Primer3-
Plus online tool. All the fragmentswere sequenced using the Applied
Biosystems BigDye Terminator v1.1 Cycle Sequencing Kit on an
AppliedBiosystems3130xlGenetic Analyzer System (ThermoFisher
Scientific).

2.6. RNA isolation and quantitative real-time polymerase
chain reaction from skin biopsy samples

Total RNA was isolated from the two 50-mm skin biopsy sections
per subject using the truXTRAC FFPE total NA Kit-Column
(Covaris), according to the manufacturer’s instructions. RNA was
eluted in 30 mL of Covaris Elution buffer, and the whole amount
was reverse-transcribed by the Invitrogen SuperScript VILO
cDNA Synthesis Kit (Thermo Fisher Scientific). For real-time PCR,
the Applied Biosystems TaqManGene expression assay (Thermo
Fisher Scientific) was used following the manufacturer’s instruc-
tions on cDNA specimens in duplicate, using Applied Biosystems
TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific)
and mix containing specific probes: SCN9A spanning exons 2 to
3 (Hs01076716_m1 Life Technologies) and GAPDH

(Hs03929097_g1, Life Technologies). RT-qPCR experiments
were performed on the Applied Biosystems ViiA 7 Fast Real-
Time PCR System (Thermo Fisher Scientific) using the following
cycling protocol: enzyme activation on 92˚C for 20 seconds,
followed by 40 cycles of denaturation at 95˚C for 1 second and
annealing at 60˚C for 20 seconds. Relative quantification was
assessed using themean values of the PCR duplicates for 22DDCt

calculation.

3. Results

The IENFD at the lower limb was normal in themother (18.9 IENF/
mm, cut-off value 7.1 IENF/mm) and reduced in the proband (5.4
IENF/mm, cut-off value 8.4 IENF/mm) (Fig. 1). The cut-off values
used to assess the epidermal innervation originate from the
worldwide normative study15 and are sex-dependent and age-
dependent, starting from 20-year-old subjects. Because IENFD
gradually declines with age, this result suggests severe small-
fiber reduction in the young patient.

Sanger sequencing confirmed the homozygous mutation
c.37717T.G (ClinVar: SCV001738328.1) in the young patient,
whereas the healthy mother was heterozygous (Fig. 2). A
biological sample was not available from the healthy father.

The in silico splicing prediction analysis on c.37717T.G (see
Supplementary material, available at http://links.lww.com/PAIN/
B534) failed to recognize the splice site in this region and was
unable to predict any alterations in splicing.

To prove the consequence of themutation c.37717T.Gon pre-
RNA maturation, we focused on SCN9A transcript analysis in the
proband, her mother, and 1 unrelated healthy control, which
revealed the presence of a band weighted approximately between
300 and 320bp, as expected for the 311bp canonical transcript. A
second, shorter, band sized to approximately 190bp was present
only in the proband and, more subtly, in her mother, but not in the
healthy control (Fig. 3A). All the bandswere croppedout andpurified
for direct sequencing.

Table 2

Primers used for cDNA amplification and Sanger sequencing.

Amplicon size (bp) Oligo sequence (59-39) Ta (˚C) Cycles n.

Exon 2–4 311 AGTGACTTGGAAGCTGGCAA—Fw

TTTTTGGTCCAGTCCGGTGG—Rev

57 35

Selective WT 364 TGCAGACAAAAAGACTTTCATAGT—Fw

TTCTGTTAAATACGCAAAAACAATGA—Rev

57 35

Fw, forward primer; Rev, reverse primer; Ta, annealing temperature; Cycles n., amplification cycles number. The underlined letters indicate the splice junctions.

Figure 1.Confocal images of skin biopsies taken from an unrelated healthy control, from the proband’s mother, and from the proband, showing severe reduction
of intraepidermal nerves innervating the skin of the young proband. Nerve fibers are colored in red (PGP: protein gene product 9.5), basal membrane in green
(ColIV: collagen type IV), and cell nuclei in blue (TO-PRO-3). Scale bar: 20 mm.
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Sanger sequencing of the transcript corresponding to the300bp
band, isolated from theagarose gel (Fig. 3B), revealed amisspliced
transcript in the proband, characterized by the skipping of exon 3
and a partial retention of intron 2, which is joined to a noncanonical
isoformof exon 4 (Fig. 3C andSupplementarymaterial, available at
http://links.lww.com/PAIN/B534), corresponding to the

ENST00000303354.6, from now on it will be named as
SK3_INT2_ENST354. The corresponding band in the mother
was composed by the same misspliced transcript identified in the
proband, together with the 311bpWT transcript (Figs. 3B and C).
The similar length between the exon skipping (119bp) and the
intronic retention (129bp) results in the heterozygous mother as a
unique band with a weight comparable with the wild-type allele,
ranging from 300 to 320bp. Thus, the sequence of the
heterozygous mother showed overlapping electropherograms:
one representing theWT transcript and the other corresponding to
the misspliced isoform. Sanger sequencing of the lower band
showed the presence of a transcript without exon 3 joined with the
noncanonical exon 4 splice acceptor site, corresponding to the
SCN9A isoform ENST00000303354.6. Henceforth it will be
conventionally named as SK3_ENST354 (Fig. 3C).

The sequencing was extended to intron 2 to exclude that
splicing rearrangements were caused by a different nucleotide
variant. The sequencing of the intronic region, up to 500bp
upstream from exon 3, in the samples, did not reveal any other
mutation that could account for partial retention of intron 2.

To investigate whether a minimum amount of the canonical WT
transcript was present in the proband, we designed WT-selective
primers (Table 2) to exclude the amplification of the 2 aberrant
transcripts and avoid quantitative bias in PCR amplification. Even if
only weakly represented when compared with controls, there was
a slight signal of amplification in the proband, which was confirmed

Figure 2. Electropherograms from the genomic sequencing of the exon
3–intron 3 splice junction, showing the presence of the transversion
c.37717T.G, homozygous in the proband (A) and heterozygous in the
mother (B). The nucleotide substitution is localized 7 nucleotides downstream
from the exon boundary, adjacent to the splicing consensus sequence.

Figure 3. (A) Image of 4% low-melting agarose gel. The upper bands detectable in all the samples have the same dimension of the expected WT transcript. The
lower bands, corresponding to a shorter fragment, occurred only in the proband and the mother. Lanes—P: proband; M: mother; C: unrelated control; NTC: no
template control. (B) Electropherograms of the 2 misspliced transcripts of SCN9A in the proband. Above: Sequence of the SK3_INT2_ENST354 transcript
showing the partial retention of intron 2 and the loss of exon 3. Under: Sequence of the SK3_ENST354 transcript characterized by the absence of exon 3. In both
themisspliced cases, the noncanonical isoform of exon 4 (ENST00000303354.6) is used. (C) Schematic representation of the transcripts, revealed by sequencing
of the bands cropped out from the agarose gel. In the mother, the sequencing of the longer band revealed the presence of 2 overlapped transcripts, one
corresponding to theWT allele and the second one with the deletion of exon 3 together with a partial retention of intron 2 and extra 4bp at the beginning of exon 4,
corresponding to the noncanonical isoform of SCN9A ENST00000303354.6 (SK3_INT2_ENST354). The shorter band shows a transcript lacking exon 3 and
presenting the same noncanonical splice junction isoform ENST00000303354.6 of exon 4 (SK3_ENST354). In the proband, the upper band corresponds to the
SK3_INT2_ENST354 transcript and the lower band represents the SK3_ENST354 transcript.
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to correspond to the canonical transcript by Sanger sequencing
(Fig. 4). Toassess the relative amount ofWT transcript between the
homozygous daughter, the heterozygous mother, and unrelated
healthy subjects, relative quantification was performed by TaqMan
Assay on RNA extracted from both peripheral blood and skin
biopsy. We selected a TaqMan probe capturing selectively theWT
transcript, hybridizing the junction between exon 2 and 3. The
expression of SCN9A in the proband was reduced by 12.5-fold in
the skin and by 25-fold in the blood, compared with healthy
controls (Table 3 and Table S1, http://links.lww.com/PAIN/B534).

The translation prediction of the misspliced transcript SK3_IN-
T2_ENST354 showed an out-of-frame reading, starting from
lysine 86, which prematurely stops after 2 amino acids
(p.Lys86fs2Stop). Similarly, the translation of the transcript
SK3_ENST354 ends prematurely with a stop codon after 12
out-of-frame amino acids (p.Lys86fs12Stop), resulting in an
overall shortage of functional NaV1.7 (supplementary material,
available at http://links.lww.com/PAIN/B534).

4. Discussion

In this study, we described a novel intronic mutation in SCN9A

leading to complex splicing alterations during transcript matura-
tion as evidenced in the proband.

SCN9A encodes the alpha subunit of the voltage-gated
sodium channel NaV1.7, which plays an important role in

nociception signalling, and its mutations are associated with a
wide range of clinical features, ranging from extreme pain
syndromes to congenital inability to experience pain.

Among the 50mutations in SCN9A known to cause CIP, only 6
intronic variants have been reported to date, most without any
supporting evidence of pathogenicity. As the functional testing is
challenging, many in silico algorithms were developed to test for
possible splicing alterations.1 However, atypical intron types are
generally absent in the training sets of the splicing prediction
tools, which fail to recognize the canonical splice site in this region
and are unable to predict any alterations in splicing. This inability is
due to the presence of a noncanonical AT-AC sequence at the
splice sites, occurring only in 0.09% of the splice site pairs and
characterizing the U12-type introns, processed by the “minor
spliceosome”, differing from the “major spliceosome” for di-
vergent consensus sequences at 59 splice sites and branch
point.1 Atypical splice sites globally comprise just 1% of the
human introns and therefore do not feature prevalently in training
sets for in silico prediction of splicing effects, resulting particularly
difficult to predict.18 Although the relative occurrence of
mentioned introns is low, they nonetheless represent a source
of pathogenic variants, with mutations affecting the U12 59 splice
sites of introns in the STK11 and TRAPPC2 disorder genes being
shown to cause Peutz–Jeghers syndrome11 and spondyloepi-
physeal dysplasia tarda,19 respectively.

This study provides evidence that the SCN9A intronic variant
c.37717T.G causes complex aberrant splicing rearrangements,
despite the uninformative in silico predictions. Direct sequencing on
cDNA showed that the intronic substitution c.37717T.G induces
the generation of several different transcripts, containing cryptic
exonsandmissing the canonical one (Fig. 4). As recent researchhas
underlined, when the splice site is weak, as in this case study, a
mutation can reveal cryptic splice sites in an adjacent exon or intron
which can, in turn, be used in the splicing process. Such splicing
mutations are commonly defined as type IV.1 In this patient, the small
amount of WT SCN9A transcript is not enough to sustain proper
nociceptive sensation, as emerged from the medical history, in
which any pain after falling, hitting, and injury was referred. The
minimum amount of physiologically functioning sodium channels
able to guarantee nociceptive stimuli generation and convey is still
unknown, as well as the reduction of sensory fibers in patients with
CIP.17

In conclusion, our findings widen the spectrum of pathogenic
mutations associated with CIP and highlight the importance of
underestimated intronic variants, particularly when affecting
weak noncanonical splicing consensus. The promising results
of the ASO-based therapies demonstrate that the treatment of
genetic disorders caused by splicing defects is possible1 and
shed light on the importance of the identification of these
mutations in individuals affected by rare and therapeutically
challenging diseases.

Figure 4.Graphical representation of the alternative transcripts sequenced. (A)
Canonical transcript with exon 2, 3, and 4, corresponding to the amplicon
311bp long. (B) SK3_INT2_ENST354 corresponds to the 325bp amplicon and
consists of the end of exon 2, a 115bp fragment of intron 2 and an exon 4with a
noncanonical splice site, sited 4bp upstream (ENST00000303354.6). Exon 3
is skipped. (C) SK3_ENST354 represents the shorter amplicon, which is
129bp long, lacks exon 3 and is joined to the same noncanonical exon 4 splice
site (ENST00000303354.6).

Table 3

Quantitative real-time PCR analysis of SCN9A expression in the skin and in the blood.

Tissue Sample Avg Ct SCN9A Avg Ct GAPDH DCt DDCt 22DDCt Fold change reduction (21/22DDCt)

Skin Proband 39.61 28.03 11.58 3.73 0.08 212.5

Mother 38.66 28.15 10.51 2.66 0.16 26.25

HCs (group) 36.46 28.61 7.85 0 1 —

Blood Proband 35.8 23.2 12.7 4.6 0.04 225

HCs (group) 32.4 24.3 8.1 0 1 —

The expression of SCN9A is normalized vs GAPDH housekeeping gene and is calculated as 22DDCt using as calibrator the aggregated average expression of a group of 2 healthy controls for the skin and 4 healthy controls for

the blood. The relative amount of SCN9A is reported as fold change reduction in expression (negative inverse of the 22DDCt). HCs: healthy controls; Avg Ct: average threshold cycle. Ct values for individual samples are reported

in supplementary material, Table S1, http://links.lww.com/PAIN/B534.
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Furthermore, to the best of our knowledge, there are only 2
reported cases in the literature of human diseases caused by
U12-type splice site mutations: the autosomal dominant Peutz–
Jeghers syndrome and the X-linked recessive disorder spondy-
loepiphyseal dysplasia tarda. The variant we have described is
the firstmutation at the splice sites of U12-type introns associated
with an autosomal recessive disorder and within the spectrum of
pain-related disorders.

Conflict of interest statement

The authors have no conflicts of interest to declare.

Acknowledgements

The authors acknowledge Ms Maruska Nizzi, British Council,
Milan, Italy, for language editing.
This study was supported by grants from the European Union’s
Horizon 2020 research and innovation programme Marie
Sklodowska-Curie grant for PAIN-Net, Molecule-to-man pain
network (grant no. 721841). The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.
Editorial Policies andEthical Considerations: Ethical approval was
granted from both institutions, and written consent was obtained
from the mother also on behalf of the underage patient.
Data Availability Statement: The data that support the findings of
this study are available in the supplementarymaterial of this article
at http://links.lww.com/PAIN/B534.

Appendix A. Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PAIN/B534.

Article history:
Received 4 August 2021
Received in revised form 19 October 2021
Accepted 1 November 2021
Available online 15 November 2021

References

[1] Abramowicz A, Gos M. Splicing mutations in human genetic disorders:
examples, detection, and confirmation. J Appl Genet 2018;59:253–68.

[2] Bergant G, Maver A, Lovrecic L, Čuturilo G, Hodzic A, Peterlin B.
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