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Abstract
To a greater or lesser extent, genetics plays a role in all diseases. Variations in our DNA and differences in how that DNA
functions, coupled with our environment, lead to disease. It investigates the genetic basis of human disease, including singlegene disorders, chromosomal imbalances, epigenetics, cancer, and complex disorders, as well as how our understanding and
technological advances can be applied to the provision of appropriate patient diagnosis, management, and therapy. Mutations
that alter splicing play a significant role in rare diseases but are often overlooked by diagnostic sequencing pipelines.
Increasing our understanding of pathogenic splicing variants will lead to better diagnostic yields for patients and their families,
and will improve treatment and care strategies. Although recent advances in sequencing technologies, predictive modeling,
and understanding of splicing mechanisms have made it possible to detect and interpret splice affecting variants more
accurately, several limitations still prevent their routine ascertainment in diagnostic testing.
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Introduction
Genomic medicine is based on the idea that Mendelian traits
have genetic changes that are both preventative and
therapeutic treatments that rarely occur (Baird et al., 1988)
[9]
about 8000 distinct disease traits have been identified to
date (Ayme et al., 1998). The Rare single nucleotide
variants, copy number variants that have been many
Mendelian conditions, which leads to the single gene (Harel
et al.,2018) [26]. The study of Mendelian conditions had a
substantial impact on our understanding of genomic and
molecular mechanisms of rare human diseases, and many
discoveries which have helped us to understand common
conditions. It also highlights the amount of additional
research that needs to be done, since 20% of proteins coding
for human disease genes have been definitively associated
with a human phenotype to date. Research from the Human
Genome Research Institute (NHGRI) and National Heart,
Lung, and Blood Institute (NHLBI)-funded Centers for
Mendelian Genomics has revealed a steady trajectory of 263
new discoveries annually. Wider availability of ES has
enabled elucidation of the molecular and genomic
architecture of Mendelian conditions (Posey et al., 2019)
[36]
. With the decline in next-generation sequencing costs,
genome sequencing (GS) is now widely accessible across all
fields of research and medicine, as well as both research and
clinical applications (wetter strand; 2019)
Rare Diseases
There are approximately 7000 rare diseases, many of which
are life-threatening or chronically debilitating (Amberger et
al., 2015). It takes an average of 4.8 years to diagnose a rare
disease accurately, and more than seven physicians or
specialists may be involved. Diagnosis is often a long and

tedious process with rare diseases that burden the patient
tremendously stresses patients and their families, and
challenges the current healthcare system genetic diagnosis
may benefit rare disease patients and their families. There is
no direct link between genetic diagnosis and treatment
options, so physicians will continue to treat symptoms
according to likely prognosis, albeit more informed (Wright
et al., 2018) [49].
Sequencing-based genetic diagnosis: Challenges and
Opportunities
New genomics technologies, such as next-generation
sequencing (NGS), are extensively applied in research and
offer great potential in clinical settings. NGS-based genetic
testing has improved the invention of genetic variants in rare
diseases, but there's still a translational gap between NGSbased genetic testing and clinical implementation. Many
factors contribute to the suboptimal translation of NGS
technology into the diagnosis of rare diseases. An NGSbased genetic test's acceptance and uptake are driven by the
demonstration of a clear benefit for patients, driving
physician decision-making (Shendure et al., 2017) [44]
NGS has several challenges to overcome before it can
deliver its full potential to patients, clinicians, and society.
Genetic testing based on NGS can produce accurate and
reproducible results that can support clinical decisionmaking for the diagnosis of rare diseases. A better definition
of genetic testing for the diagnosis of rare diseases is
necessary to address this matter. In addition, there should be
a seamless and harmonized relationship among genetic
testing service providers, physicians, and patients.
Figure 1.
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Fig 1

There are so many genetic disorders, so it is impossible to
include more than a few examples in this review. These
include
Genetics
Home
Reference
(http://ghr.nlm.nih.gov/edu/>),
Gene
Reviews
(The
'Education' section at the National Human Genome
Research Institute (https://www.genome.gov/education/),
and
Online
Mendelian
Inheritance
in
Man
(http://www.omim.org/) are particularly useful on this

topic.).
Mutations refer to any heritable change in the DNA
sequence, where heritable refers to somatic cell division. A
change in DNA may have no consequence but can
sometimes cause observable differences within the
individual. Furthermore, this terminology carries negative
implications and brings to mind the 'mutants in science.
Variants may be further classified as benign or pathogenic.

Table 1: Research Agency for Cancer Variant Classification
Variant classification
5
4
3
2
1

Description
Precautionary recommendations
Investigation required
Surely pathogenic Complete high risk precaution as current guidance. Genetic testing for all family members
Relative pathogenic Complete high risk precaution as current guidance. Genetic testing for all family members
Precaution base on family history and other known
Uncertain
No genetic testing required.
factors.
Relative non
Cure as if “no mutation” detected
No genetic testing required.
pathogenic
Surely not pathogenic
Cure as if “no mutation” detected
No genetic testing required.

Although increasing numbers of human DNA variants are
identified. We are still unsure of the effect; these are termed
variants of uncertain significance or VUS (Table 1). There
are many different DNA variations in a population, referred
to as alleles, and each allele represents a particular variation.
Minor allele frequency has a 1% variant, so-called
polymorphism.
Variants affecting only one nucleotide
Mutations affecting only one nucleotide are termed single
nucleotide variants or single nucleotide polymorphisms
(Figure 2) depending upon the minor or allele frequency.
The human genome is estimated to contain at least 11
million SNPs.

Additions and deletions
Deletions and insertions of less than 1000 bp are also
relatively common in the human genome, with the smallest
indels being the most frequent.
Structural variations
These affect DNA segments longer than 1000 base pairs (1
kb). They include translocations, inversions, large deletions,
and copy number variants. Copy number variations are
segments of our genome with sizes ranging from 1000 to
millions of base pairs and copy numbers ranging from zero
to several copies in healthy individuals (Figure 2).
According to the analysis of many human genomes,
approximately 12% of the human genome sequence contains
CNVs. CNVs may include entire genes in their most
extensive forms.
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Fig 2: Different types of variations in human genomics.

Is splicing mutation-caused disease common?
The ATM and NF1 gene analysis estimate that about half of
all disease-causing variants affect splicing. Scientists
detected 44 changes in 52 patients with neurofibromatosis
using cDNA genotyping. The majority of them disrupted
splicing, including splicing variants, near-splice variants,
and missense variants. The researchers examined 62
changes in ATM associated with ataxia-telangiectasia and
found that half affected splicing. Both estimates rely on
relatively small numbers of variants affecting single genes
from cohorts of patients with certain disorders, which causes
some bias in ascertainment and does not give a reliable
estimate of the percentage of variants affecting splicing
across the human genome (Teraoka et al., 1999; Ars et al.,
2000) [46, 3].
A massively parallel approach to testing the effects of
splicing can accurately quantify which variants disrupt
splicing. Several examples have been published in recent
years using saturation mutagenesis to examine all possible
single nucleotide changes, generally focusing on short exons
in disease-associated genes (Mueller et al., 2015) [35]. The
group identified by 23% of identical variations decreased
the inclusion of exon 7 to 70% of the mutant allele level
(Soucek et al., 2019).
Randomly mutated minigenes were used to test alternative
splicing of exon 11 in the gene RON (Braun et al., 2018)
[10]
. In the minigenes, which covered exons 10-12, including
complete introns, there was an average of 3.6 variants in
97% of positions. To measure the impact of individual
variants, a linear regression method was employed. In
addition, 45% of constructs showed a change in inclusion
level >10%, with a regression predicting over 90% of all
positions in exon 11, and at least 50% of flanking intronic
and exonic positions had at least one variant that affected

isoform usage >5%. Invasive tumors are associated with
transcripts lacking exon 11 (Collesi et al., 1996) [17]. Around
70% of all variants increased or decreased exon inclusion in
some way. Around 65% of SNVs affected splicing, while
around 72% of double mutations affected it (Ke et al.,
2018).The multiplexed functional assay of splicing using
sort-seq is a reporter system based on constructs of 3 exons
and two introns, where skipping of the central test exon
reconstitutes fluorescence. DNA sequencing is used to
identify constructs, with normalized read counts being used
to generating an inclusion index for that construct (Cheung
et al., 2019) [12].
Predictions based on silicon
Many different tools are available to predict the impact of
variants on pre-mRNA splicing. Still, there is no consensus
on using them optimally, limiting their use in research and
clinical settings. Under the American college of medical
genetics and genomics guidelines, predictions from in silico
tools may be used (Richards et al., 2015) [42]. In silico
splicing, prediction tools must meet several criteria for
integration into a clinical setting. First, the tool must be able
to predict the functional impact of variants, which we will
discuss below. Secondly, the tool should be easy to
implement and the output should be easy to interpret. In
addition, a single integrated platform for splicing
abnormalities and other types of variation is likely to
streamline analysis. Several tools for splicing prediction into
a dedicated in silico splicing prediction window, including
Max EntScan (Yeo and Burge, 2004) [50] and NNSPLICE
(Reese et al., 1997) [41] for predicting disruption to, or gain
of, canonical splice sites, and ESEFinder (Cartegni et al.,
2003) [11]. Alamut enables easy comparison of wild-type and
variant sequences and can generate a report on splice sites
or splicing enhancers (Wai et al., 2020) [47].

Table 2
Minisattellites
Microsatellites
Minisattellites
Microsatellites
Number
Approximately 1500
Approximately 500000
Mainly near the ends of chromosomes
Locations within our genome
Scattered throughout the length of all chromosomes
(telomeres)
Element repeat length1
Approximately 10 to >100 bp
(12) 2 to approximately 6 bp
Number of repeat units within the array Usually from approximately 60 to >1000
Usually ∼6 to ∼14
DNA fingerprinting
DNA profiling; genetic linkage studies
Variable number tandem repeats
VNTR, short tandem repeats (STR), simple sequence
(VNTR)
repeats (SSR)
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1.

RNA-seq Analysis of Splicing
The major studies by using transcriptome for using different
diseases and major group RNA-seq are rare in muscle
disorders. In this study, muscle tissue mRNA was
sequenced from 63 patients with suspected monogenic
muscle disorders and compared to 184 control samples from
the Genotype-Tissue Expression project (Cummings et al.,
2017) [19]. There are different tissue types which have been
developed for gene expression analysis like panel gene
expression which have been introduced by different scientist
(Gonorazky et al., 2019) [20]. With the GTEx data, it allowed
comparisons of gene expression and exon splicing patterns
in different tissues. Users can search for a gene, or gene
panel of interest and compare across tissues to establish the
most appropriate tissue to capture the RNA profile of
interest (Aicher et al., 2020) [1].

2.

3.

Materials certified to be biological
The best way to address systematic errors is to use a
reference standard approach to evaluate diagnostic
performance and reproducibility, and to establish best
practices for variant calling. (Hardwick et al., 2017) [21].
Several professional organizations have recommended
calibrating NGS measurements routinely with reference
standards.
Development of reference materials, including wellcharacterized cell-based genetic materials and synthetic
spike-in controls (li et al.,2018) Several laboratories now
use Genome in a Bottle Consortium (GIAB) reference
samples (e.g., NA12878) as process controls to estimate
detection limits, ensure repeatability and reproducibility,
and calibrate their NGS workflow (zook et al.,2016) [27, 52].

4.

The development of pan-ethnic reference materials.
Genetic variations across global populations vary,
resulting in regions with low complexity, low GC
content, or repetitive sequence differences. Ethnic
population-based reference material may not be
adequate to cover genetic variants associated with rare
diseases that have a wide geographical distribution and
diverse epidemiology(consortium et al.,2015) [18].
Reference materials spiked to take account of matrix
effects. The variant distribution within formalin-fixed,
paraffin-embedded, or liquid biopsy-based samples
from rare disease patients may be very different from
that seen in normal tissues (Robbe et al.,2018) [43].
Rare disease-specific reference materials. Healthy
donor-based reference material may only cover a tiny
proportion of the causative variants of rare diseases. A
solution that may be feasible is to refine the
development of reference material using human
induced pluripotent stem cells that harbor pathologic
variants. Genetic Testing Reference Materials
Coordination Program (GET-RM) efforts aim to
coordinate a self-sustaining community effort to
improve the availability of suitable and characterized
reference materials for inherited diseases and
pharmacogenomics (Kalman et al., 2016) [27].
Reference material development through genome
editing. Recent advances in bioengineering, including
genome editing, can be used to introduce specific
genetic variants into cells. It will lead to synthetic
reference material that includes causal variants for rare
diseases (Zhang et al., 2017) [51].

Fig 3
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Conclusion
Splicing errors have severe consequences on gene function
that lead to disease. By developing a multiplexed functional
splicing assay using Sort-seq, we explore how genetic
variation affects exon recognition. Exome Aggregation
Consortium variants found within or adjacent to 2,198
human exons accounted for 3.8% (1,050) of large-effect
splice disrupting variants. Importantly, we find that 83% of
SDVs are situated outside of canonical splice sites, are
distributed evenly between distinct exonic and intronic
regions, and are difficult to predict a priori. It appears that
even outside the context of disease, extant, rare genetic
variants can have significant functional effects on splicing
and allows their empirical assessment at scale. With the
advances and improvements discussed in this review, we are
closer than ever to identifying and determining the effects of
variants on splicing. The discovery of these variants in the
clinic could significantly impact diagnostic yields across
rare diseases. The rise of splice-modifying therapies offers
hope to those suffering from rare disorders. However, there
is still a great deal of work to do, and the potential reward
for the effort would be invaluable.
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