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2.1 Abstract

The human genome, over three billion nucleotides in size, collects changes over time
that become part of the naturally existing variation in the population. In the case of
a genetic disorder, of all these variants, only one or two are usually associated with the
presented condition. Finding these variants in such large data sets is truly like searching
for a needle in a haystack. This chapter describes the types of genetic variation and
their possible consequences, as well as various standards and their importance related to
describing, interpreting, and reporting genetic variants and phenotypes. Some important
points to consider when classifying variants are discussed, as well as general challenges and
considerations to keep in mind when performing sequencing analysis.



2.2 Introduction

The human genome, the collection of our entire DNA sequence, is often referred to as
“the book of life” Decades of research have brought us releases of the human genome
complete enough to allow for various applications, including clinical diagnoses. The latest
of such releases, the Genome Reference Consortium's GRCh38 reference genome build, was
completed in December 2013 and consists of over 3 billion letters (nucleotides). In our body,
almost all DNA is present in two copies: one maternal and one paternal copy. Every time
a cell in our body divides, both copies need to be duplicated (replicated), a process that is
very precise but not without errors. These errors will be copied and passed on to the next
generation, and over time, the human DNA sequence slowly changes. The speed at which
this happens, the mutation rate, is estimated to be around 1.5 nucleotides per year,III with
estimates ranging between 36 and 63 changes (variants) passed on to the next generation.2?
Most of these variants do not cause disease but become part of the naturally existing variation
in the population.

Nowadays, we are able to determine the sequence of a human individual within a few days.
Since, especially on a global scale, the natural variation in the human DNA is high, comparing
a person’s DNA to a standard reference sequence is not without problems. Compared to the
reference, an average human genome contains about 4 million variants, while an average
exome analysis (i.e., analysis of all protein-coding sequences) returns some 40,000 variants. In
the case of a genetic disorder, of these variants, only one or two are usually associated with
the presented condition. Finding these variants in such large datasets is truly like searching for
a needle in a haystack. Being able to see the difference between the vast majority of benign
variants and the few disease-causing (pathogenic) variants, requires a good understanding
of the different types of variants and the possible consequences these variants have on the
function of the genes they affect.

This chapter describes the types of genetic variation and their possible consequences, as well
as various standards and their importance related to describing, interpreting, and reporting
genetic variants and phenotypes. Some important points to consider when classifying
variants are discussed, as well as general challenges and considerations to keep in mind when
performing sequencing analysis.
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2.3 Genetic variation

2.3.1 Types of DNA sequence changes

DNA variants can be characterized by the type of variation that occurs on the DNA level, as
well as their consequences on either RNA or protein level. To prevent those consequences
from getting mixed, it is best to strictly separate and report each level individually (DNA, RNA,
and protein). As variant screening is mainly based on DNA analysis, variants detected are
primarily described on the DNA level. In addition, the (predicted or confirmed) consequences
on the RNA and protein level can be given.

In general, current short-read, high-throughput sequencing technologies cannot easily detect
all different DNA variant types. To detect all variant types, either special analysis pipelines are
required or long-read sequencing technologies need to be applied. Table P7] lists the basic
DNA sequence variant types.

Table 2.1: DNA sequence variant types. Each type is explained by an example sequence; the original
DNA sequence and the changed DNA sequence, in which the variant occurred. The nucleotides that are
part of the variant have been highlighted in red.

Variant type Sequence Description

Substitution AACGTT One nucleotide has been replaced by another.
AACCTT

Deletion AACGTT One or more nucleotides have been removed.
AAC-TT

Insertion AAC-GTT One or more nucleotides have been inserted.
AACAGTT

Duplication AAC-GTT One or more nucleotides have been duplicated in tandem.
AACCGTT

Deletion-Insertion ~ AACGTT One or more nucleotides have been removed and replaced by
AATATT one or more other nucleotides, other than a substitution.

Inversion AACGTT More than one nucleotide has been inverted into their reverse
ACGTTT complement sequence.

Structural variation A variation where large parts of chromosomes have rearranged.

- Substitutions are variants where one single DNA nucleotide is replaced by another
single DNA nucleotide. This is by far the most common type of DNA sequence variant,
taking up ~80% of all reported DNA variation.

- Deletions are variants where one or more nucleotides have been removed from the
original DNA sequence. This is the next most common variant type. When a deletion



spans one or more exons of a gene or more than 1000 nucleotides, it is referred to as a
copy number variant (CNV).

- Insertions are the reverse of deletions and occur when one or more nucleotides are
added to the original sequence. When the inserted sequence is a tandem copy of
the original DNA sequence, it is called a duplication. Both duplications and deletions
frequently occur where the DNA contains repeated copies of a small sequence. When
a duplication spans one or more exons of a gene or more than 1000 nucleotides, it is
referred to as a CNV.

- Deletion-insertions are a combination of a deletion and an insertion in the same
location in the DNA (excluding substitutions). One or more nucleotides are replaced by
one or more other nucleotides.

Inversions are variants where a stretch of DNA turns around (inverts); the inserted
sequence is the exact reverse complement of the deleted sequence. Inversions have a
minimum length of two nucleotides; one-nucleotide inversions are classified as simple
substitutions.

« Structural variation is a term for various large chromosomal changes such as translo-
cations and transpositions. Note that these are usually not picked up by short-read
sequencing methods and require additional tests to be detected. If the structural
changes are large enough, they can be seen using optical mapping technologies or
microscopy (karyotyping).

2.3.2 Types of RNA sequence changes

Variants on RNA level include those detected on the DNA level, i.e, substitution, deletion,
insertion, duplication, deletion-insertion, and inversion, as well as variants affecting RNA
processing. RNA processing includes transcription initiation (promoter and locus control
regions), RNA capping, RNA splicing, RNA modification (editing), polyadenylation, and
transcription termination. In addition, variants may indirectly influence the RNA, altering its
folding, stability, and degradation, and thereby its quantity in the cell. An exceptional case is
RNA fusion transcripts, where parts of two different genes get fused into one transcript. RNA
fusion transcripts usually occur after a translocation or deletion removing the 3" end of a gene.

2.3.3 Types of protein sequence changes

Variants on protein level include those detected on DNA and RNA level, ie, substitution,
deletion, insertion, duplication, and deletion-insertion. Although effectively part of these
categories, some variants affect protein translation and are treated separately, i.e., frameshift
and extension variants. Just like for RNA, variants may affect protein processing, translation
initiation, translation termination, protein modification, protein folding, and protein-protein
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Figure 2.1: Locations in which variants can influence a gene’s function.

interaction. In addition, variants may influence the stability and degradation of the protein
molecule and, thereby, its quantity in the cell. An exceptional case, like for RNA, is fusion
proteins translated from RNA fusion transcripts.

2.4 Variant consequences by location

In the literature, rather than the genomic DNA change, variants are often described by their
location in the gene or by the effect of the variant on the protein level. Such an effect can be
deleterious in two ways: loss of function or gain of function. A single-nucleotide substitution
in a crucial part of the gene results in a far more devastating effect than a deletion or insertion
in, for instance, an intron. Figure P.] shows the different locations where a DNA variant can
influence the function of a gene. Below is a brief overview of the main categories, based on
the basic genetic unit - a gene, and the RNA and protein it encodes.

2.4.1 Promoter region

The promoter region regulates the gene’s transcription. Variants in this region may affect
the transcription factor binding sites that are present and may increase, lower, or even abolish
the gene’s expression. As such, variants in this region may render the gene dysfunctional.
Since it is quite difficult to determine the exact location of the promoter for each gene, it is a
challenge to distinguish variants in the promoter region from intergenic variants that do not
affect the gene’s expression. Furthermore, for many genes, the timing of expression (when
during development and in which tissue the gene is expressed) is controlled by far distant
sequences, such as locus control regions, enhancers, topologically associating domains, etc.

2.4.2 5'untranslated region

The 5" untranslated region (5" UTR), before the initiation (start) codon, contains regulatory
elements such as internal ribosome entry sites (IRESs) and upstream open reading frames
(UORFs) that control the translationf Variants in these sequences mainly influence translation
initiation and affect translation levels. As with the promoter region, the annotation of relevant



active sites within the 5" UTR is usually lacking, and functionally relevant variants cannot easily
be distinguished from nonrelevant 5" UTR variants.

2.4.3 Start codon

Variants in the start codon that alter the ATG sequence block translation initiation and usually
have serious consequences. When the ATG is affected, initiation may move to another
initiation site, either up- or downstream, and only when that site is in frame with the normal
protein sequence can the translation product (partially) be functional. The consequences of
duplications involving the ATG motif are difficult to predict. Although they leave a normal
sequence, at the same time, they introduce a new competing upstream initiation site. The
sequence surrounding the start codon, coined the Kozak sequence, also shows conservation
and is sensitive to variants that can change the level of translation

2.4.4 Protein-coding region

The consequences of variants in the protein-coding region are, in general, more severe
when a large segment of the protein is altered. When a deletion removes the entire gene or
the start of a gene, no protein is made, and whether this loss can be compensated depends on
the activity of the copy on the other chromosome. Note that deletions on the X-chromosome
in males cannot be compensated since there is no second gene copy. Duplications of an
entire gene may increase the amount of RNA/protein produced, and it depends on the gene
whether this has harmful consequences. Some genes are “dosage-sensitive” while others

are not (see clinicalgenome.org/curation-activities/dosage-sensitivity/ for a list).

Furthermore, in many cases, missing one copy is often tolerated better than having one copy
with an altered protein sequence disturbing normal cellular processes.

Most variants in the protein-coding region lead to the production of an altered protein. The
resulting protein may not be functional at all, function only partially, or even give an additional
or completely new function. The consequences of missense variants, which replace one
amino acid for another amino acid, vary depending on the change in size, charge, and
hydrophilicity of the affected amino acid, as well as its position relative to the functional
domains of the protein.

Nonsense variants replace an amino acid for a translation stop codon, causing premature
protein translation termination. This usually has deleterious consequences. The same applies
for frameshift variants, which not only truncate normal translation but also add a completely
new C-terminal tail to the protein. This new protein tail may be either shorter or longer than
the original and can be of considerable size. It may have undesired functional consequences
(gain of function), interfering with and disturbing normal cellular processes. When nonsense
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or frameshift variants occur near the end of the protein, and the length of the C-terminal tail
is small, normal protein function may be unaffected.

In-frame variants (deletions, insertions, and duplications) do not disturb the reading frame
and may have less severe consequences. A well-known example is the DMD gene, where
in-frame deletions or duplications, even when spanning many exons, cause a relatively mild
phenotype compared to truncating variants (nonsense or frameshift variants) E The effect of
in-frame variants mainly depends on the function of the protein and the size of the segment
of the protein affected. In general, variants affecting larger stretches have a more significant
impact. Still, like the p.Phe508del variant in the CFTR gene causing cystic fibrosis, even the
deletion of a single amino acid may already have seriously harmful consequences

When DNA variants in the coding region do not lead to a (predicted) change in the amino
acid sequence, they are referred to as silent or synonymous variants. It should be noted,
however, that such variants may still influence RNA stability or alter binding sites and RNA
processing, particularly splicing, which will then significantly affect the gene’s function.

2.4.5 Splice region, splice sites, and introns

After transcription, the RNA molecule undergoes a range of steps before the mature RNA is
ready. The 5 end of the transcript is capped, an important step to protect the RNA from
degradation. Most genes are spliced, a process whereby some parts of a gene (the exons,
mostly protein-coding) are fused together after removing other sequences (the introns).
Finally, many transcripts are processed at the 3" end by cleavage and the addition of a polyA
tail, again protecting the RNA from degradation.

The splicing process is rather complex and involves many sequences. While there is a
clear and almost entirely invariable DNA sequence motif spanning the first and last two
nucleotides of the intron (GT and AG, respectively, see Figure P)), the surrounding sequence
is also important yet less well conserved, making predictions of the effect of variants in this
region difficult. Changes in the first and last two nucleotides of the intron nearly always
disrupt normal splicing. Additionally, on the 5" side, the splice donor site, variants in the last
nucleotide of the exon and nucleotides +3 to +6 often affect splicing. On the 3’ side, the
splice acceptor site, especially variants creating a close-by AG dinucleotide cause problems?
Some variant effect prediction tools consider a more cautious approach and extend the
region that possibly affects splicing to the first and last eight nucleotides of the intron and
the first and last three nucleotides of the exon The intron also contains the branch point
— a small region close to the 3" end of the intron, containing a single strongly conserved
adenine nucleotide. The branch point initiates the formation of the loop structure (lariat) that



is formed when the intron is spliced out. A variant in the branch point will disrupt the intron’s
splicing completely™ Finally, variants in intronic and exonic splice enhancer and silencer
motifs (ISE, ISS, ESE, and ESS) also influence splicing. However, since their sequence is less
conserved, their position is rarely known, and their involvement is not considered.

Disruption of splicing can also occur through the creation of a new or activation of a cryptic
splice site (CSS). CSSs are normally dormant sites that are silenced (suppressed) by stronger,
nearby canonical splice sites. Activation occurs when a sequence change strengthens the
cryptic site or weakens the canonical site. Upon activation of the CSS, the canonical splice
site is no longer or not fully used, and normal splicing is wholly or partially disrupted.

Disruption of splicing has a range of different consequences on the RNA level. Note
that RNA analysis is essential to determine the effect of a variant on splicing. Frequently,
variants affecting splicing lead to multiple transcripts being produced, with the overall effect
depending on the relative abundance of each of these transcripts. Possible effects include:

- The deletion of an exon or part of an exon. When a splice site is damaged, an exon
might not be recognized at all (deleted), or splicing may shift to a new site in the exon.
The resulting deletion can be in-frame or out-of-frame. Out-of-frame deletions result in
a frameshift and have a more devastating effect on the resulting protein than in-frame
deletions.

The insertion of intronic sequences. When a splice site is nonfunctional, an intron may
not be removed at all (intron retention), splicing may shift to a new site in the intron
(thus elongating the exon), or a new exon (pseudoexon) may be inserted. The inserted
seguence may contain a translation stop codon or contain an open reading frame that
fuses in-frame or out-of-frame with the remainder of the encoded protein sequence.
Truncating insertions have a stronger negative effect on the resulting protein than
in-frame insertions.

2.4.6 Stopcodon

Changes in the stop codon that prevent the stop codon from being recognized lead to the
elongation of the protein sequence. The effect of the additional C-terminal tail on the protein’s
function is difficult to predict. In general, a longer tail will have more severe consequences,
and most extensions negatively influence protein folding, function, and stability.

2.4.7 3'untranslated region and the polyadenylation signal

The 3" untranslated region (3" UTR), the sequence after the translation termination (stop)
codon, contains several regulatory elements, such as binding sites for miRNAs and RNA-

2

SpJepURIS Pa1e|al PUR UOIRLIRA D19USD)



Genetic variation and related standards N

binding proteins, and the polyadenylation signal and addition site. Together, these directly
or indirectly influence RNA stability, folding, transport, localization, and translation efficiency,
and consequently, RNA and protein levelsf As the functional annotation of these elements
(except for the polyadenylation signal) is largely lacking, variants in this region are rarely
considered as having deleterious consequences.

2.4.8 Other variation

A specific type of disease is caused by repeat expansions. In these disorders, a short repetitive
sequence may increase in length to up to many kilobases. When this sequence is translated
(e.g., the CAG repeat in Huntington’s disease), it directly affects protein function. When it
is located in an intron or the UTR of a transcript, RNA processing (splicing) and stability are
affected, and transcription may be silenced (e.g., methylation in the fragile X syndrome).

Epigenetic variation, i.e, variation in the methylation of the DNA sequence, may influence the
density of the chromatin structure, thereby affecting transcription. Methylation changes can
cause disease by inappropriately silencing or activating gene expression.! Most sequencing
protocols cannot measure methylation unless specific sample preparation steps are included.
Also, RNA editing, the process where the RNA sequence is altered and becomes different from
the genomic DNA template, is not detected by standard sequencing protocols but can be
involved in disease Although disease through these mechanisms is rare, they should not
be overlooked.

2.5 Standards on describing genetic variation

Universal standards are essential when implementing DNA sequence variant analysis in a
clinical setting. These standards are required to remove ambiguity, prevent false-negative or
false-positive results, and ensure there is no misunderstanding of what has been found and
the associated consequences for the health of the individual. The standards required include
naming genes, accepted reference sequences for the human genome and the encoded
transcripts, the file formats to exchange sequence information, the description of sequence
variants identified, the description of the phenotype of the individual studied, standards to
classify the variants detected, and standards to store the information in gene variant and
phenotype databases.

Even when there is a universal standard, this does not mean it is applied correctly. An analysis
published in 2016 of how diagnostic laboratories applied the same standard, the HGVS
variant nomenclature (see also Chapter ), showed that 31% of the reports checked described
the variant incorrectly and in such a way that it could not be reconstructed to the variant



observed @ Other reports also described the variant identified incorrectly, but in a way that
could be recognized and corrected. In both situations, however, incorrect variant descriptions
cause inconsistencies and mismatches when comparing reports or searching databases
and the literature. Querying external sources for variants identified is essential to variant
interpretation and classification. Data from large population studies yield allele frequencies
that provide evidence of a variant’s pathogenicity, with increasing frequencies making it less
likely a variant has serious deleterious consequences. Gene variant databases contain data
from the literature and from unpublished cases and provide detailed information on variants
and phenotypes and the likelihood they are causally linked, i.e, variant pathogenicity. Given
the multiple steps in the process, to maximize efficacy and reduce the chance of mistakes
during variant interpretation, it is essential the same standards are used by everyone involved.

2.5.1 Gene symbols

Genes are widely identified using their symbols — abbreviations mainly based on the gene’s
function. The HUGO Gene Nomenclature Committee (HGNC) is the official international
organization approving gene names and symbols™ Although genes can be identified by
their unique numerical ID that does not change, e.g., HGNC:1100, people prefer symbols that
are more easily remembered, e.g., BRCAI. Gene symbols rarely change, but when they do,
the HGNC keeps track of a gene’s previously used symbols such that expired gene symbols
referenced in reports can still be identified. The HGNC is currently actively renaming genes
that do not refer to their function (e.q., FAM#, KIAA#, c#orf#, etc.).

2.5.2 Reference sequences

As variants are defined as differences between the sample DNA sequence determined and
a reference sequence, the main requirement for any variant description is to clearly define
which reference sequence was used. Reference sequences have unique identifiers referring
to their respective entries in the reference sequence databases. Reference sequences can be
obtained from several databases, including GenBank at the National Center for Biotechnology
Information (NCBI) in the United States™ Ensembl at the European Molecular Biology Labora-
tory’s European Bioinformatics Institute (EMBL-EBI) in the United Kingdom [ and the shared
NCBI/EBI Locus Reference Genomic (LRG) project.D A reference sequence identifier should be
stable, and its contained sequence should not change over time. When the sequence does
change, this is indicated by the addition of a version number in the identifier. There is no
version number for LRG sequences, and a new ID should be issued. More information can be
found on the HGVS Nomenclature website (hgvs-nomenclature.org/background/refseq/).

The reference sequence for genomic variants detected by next-generation sequencing will
most likely be the human genome reference sequence. The first human genome reference
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sequence was published in 2000. Over many years, this reference sequence has improved,
and the human genome’s latest version is build 38. Each genome build contains reference
sequences per chromosome — chromosomes 1-22, X, Y, and the mitochondrial genome
(mtDNA), together representing an entire genome. Only the NCBI's GenBank has identifiers
available for whole-chromosome genomic reference sequences. Examples are NC_000015.9
for chromosome 15 of genome build GRCh37 (also known as hg19), and NC_000023. 11 for
chromosome X on genome build GRCh38 (also known as hg38).

2.5.3 Describing variants

After sequence analysis and variant calling, variants are generally stored in the Variant Call
Format (VCF) file format, developed for the 1000 Genomes Project and since then adopted
by many other large-scale sequencing projects™® The VCF file normally does not contain
information on the reference genome used. The file has a tabular format indicating the
chromosome, a genomic position, the reference sequence at that position, the variant
(alternate) sequence identified in the sample(s), and optionally, various details on the
sequencing quality, such as coverage, genotype quality, etc.

In publications and databases, variants are described using the “Recommendations for the
description of sequence variants” from the Human Genome Variation Society (HGVS) — the
HGVS Nomenclature. These standards were first published in 2000 and are regularly updated™
(hgvs-nomenclature.org). The HGVS Nomenclature facilitates variant descriptions based on
a genomic reference sequence (g. descriptions), based on a transcript (c./n. descriptions), and
descriptions for variants on the RNA and protein level (r. and p. descriptions). Any reference
sequence can be used as long as the residues altered (nucleotides, amino acids) are located
within the reference sequence.

Table P27 shows an overview of the main features of both formats.

2.5.3.1 The Variant Call Format

The Variant Call Format was developed for the 1000 Genomes Project’® and has been
designed to be machine-readable for faster processing of large genomic variant datasets. It
has become the most often used file format for storing and exchanging large-scale genomic
variant data. It supports multiple samples within one file, rich annotation including mapping
on transcripts and predicted protein change, and a method to indicate the absence of variants
on a certain region (gVCF). Structural variation can also be stored within a VCF file. The VCF
standard is currently maintained by the GA4GH (gadgh.org) and is currently at version 4.4
(github.com/samtools/hts-specs).


https://hgvs-nomenclature.org/
https://www.ga4gh.org/
https://github.com/samtools/hts-specs

Table 2.2: Main features of the HGVS Nomenclature and VCF files.

HGVS Nomenclature VCF files
In use since 2000 2010
Intended use Human-readable format; Machine-readable format;
databases, literature, reporting. large-scale genome sequencing
projects.
Type of variation Any type of variant, on any Any genomic variant, excluding
reference sequence. complex genomic

rearrangements. It can contain
transcript variant descriptions in
HGVS format in its annotation.

Variant disambiguation 3’ (right) aligned; in principle, each 5’ (left) aligned; has a nearly

variant has only one correct infinite number of possible
description.? However, the descriptions for each variant.
normalization rules are not always  Requires specialized tools to
followed by its users. compare variant sets.

2 Even though HGVS aims for each variant to have only one correct description, there are currently no unam-
biguous rules defined regarding when two neighboring variants should be considered as one. These are cur-
rently under development. Also, some deletions, duplications, or insertions can be described using an alternative
repeat-syntax.

VCF files begin with a header section in which metadata is stored. For instance, the values and
contents of some configurable fields found in the VCF file’s body are defined and explained
in the header. After the header, a single line defines the order of fields and the sample
names that are stored in the file. What follows is the file's body, consisting of a list of
genomic positions and the relevant sequences. The basic format of each line in the file's
body is the chromosome (CHROM), position (POS), external database ID (ID), the sequence of
the reference (REF), the sequence found at this position (ALT), and several fields containing
annotations. Variant annotations stored in the VCF file can be sample-dependent or sample-
independent. Sample-dependent annotations include genotype, genotype quality, and
read depth. Examples of sample-independent annotations are gene symbols, mappings on
transcripts, and protein change predictions. See Table P4 for examples of how variants can
be represented in a VCF file.

The VCF standard recommends describing variants using the “simplest representation pos-
sible”. However, this is not a requirement and such an open recommendation is bound to
give different implementations. Also, users are encouraged to use the lowest coordinate for
a variant, therefore shifting the variant as far 5" as possible. Unfortunately, this is in contrast
with the existing HGVS standard (see below), which requires variants to be shifted as far 3" as
possible. These issues make a direct comparison of variants between different VCF files or a
VCF file and a list of HGVS formatted variants quite difficult. Also, it is common for variants
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around the same location to be merged into one line in VCF files. In this case, the ALT column
will contain multiple values. With a POS of 1 and a REF value of "AG’, it is possible to have
"TG,AGG" as an ALT value, meaning an A to T substitution on position 1 and a duplication of
the G on position 2. This can also be the case for larger variants, causing a large sequence
overlap between the REF and ALT columns. In cases like these, the variant description differs
quite significantly from the simplest form of describing the variant, and a simple comparison
of variants is not possible.

The heterogeneity of variant descriptions in a VCF file is known to cause problems, even
within individual diagnostic laboratories® However, several tools exist to normalize and
compare VCF files or convert VCF files into lists of HGVS formatted variants, which can then
be compared more easily. Examples of VCF normalization and comparison tools are vcfeval,
part of RTG ToolsZ! vt normalize and Best Alignment Normalisation (BAN).Z Tools that
can convert VCF files into HGVS variant descriptions include the hgvs python module? and
VariantValidator It should be noted that none of these tools are perfect, partly also because
current HGVS recommendations are not unequivocal for describing more complex variants.

In the VCF format, there are no strict rules regarding when to describe variants independently
and when as one variant. As variant callers in use in NGS software pipelines rarely call
deletion-insertion events but instead prefer calling multiple consecutive variants, VCF files
often contain variants found directly next to each other or in very close proximity to each
other (also see HGVS below).

2.5.3.2 The Human Genome Variation Society Nomenclature

Since the HGVS Nomenclature was first described in 2000, it has been widely adopted as
the human-readable standard for genetic variation. The HGVS Nomenclature aims to remove
ambiguity in variant descriptions to improve variant reporting in databases, literature, and
genetic test reports. The nomenclature defines detailed rules for describing variants on
DNA level (genomic and transcript), RNA level, and protein level. Recommendations include
complex cases such as RNA fusion transcripts, chromosome translocations, and how to
describe variants that have not been determined exactly down to the sequence level. The
latest version of the HGVS Nomenclature can be found online at hgvs-nomenclature.org.

The basic structure of an HGVS variant description is (reference sequence):(numbering
scheme).(variant). Reference sequence identifiers should always include version numbers
where available, and the numbering scheme indicates the type of reference sequence used
(e.g., "g" or c!). For example, NC_000015.9:g.40699841G>C describes a substitution of a
G to C at genomic position 40699841 of reference sequence NC_000015.9. The numbering


https://hgvs-nomenclature.org/

schemes that are allowed depend on the reference sequence given. For an overview of the
HGVS numbering schemes, see Table P-3. For an overview of the most common variant type
descriptions, see Table 4. Note that we will not go into detail here, like how to describe
variants relative to a coding DNA reference sequence in 5" or 3" UTRs, exons and introns, or on
the protein level. For this, please consult the HGVS variant nomenclature website.

Table 2.3: Overview of the HGVS numbering schemes.

Indicator  Usage Example

g. Genomic, non-circular reference sequences. NC_000015.9:g.40699841G>C
Counting starts at the first nucleotide.

m. Genomig, circular reference sequences. NC_012920.1:m.3243A>G
Counting starts at the first nucleotide.

n. Non-coding transcript reference sequences. NR_002725.2:n.1725_1726insA
Counting starts at the first nucleotide.

C. Coding transcript reference sequences. NM_002225.3:c.158G>C
Counting starts at the first nucleotide of the
translation initiation codon (ATG).

r. RNA reference sequences. Counting starts at NM_002225.3:r.154_243del
the first nucleotide for non-coding RNA, and
at the first nucleotide of the translation
initiation codon (AUG) for coding RNA.

p. Protein reference sequences. Counting starts NP_002216.2:p.Leub2_Arg8idel
at the first amino acid.

Using the HGVS Nomenclature, there is, in principle, only one correct way to describe a
variant. To remove ambiguity in the description of variants in repeated sequences, the HGVS
Nomenclature uses the so-called 3’ rule, defining that any variant should be described by
its most 3’ position possible. If a stretch of nucleotides is shortened by one, the 3" rule
states that the variant is described as if the last nucleotide has been deleted. In addition,
HGVS Nomenclature uses strict definitions per variant type as well as prioritization rules when
several options would be possible. For instance, prioritization defines a T to A change as a
substitution, not an inversion or a deletion-insertion.

Unfortunately, the HGVS Nomenclature guidelines are not used without error. Frequently
observed errors include not applying the 3’ rule and incorrectly describing duplications as
insertions™@ Both partially derive from NGS pipelines where deletions and insertions are
mostly 5" aligned, and duplications cannot be defined in the most commonly used file format.
Fortunately, several computational tools exist that can help describe variants correctly: the
hgvs software package® for direct integration into bioinformatics projects written in the
Python programming language, and the online Mutalyzer® and VariantValidator® tools,
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Table 2.4: Examples of the most common DNA variant descriptions using the HGVS Nomenclature
and the VCF file format. Note that the HGVS rules for variants on DNA level are different from the rules
for variants on RNA and protein levels.

Variant type Sequence HGVS description VCF file format?

Substitution AACGTT g.4G>C 4 G ¢
AACCTT

Deletion AACGTT g.4del 3 ¢ ¢C
AAC-TT

Insertion AAC-GTT g.3_4insA 3 C CA
AACAGTT

Duplication AAC-GTT g.3dup 3 C cc
AACCGTT

Deletion-Insertion AACGTT g.3_4delinsTA 3 CG TA
AATATT

Inversion AACGTT g.2_4inv 2 ACG CGT
ACGTTT

2 This column shows the POS, REF, and ALT fields respectively. Other fields like the CHROM field
(storing the chromosome) and the ID field (where a possible dbSNP identifier can be stored) are
removed for simplification. Also, the most simple representation of the variant is chosen; in reality,
the VCF file format can describe the same variant in many ways.

which both can also be installed locally. The latter two tools provide a website interface
for verifying variants one by one, a batch interface to verify a file with variants, and
online Application Programming Interfaces (APIs), online interfaces allowing software to
communicate with these online tools.

Although the HGVS Nomenclature is comprehensive, with mostly one valid description for
each variant, not all areas have yet been covered in great detail. For instance, changing
the sequence ACTG to TC can, following the current recommendations, be described as a
deletion-insertion event of the entire sequence (1_4delinsTC) or as a substitution of the
first base followed by a deletion of the last two bases ([1A>T; 3_4del]). Although describing
this change as one variant seems obvious, variant callers used in NGS software pipelines often
choose the latter and define two single variants. When data are then shared without allelic
information, it is no longer clear whether these two variants are in cis or trans, and they can no
longer be merged into one variant. In addition, when the consequences of such variants on
protein level are reported, serious errors may occur? When encountering two closely spaced
variants, checking whether they are on the same allele is recommended. If so, check for the
combination in external sources like population frequency and gene variant databases.



2.6 Variant classification

To get to a clinical classification of a variant, i.e, draw a conclusion regarding the effect
of the variant on an individual’s health, one has to combine all available knowledge. The
available knowledge has two major components: all observations of the variant in individuals
with or without the associated phenotype and the interpretation of the variant's (predicted)
consequences for the gene's function (functional or molecular classification). The HGVS
recommends clearly separating the functional classification from the clinical classification to
discriminate between a variant's effect on a gene’s function and its consequences for the
individual carrying the variant.

2.6.1 Functional classification

Functional classification of a certain variant can only be done in an animal model or by
performing a functional assay, where the gene’s function with the variant is compared with
that of the wild-type form of the gene. A very simple, semi-functional assay which is mostly
neglected is the analysis of an RNA sample from the patient. This analysis can provide
valuable insights into the possible effects of a variant on RNA processing, especially splicing,
and, therefore, the probable effect of the variant on the gene’s function. Actual functional
assays are often complex and costly to be performed. Firstly, a clear idea of the function of
a gene is required. Secondly, cell types must be available where the gene is expressed and
the consequences of variants can be measured. Functional assays have been developed for
several relatively common diseases, e.g., breast cancer?® or colon cancer These assays can
be applied when a new variant is encountered, and no data from other studies are available.
Although functional assays cannot directly demonstrate the consequences of a patient’s
variant, they do help provide evidence for a weighted clinical classification.

For functional classifications, there is currently no standard that is broadly followed among
different areas of research. Assays measuring the function of genes affected by certain
variants commonly use relative efficiency, indicated in a percentage relative to the wild-type
gene 2280 For pharmacogenetics, a four-class system is now standard, describing the efficiency
of drug metabolism: “Poor”, “Intermediate’, “Extensive/Normal’, and “Ultrarapid"ﬂ'E The HGVS
proposed a 5-tier functional classification, implemented by the LOVD databases: “Affects
function’, “Probably affects function’, “Effect unknown’, “Probably does not affect function’,
and "Does not affect function” It should be noted that “affects function” includes “improved
function” (e.g.,, increased enzymatic activity), which may give a protective effect, a feature
most classification systems are not able to cope with.
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2.6.2 Clinical classification

Genome diagnostic laboratories and researchers have broadly accepted the use of a stan-
dard, 5-tier scheme for classifying variants 2 “Benign’, “Likely benign’, “Variant of uncertain
significance (VUS)’, “Likely pathogenic’, and “Pathogenic’, also described as Class 1 through
5, respectively. Although this system standardized the naming of the different variant classi-
fications, it did not cover the required evidence to get a variant classified in each category.
This issue was tackled by the ACMG/AMP classification guidelines, published in 20158 giving
detailed recommendations on how to build up the evidence to classify a variant into one of
these five categories. The recommendations clearly fulfilled a need and were quickly adopted,
greatly improving the comparability of classifications made by laboratories worldwide. Sev-
eral improvements to the ACMG/AMP guidelines have been published since, as some of the
original specifications were open to different interpretations. Additional modifications were
sometimes required to apply the guidelines for certain genes or diseases 28 When clinically
classifying variants, it is highly recommended to use the ACMG/AMP guidelines.

Although a one-on-one relationship between a functional and a clinical classification seems
obvious, many exceptions exist. It is clear that when a variant does not alter a gene’s function,
the individual's health will not be affected, either. The opposite, however, is not always true.
Whether a “pathogenic” variant will cause a disease first depends on the mode of inheritance,
including dominant and recessive, autosomal and X/Y-linked, mitochondrial, imprinting, etc.
In some cases, variants are “pathogenic” only in a compound heterozygous state, while they
have no effect in a homozygous state. A variant’s effect on a gene’s function is also rarely “all
or nothing”. In many cases, the function is decreased, but not to zero. In pharmacogenomics,
variants are cataloged that increase or decrease enzyme function, thereby affecting the level
atwhich an individual is able to metabolize chemicals (medicine) and, therefore, how effective
a certain drug dosage is or whether the drug is effective at all. A variant increasing enzyme
activity, e.g,, a whole gene duplication, is “protective” (compensating) when combined with
a variant that decreases enzyme activity. The same variant should, however, be considered
as "deleterious” in a homozygous state when the enzyme has to metabolize the drug to
generate the active substance or when it removes the substance from the body too fast.

Another reason for discordance between functional and clinical classifications of a variant
is penetrance. A variant may clearly affect the function of a gene but may cause disease
only in a subset of the individuals in which the change has been found. One example is
variants in the BRCAT or BRCA2 gene, each increasing the risk of developing breast cancer
before a certain age, yet some with a much higher risk than others, e.g., the low penetrant
BRCAT NP_009225.1:p.Arg1699G1n variant® A recent study?l shows that when clearly
pathogenic variants with a reduced penetrance are classified by different labs, some will



classify them as Class 5 (Pathogenic) while others classify them as Class 3 (VUS). Another
example is the many non-disease phenotypes, including eye color, the ability to taste bitter,
and blood group types. While any variant in the ABO gene would be classified as benign (Class
1), the variant is clearly of medical relevance when the individual needs a blood transfusion.
Another problem is the gray zone between a disease and a trait, where the same variant for a
disease would be clinically classified as a Class 5 but for a trait as a Class 1.

There are currently no guidelines for dealing with clinical classifications and decreased pene-
trance. However, the ClinGen project established a Low Penetrance/Risk Allele working group
that has begun investigating researchers’ and clinicians’ opinions on the matter, and the
ENIGMA consortium that classifies breast cancer variants published recommendations® to al-
ways report variant-associated risks as absolute measurements. To make overall classification
more informative, the “Global Variome shared LOVD"®! has started to work with classifica-

"o "o

tions including “pathogenic (dominant)’, “pathogenic (recessive)’ “pathogenic (maternal)’,

nou

“pathogenic (paternal)’, “pathogenic (1)’ “association’, “VUS’, “VUS (1)’ “benign (dominant)’,

/i nou i

“benign (recessive)’, "benign (1) etc. “Dominant’, "recessive’,

|n

maternal’, and “paternal” are

upm

used to indicate the mode of inheritance. The “I" is used to warn for exceptional features
like reduced penetrance, protective variants, pathogenic but not in a homozygous state,
etc. “Benign (dominant)” and “benign (recessive)” are used to indicate associations with

non-disease phenotypes.

2.7 Standards on reporting disorders and phenotypes

Describing and classifying a variant is only relevant in the context of a particular phenotype
(disease). As such, standards for describing phenotypes are equally important as those for
describing genetic variants. A clear description of the characteristic features observed in
the individual investigated following a standardized ontology is crucial for elucidating gene-
phenotype relationships, developing gene panels, and recruiting patients for clinical trials.
Most unresolved genetic diseases remaining nowadays derive from rare to ultra-rare cases,
with only a few patients known worldwide. A critical component of establishing causative
disease-gene links is always to identify more cases in which variants in a gene give a similar
phenotype. The phenotype ontology used most widely is the Human Phenotype Ontology
(HPO)# HPO was specifically developed to facilitate automated phenotype matching. For
this, a nested tree structure was defined where deeper terms give more detail on each specific
phenotypic feature. HPO is actively updated, and community efforts have been initiated to
translate HPO terms into different languages, which is an important step in increasing its value
further. One element of the very successful GeneMatcher initiative & built to identify patients
with similar gene-phenotype properties, is HPO-based phenotype matching. Finally, HPO
allows phenotype matching across species, facilitating correlations between human disease
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and observations in animal models (e.g., mouse).

Another important standard is provided by OMIM (Online Mendelian Inheritance of Man),#
providing standardized disease names and the description of the primary disease features
observed. While HPO defines individually identifiable phenotypic features, OMIM focuses on
disorders (diseases) in which these features are found in specific combinations. For instance,
OMIM defines “Duchenne muscular dystrophy” as associated with pathogenic variants in the
DMD gene, while HPO defines abnormalities such as “muscle weakness’, “difficulty climbing
stairs’, and “scoliosis’, which, among others, make up the complete phenotype of Duchenne
muscular dystrophy. As such, OMIM is suitable for diagnoses while HPO is suitable for

anamneses and automated phenotype matching.

Several tools are available for searching and collecting HPO terms, suggesting disorders
that match the given terms. Examples are Phenomizer®™ and PhenoTips® both web-based
systems.  When the underlying disorder is unknown, HPO terms can still be used for
identifying genes for gene-panel-based exome data analysis like with PanelApp and for
matching phenotypes when variants identified in patients are also found in external databases.
When a diagnosis is possible, adding a disease identifier from OMIM supports submission to
external databases such as LOVD or ClinVar and facilitates disease-oriented queries.

2.8 Challenges and considerations

Although NGS has successfully been implemented into the clinical workflow and the tech-
nology has since continuously been improved, challenges remain, and there are important
caveats to consider. There are both technical and biological reasons for false-negative and
false-positive results. It is important to keep these in mind when analyzing NGS data.

The most apparent difference between analyzing data from NGS studies and techniques
such as Sanger sequencing is the sheer size of the region in the genome covered. Naturally,
technology has to do part of the data analysis for us, as it's not humanly possible to check
every sequence read that is generated. However, there is a major difference in how results
are presented, which is often overlooked. With Sanger sequencing, not having a proper
sequence returned would simply mean a failed analysis. With today’s NGS results, a lack of
variants found in any genomic region may mean there are no variants, the pipeline is unable
to determine whether there are any variants, or the region is missing (deleted) in the sample.

There are several reasons why the sequencing pipeline software may generate a false-negative
result. The most common reason for a false-negative result is the lack of coverage. Where
not enough sequencing reads cover a certain region, the variant caller software can only



produce low-confidence genotypes or will not produce genotypes at all. It is good practice to
prevent false positives by only selecting good-quality variant calls for analysis and by putting
a threshold on the minimum number of reads required to report a certain variant. During
this step, it is often overlooked that the number of expected reads on the sex chromosomes
in males is only half that in females, requiring flexible thresholds to prevent false negatives.
A lack of coverage can also result from how the sequencing was performed, the quality of
the sample, an incomplete or incorrect reference sequence, or reads mapping to multiple
regions in the genome. Reads are often discarded when they map to multiple regions in the
genome, like the telomeres and centromeres, (large) repetitive sequences, and segmental
duplications. Finally, variants not present in all cells (mosaic variants), including heteroplasmic
mitochondrial variants, are hard to detect because either the tissue sample sequenced does
not harbor the variant or the allele fraction may be too low. When a variant is only represented
in a small subset of reads, it is considered likely a sequencing error and ignored or called with
only low confidence®

Variants too large to be contained in one sequencing read are also often missed. Large
CNVs, like whole exon or gene deletions and duplication, can be observed by a drop or a
rise in the coverage in the affected region. Still, they are often left undetected by common
variant calling methods as the reads spanning the variant breakpoints do not align well to
the reference genome and end up discarded or are not present in the sample analyzed, as
can be the case with whole-exome sequencing. Specialized tools have become available
that specifically detect such large changes®? When using long-range single-molecule
sequencing techniques, it is much easier to detect CNVs.

False-positive results can occur due to reads aligning to pseudogenes or duplicated regions
such as the pseudoautosomal regions (PARs) on the X and Y chromosomes. It is not
uncommon for variants to be detected on the Y chromosome in females or heterozygous
variants to be detected on the X chromosome in males. Besides rare genetic disorders, a
far more common cause is sequencing reads aligning to the wrong chromosome in these
PARs. The same holds for pseudogenes; variants detected in a gene could very well be
variants belonging to the homologous region in the pseudogene. Variants derived from
gene conversion, where the sequence of a pseudogene gets copied to the normal gene, are
especially problematic since all variant reads will map to the pseudogene. In such cases,
designing gene-specific primers and confirming variants by Sanger sequencing is essential to
rule out false positives

Another source for error is non-normalized variant calling. Due to variants not being
normalized before annotation is loaded, a common variant with a high frequency in the
population might not get annotated as such when it has been described differently. On
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the other hand, a causative variant might not immediately be recognized as such because
its description doesn't match that of its record in gene variant databases. Also, NGS analysis
pipelines often split deletion-insertion events into multiple variants, possibly causing similar
problems.

2.9 Conclusions

This chapter introduced genetic variation and how NGS analyses measure it. We discussed
the different types of variants on the DNA, RNA, and protein levels, their possible locations,
and how they can influence a gene's function at many levels, including transcription, RNA
processing, translation, protein processing, and protein modification.

We listed the relevant standards for describing, interpreting, and reporting genetic variants
and phenotypes, the relationship and differences between these standards, explained their
importance and current status of needed improvement, and mentioned some caveats to
remember when describing, classifying, and reporting variants and phenotypes.

Finally, we explained which technical and biological factors can lead to false-negative and
false-positive results and suggested some solutions to these problems.
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