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Introduction to genetic testing in neurological diseases

The first study on global gene expression profiling from
the healthy human brain showed that more than 80%
of all human genes are actively expressed in brain
diseases show

structures  (1). Neurodegenerative

considerable genetic heterogeneity with different
sequences in the same gene that may cause different
phenotypes and in the same phenotype that can be
created by many different genes. Even though the
contribution of genetic factors to neurological disorders
has long been recognized, most patients did not receive
a molecular diagnosis because of old sequencing

phenotypic/genotypic
these disorders.

technologies and  the

heterogeneity underlying Patients

received little or no prognostic and therapeutic

information, and no risk calculations for disease

recurrence or implications for family members.

These challenges were addressed with the next
generation sequencing (NGS) approach, which
significantly  increased the rate of molecular
diagnosis in neurological disorders (2). NGS

has not only enabled wider and rapid molecular
diagnostics but has also helped identify many previously
undiagnosed and  unrecognized  neurogenetic
increasing demand for

with

disorders, revealing an

comprehensive genetic testing in patients
neurological diseases (3). Thanks to these advancements,
inappropriate  therapies for neurodegenerative
diseases have been gradually eliminated and new target-
ed therapies are being offered to match patients” unique

genetic profiles.

Whole-genome sequencing/whole-exome sequencing (WES/WGS) in neurological

disorders- opportunities and challenges

Targeted genetic testing for particular types of
mutations in neurological disorders might yield false-

negative results because rare genetic variants might

be associated with atypical forms of diseases. By
covering over 98% of coding sequences, WGS is

the most powerful method for identifying genetic




variants. A successful example of WGS in neurological
diseases was the identification of a mutation in a
Charcot-Marie-Tooth disease case (4). For premature
epilepsy and sensory and motor neuropathy with
WGS yielded
revealing new genes and improving molecular
diagnostics  (5,6). WGS could be used as a

reliable ally to detect expanded repeats which are

microcephaly, important  results

common causes for some disorders such as Huntington’s
disease or Amyotrophic lateral sclerosis (7). In
addition, WGS may offer detection in non-coding
genomic regions which might be important for
which high
prevalence of non-coding variations (8). The downside
of WGS, however, isthatityields 4.5-5.0 million single-

nucleotide and insertion-deletion variants per sample

neurological syndromes show a

most of which are of uncertain clinical significance.
Even when likely benign and benign polymorphisms
have been filtered out, more than 400,000 variants are
left for clinical interpretation—making this an extremely

challenging task for clinicians.

WES examines coding regions of more than 20,000
known human genes and is the current method of
choice for diagnosing rare diseases. This technique
is particularly efficient in phenotypically variable
conditions such as neurological disorders and has
been used for the molecular diagnosis of many
neurological phenotype categories, such as intellectual
disabilities and other neurodevelopmental disorders,
cerebellar ataxias, and epilepsies (9,10). In the cases
when disease phenotypes are properly identified,
molecular diagnosis established by WES can be as

high as 94% (11).

Regardless of whether the chosen genetic test
encompasses only a couple of genes, exome or
whole genome, the processing of NGS data requires
computationally sophisticated bioinformatics analysis
for raw data processing as well as strong software
and man-power for variant classification and clinical

interpretation.

During the bioinformatic and clinical processing
of NGS data that will result in the final medical
assessment, all detected variants must be checked for
if and how they are annotated in genomic databases.
However, the existence of significant discrepancies
in variant reporting and their classification requires
additional scrutiny and caution. Some of the
existing discrepancies between databases can only
be resolved by manually scanning conflicting journals,
assessing and reviewing supplementary materials in

the articles, or directly contacting the authors.

HGMD combines electronic and human search
procedures for data curation in order to provide high-
quality information. HGMD is regularly updated by a
team of expert curators. They screen peer-reviewed
biomedical literature on an ongoing basis via manual
inspection of over 250 journals to classify variants
as disease-causing or possibly disease-causing (for
Mendelian conditions), or as disease-associated (for
multifactorial diseases). HGMD professional version
users can assess the most up to date database with
additional information and extra features such as
additional literature reports, chromosomal coordinates,

population frequency data, or functional prediction.
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Use HGMD to design a gene panel for Alzheimer’s disease and to optimize mutational

screening strategies

Genetic factors may explain many of the elements
influencing the risk of familial and early-onset
Alzheimer’s disease (EOAD). Known genes included
in the pathogenesis of EOAD are amyloid precursor
protein (APP), presenilin 1 (PSENT1), and presenilin 2
(PSEN2).
disease (LOAD) is genetically more complex than EOAD

Interestingly, late-onset  Alzheimer’s
showing other genetic sites associated with various
types of dementia. WES helped reveal more than 50
non-synonymous variants in LOAD risk factor genes
(12) and rare variants in SORL1 and ABCA7 genes in

both EOAD and LOAD (13).

Having such complexity underlying a disorder makes
the decision on the genetic test difficult. The choice of
a genetic fest can be of crucial importance for proper

molecular diagnostics of any genetic disorder. Since

1 to 100 of 102 resulte

most of the available databases are gene-oriented
and contain not just disease-associated variants but
VUS and benign polymorphisms as well, it might be
difficult for clinicians to get fast and easy views of the
mutational profile of a particular disease. Phenotype
search in HGMD can help in choosing how deep
and how wide genetic testing should be. For
example, HGMD shows 843 mutations in more
than 100 genes associated with Alzheimer’s disease
indicating the need for comprehensive genetic analysis
(Figure 1).Theinformation onthe numberofgenesandthe
number of variants that are associated with a disorder
is very important for performing population studies and
choosing the gene panels for analysis. It also helps in

the optimization of mutational screening strategies.
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Figure 1. Phenotype search in HGMD shows 843 mutations (disease-associated mutations and disease-associated functional polymorphisms)

detected in more than 100 genes associated with Alzheimer’s disease.
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Use HGMD to find up-to-date information on variants that are not available in other

clinical databases

HGMD offers in depth information on variants
and contains those that are not available in other
clinical databases. SORL1 gene has been identified to
associate with Alzheimer’s disease (AD) through
replicated genetic studies. Studies indicate its possible

role in the progression of this disease making SORL1 a

potential target for AD therapy (14). Thus, missing the
clinically important SORL1 variations might negatively
impact patient care. Gene-specific search in HGMD
shows 164 reported variants in SORL1 that have

clinical implications (Figure 2).
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Figure 2. HGMD contains 164 reported variants in SORL1 that have potential clinical implications. All variants are sorted according to the variant

type and variant class.

Disease-associated SORL1 variants are easy to find in
HGMD either through their clinical effect or the type
of mutation. The list of disease-associated mutations in

SORL1 gene is presented in the Figure 3.

If a mutation such as c.372C>A, p.S124R s
detectedin SORL1, its classification and association with
phenotype might be difficult to establish. dbSNP
contains an

entry for this particular variant

(rs1306611994) but has no information on its

clinical significance. There is no information on scientific
publications related to this variant in dbSNP, either.
This variant is not reported in the ClinVar. However,
SORLT ¢.372C>A, p.S124R is reported as the disease-
associated in HGMD for EOAD. This classification
has been backed up with the latest publications that
investigate causative mutations and genetic risk factors
in sporadic EOAD before 51 years (15) (Figure 4).
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Figure 3. The list of SORL1 disease-associated mutations in HGMD.
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| Figure 4. SORL1 ¢.372C>A, p.S124R in HGMD. Detailed information on the evidence used for classification of this variant is available for users

Once this situation happens in clinical practice,
clinicians find themselves facing different interpretations
for the detected variant. If the variant is misclassified
as VUS instead of likely pathogenic, patients might be

left without diagnosis and appropriate treatment. Not

having up-to-date information might cause clinicians
to miss the important implication of this variant to the
EOAD, particularly if the patient exhibits an uncommon

clinical phenotype.
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Use HGMD to reach the decision on variant classification with the in-depth information

on causative variants

HGMD offers additional information such as literature
reports, chromosomalcoordinates, populationfrequency
data, and functional prediction for every variant.
HGMD curators adopt a policy of continual content
curation, commenting and annotating new information
to the users. When new evidence suggests a benign
nature of a variant, it may be removed from the

database at the discretion of experienced curators.

Variant reclassification continually takes place in the
HGMD giving high-quality data to the end-users,
making sure they don't waste valuable time on benign
variants or polymorphisms. HGMD is the only data-
base that pursues a policy of continuous curation and
reclassification wherever necessary not relying solely

on the original submitter updating their submission.

Use HGMD to enhance the understanding of different variants associated with

neurological disorders

Even in the cases of variants in known disease-
associated genes, variant classification in neurological
disorders may be complicated. Mutations in the
PSEN1 gene are found to be a common cause of
familial Alzheimer’s disease. Variants in this gene
could be difficult to interpret due to the conflicting or

incomplete information in available databases.
c.356C>T(p.Thr119lle) missensevariantinPSEN 1 geneis

classified as likely pathogenic in ClinVar with the
latest update in April 2019 and incomplete evidence.
HGMD offers newly discovered data that go in favor
of its pathogenicity in EOAD (Figure 5). These novel
data may help to enhance our understanding of
different variants associated with dementia in the study

population.
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Figure 5. PSEN1 ¢.356C>T (p.Thr119lle) in HGMD. This mutation is classified as disease-associated in HGMD. The classification is backed up with

the latest scientific publications no older than a year
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Use HGMD to find ethnically relevant variants in Parkinson’s disease

Parkinson’s disease (PD) affects millions of people
and is the second most common neurodegenerative
disorder. Several genes including PRKN, PINK, and
ATP13A2 have been involved in PD pathogenesis and
traditionally investigated in this disease. Findings have
shown that only about 5-10% of PD patients have
uniform forms of the disease. NGS can be used to

determine the effect of genes on PD and to discover

genes associated with different forms of the disease.
HGMD phenotype search shows more than 80 genes
and 800 genetic variations associated with PD.
Unlike others, which are gene/locus/variant-specific
databases, HGMD can provide a quick overview

of the number of disease-related genes and variants
(Figure 6).
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Figure 6. Phenotype search in HGMD shows more than 80 genes and more than 800 genetic variations (disease-associated mutations and

disease-associated functional polymorphisms) associated with PD

Most of the known PD mutations are found through
research conducted in European, North American,
North African Arab or Asian populations. Limited
studies exist on the genetics of PD in the Black African
populations even though African populations have
more private alleles than any other population. NGS
is a perfect approach to identifying novel genetic
variants and disease-associated mutations in such
populations. However, novel variants are difficult to

classify especially since most of the databases contain

neither entries nor evidence to help elucidate their

clinical importance.

Heterozygous missense variant in one of the known PD
genes, ATP13A2 (S1004R) was one of the rare variants
detected in the study of Parkinson’s disease in Black
South African and Nigerian patients (16). It was found
in a 39 years old patient from South Africa. None of the
currently available databases contain information on
this variant, except HGMD. This variation is classified
as likely pathogenic in HGMD (Figure 7,8).
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Figure 7. ATP13A2 S1004R missense mutation classified as likely pathogenic in HGMD.
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HGMD and VUS reclassification

Sequencing heterogeneous neurological diseases will
yield many novel variants whose classification should
be available for clinicians for fast and easy review.
In addition to rare deleterious variants, many VUS
will be identified. VUS reclassification may take a
lot of valuable clinician time. HGMD contains only
variants that have clinical importance which can help in
filtering out those whose effect on the disease is not yet

known. Unlike other sources that include practically all

Use HGMD to identify susceptibility loci for a

NGS has helped in revealing the association of MS
with the human leukocyte antigen HLA genes and also
revealed novel variants related to this disease (17,18).
These newly discovered genes might help not only in

molecular diagnostics of MS but can give information

submitted VUS without further inspecting them, HGMD
reclassifies VUS when enough manually curated
evidence is present. Compared to other sources, the
decision of whether to include a variant into the HGMD
database is not an arbitrary one. The decision involves
an exercise of expert curation and these variants are
specifically marked in the HGMD to indicate that some

degree of uncertainty exists.

multiple sclerosis (MS) panel

on new therapeutic strategies. Eighty-four disease-
associated genes have been reported in HGMD for
MS. Using HGMD, it is easy to find a gene of interest
and investigate the reported variants associated with
the disease (Figure 9,10).
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Figure 9. CYP27B1 gene has 86 variants with potential clinical implications reported in HGMD. All variants are sorted according to the mutation

type and variant class.
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Figure 10. Direct links to evidence used for variant classification are available for user review

However, it seems that known alleles are not sufficient
to induce MS and that rare variants with greater effect
sizes may still not be identified. GWAS studies have
revealed over 230 MS risk alleles across the human
genome, highlighting its complex genetic architecture.
The great challenges remain regarding the translation

of these findings into an etiological framework and
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actionable clinical understanding. New susceptibility loci
have been discovered spanning hundreds of kilobases
(kb) and many tens of genes on different chromosomes
(19). It has been shown that 2% of MS heritability resides
in the newly investigated genomic regions. HGMD offers
an advanced feature for chromosome search and easy

access to potential susceptibility loci.

Welcome to HGMD Professional version 2021.2

To start a search, select one of the tables below

or browse disease genes by chromosomal location
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Figure 11. The search for susceptibility loci and genes can go through Advanced option in HGMD- chromosome search
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The classification conundrum — how to correctly interpret a variant2 Use HGMD as an

aid to variant classification

Looking at the variant frequency in the control
population, one can easily misclassify a variant as

c.1529C>T, p.Ala510Val

is a common missense mutation in an SPG7 gene

benign/likely benign.

which has been associated with hereditary spastic
paraplegia, and pure cerebellar ataxia (20). Literature
data on the significance of this particular variant are
conflicting and variant classification range from VUS to
pathogenic. The frequency of this variant goes in favor

of its benign nature. It has been reported in GnomAD

in 820 of 282,858 adlleles including homozygotes.
Since clinical laboratories have been unable to reach a
consensus on the interpretation, clinicians face the
difficult task to decide how to counsel and treat patients

with hereditary spastic paraplegia and this variant.

HGMD classifies this variant as disease-associated,
backing up the classification with more than 30 up-to-
date scientific publications. Amino acid comparisons
and in-silico analysis also go in favor of its

pathogenicity (Figure 12, 13).
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Figure 12. ¢.1529C>T, p.Ala510Val missense mutation in a SPG7 gene. The classification is based upon more than 30 scientific publications
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Figure 13. Amino acid comparison and in-silico analysis are presented in the HGMD for ¢.1529C>T, p.Ala510Val missense mutation in a SPG7
gene as evidence for its classification
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Conclusion

HGMD provides clinicians with the most up-to-date
information about disease-associated variants. In the
realm of complex neurological disorders, it can be vital

to adequate diagnostics.

Large quantities of data currently available might be
erroneous or incomplete, and therefore of question-
able value to clinical decision-making. Fortunately,
HGMD offers high quality manually curated data and

variants that are reliably classified and associated

with the disease of interest. This ensures that little time
is wasted going through polymorphisms, unrelated

literature, or unverified information.

Clinical genomics has high demands in terms of quality
because final results are as good or bad as the quality
of data used. HGMD can also help in the optimization
of mutational screening strategies as it provides
valuable data for clinical interpretive use in exome

screening studies.
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HGMD Public vs. HGMD Pro

Feature HGMD Public HGMD Pro
Up-to-date content

Displays mutations 3 years or older X

Updates mutations every 3 months X

Search features

Search by gene symbol
Search by gene description
Search by OMIM number
Search by disease/phenotype
Search missense/nonsense variants
Search splice mutations
Search regulatory mutations
Search small deletions

Search small indels

Search gross deletions

Search gross insertions

Search complex rearrangements

X X X X X X X X X X X X X

Search repeat variations

Search by chromosomal location

Search by HGNC/OMIM/GDB/Entrez ID
Search by RefSeq transcript

Search by gene ontology

Search using operators (+-,*"")

Search phenotype using UMLS semantic
Search phenotype using HGMD phenotype
Search references by first author

Search references by PubMed journal
Search references by PubMed ID

Search references by publication year
Search references by HGMD gene

Search references by Medline journal abbreviation

Batch search

X X X X X X X X X X X X X X X X X X X X X X X X X X X X

Advanced search (by substitution, motif, function,etc.)
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HGMD Public vs. HGMD Pro

Feature

HGMD Public

HGMD Pro

Display features

HGMD accession ID

Codon change

Amino acid change

Codon number

Associated phenotype

References

Misense/nonsense mutations
Splicing mutations

Regulatory mutations

Small deletions

Small insertions

Gross deletions

Gross insertions/duplications
Complex rearrangements

Repeat variations

cDNA sequence

Extended cDNA

Mutation's first published report
Related genes

Gene ontology

Variant class (DM, DMg, FP, DP, DFP)
Gene aliases

Mutation sorted by location
Mutation sorted by phenotype
Mutation sorted by author

Mutation sorted by year

Mutation sorted by entrydate

Extra information (HGVS, VCF, rankscore, etc.)
Comparison between hg19 and hg38
Amino acid comparison

dbNSFP predictions (CADD, MutationTaster, SIFT, Polyphen, etc.

Orthologous amino acid conservation comparison

X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
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With over 314,707 expert-curated disease-causing mutations and more than 11,000 detailed summary reports of
disease-associated /functional polymorphisms\, HGMD is the most up-to-date and comprehensive collection of known
and published pathogenic gene lesions responsible for human inherited disease. Cited in over 5000 publications in
leading scientific journals, it is integral to any clinical assessment of germline variants. HGMD provides valuable data for
clinical interpretive and reporting use in exome screening studies, and optimizes mutational screening strategies. HGMD
is a widely used and trusted resource for medical and clinical geneticists, bioinformaticians, physicians, and genetic

counselors.
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