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Abstract

The redefinition of classical electroclinical syndromes and the emergence of neurogenetics has led to a revolution
in the field of developmental and epileptic encephalopathies (DEEs). In this context, advances in genetic techniques
are leading to the final diagnosis of a large proportion of patients with DEE. However, up to 50% of patients with
DEE remain undiagnosed. For patients with uncertain genetic etiology, there is a pressing need for the
implementation of new targeted treatments and precision medicine. In some undiagnosed patients, genetic
reanalysis with further in-depth or reverse phenotyping are valuable diagnostic tools to clarify new variants of
uncertain significance. In other cases, the implementation of new bioinformatic algorithms is required for the
update and reassessment of previously generated genetic data. Moreover, many other clinical tools have been
developed for the management of patients of DEEs after a negative or inconclusive genetic testing. In this review,
we highlight advances and limitations of new diagnostic strategies used in DEE patients without a known genetic
etiology. Finally, we provide a wide perspective on aspects that will need further research, especially in non-
Mendelian inheritance DEEs, such as those related to somatic mosaicism of the central nervous system or
epigenetic and oligogenic mechanisms.
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INTRODUCTION

The field of epilepsy genetics has emerged in clinical practice and is rapidly evolving in the last years. In this
setting, the main group of epilepsies where a genetic etiology can be found are the developmental and
epileptic encephalopathies (DEEs), defined as wide electroclinical syndromes characterized by epilepsy,
developmental delay or regression or intellectual disability, an abnormal EEG, and other possible
neurological or systemic manifestations'. Next-generation sequencing (NGS) provided a rapid increment
of gene discoveries in human disorders. The actual prevalence of DEEs is not known yet, although it has
been estimated that the overall annual incidence of single-gene epilepsies is around 1 per 2100 live births®.
This recent epidemiological research on genetic epilepsies led to elucidating some of the most common
genes associated with DEEs, such as SCN1A, KCNQ2, PCDH19, CDKL5, SCN2A, and SCN8A, among
others”. Currently, genetic testing is mandatory for determining precision medicine treatments and to
avoid unnecessary and potentially harmful diagnostic examinations and medications. A genetic diagnosis
might also provide genetic counseling and relevant information on the natural history of a condition, as well
as the access to new clinical trials or patient support groups'*.

Multiple lines of evidence showing poor genotype-phenotype correlations in classical electroclinical
syndromes have triggered a redefinition of the traditional concept “epileptic encephalopathy”, as well as a
revolution in the field of DEEs over the last few years". At the clinical level, these changes promoted the
application of new procedures when studying genetic and phenotypic heterogeneity, e.g., by expanding the
clinical spectrum related to each gene in a process known as reverse phenotyping'®. Importantly, since a
large proportion of genes related to epilepsy are also associated with autism or intellectual disability, among
others", the transition towards the conceptual framework “DEEs” has made it possible to redefine epilepsy
as an additional symptom of neurodevelopmental diseases. Advances in genetic diagnostic techniques have
also led to the confirmed diagnosis of a large proportion of patients with DEEs. However, at least a relevant
proportion of patients - estimated as 50% - remain undiagnosed”. In most cases, patients remain
undiagnosed due to insufficient genetic testing. In others, variants of uncertain significance have been
identified after further in-depth phenotyping. The update of genetic studies and/or the reanalysis of genetic
data with modern computational tools has proved essential as our knowledge of the disease prognosis and
the availably of targeted treatments increases. However, there are still many aspects related to the course of
clinical diagnostic of DEEs that need to evolve to reach precision treatments, especially in non-Mendelian
inherited neurodevelopmental disorders, such as those related to mitochondrial genome, somatic
mosaicism of the central nervous system, or epigenetic alterations*”.

The aims of this narrative review are: (1) to understand the limitations in the diagnosis of classical epileptic
syndromes and their reframing in light of the most recent advances in genetic epidemiology; (2) to describe
the reverse phenotyping strategy and its importance in the clinical practice regarding patients with DEEs;
(3) to discuss the management of patients with DEE and negative or inconclusive genetic testing; and (4) to
understand the limitations of the current diagnostic approach for these patients and future perspectives.

CONCEPTUAL FRAMEWORK SHIFT OF “EPILEPTIC ENCEPHALOPATHY"

Developmental and epileptic encephalopathies are a heterogeneous and complex group of diseases that fall
under the general umbrella of neurodevelopmental disorders, in which epilepsy and cognitive/behavioral
problems are combined in varying proportions, in some cases associated with other comorbidities. There is
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a group of “classical” epileptic encephalopathies, such as West, Lennox-Gastaut, or Dravet syndromes,
which were defined as characteristic electro-clinical syndromes before the etiology was fully understood.
However, these syndromes are currently undergoing a revisited definition'”.

The concept of “epileptic encephalopathy”, which the International League Against Epilepsy defines as the
process whereby “epileptic activity and seizures generate cognitive and/or behavioral problems beyond
those expected for the etiology”, has become obsolete!". Substantial clinical data suggest that
neurodevelopmental impairment in classical epileptic encephalopathies start before epilepsy onset and
progress after epilepsy remission. In light of these data, current views of DEEs consider that epileptic
activity in classical epileptic encephalopathies plays only a partial or limited role in the neurodevelopment
of the patient. In those cases, it is established that epilepsy is more an epiphenomenon of the etiological
process (in most cases, genetic), and that it is the abnormal neurodevelopmental trajectory which plays the
leading role in the pathophysiological process. Thus, the concept of “developmental and epileptic
encephalopathies” has emerged, in which it is accepted that neurodevelopmental problems are partly due to

the etiology and partly due to the epileptic process'?.

Most classically defined electroclinical syndromes have a poor genotype-phenotype correlation, with
polygenic risk and multiple genes producing the same syndrome (genetic heterogeneity) as well as with
pleiotropic risk alleles - multiple syndromes produced by the same gene (phenotypic heterogeneity). Thus,
syndromes such as West or Lennox-Gastaut are now considered common pathways of expression of
multiple etiologies, so more accurate phenotyping of these patients, beyond the classical triads, will be
essential to reach a diagnosis'”.

However, there are other electroclinical syndromes that could be considered successful examples in terms of
genotype-phenotype correlation, such as Dravet syndrome. It is caused by pathogenic variants in SCN1A in
about 85%-90% of cases, showing a haploinsufficiency mechanism. In addition, the diagnosis of Dravet
syndrome has been refined in recent years, as many genes traditionally included in the syndrome, such as
PCDH19 or KCNA2, now have their own specific syndrome, with differential characteristics from classical
Dravet!*"". Thus, the redefinition of the concept of epileptic encephalopathies, together with a poorly
genotype-phenotype correlation in the classical electroclinical syndromes, triggered this paradigm shift in
the study of DEEs.

DIFFICULTIES IN GENOTYPE-PHENOTYPE CORRELATION

Phenotypic expansion

As a result of the increased number of patients analyzed with platforms that include a high number of
genes, the phenotypic spectrum related to specific genetic conditions has increasingly expanded. Taking the
SCNI1A gene as example, some years ago variants located in this locus were associated with two distinct and
unique phenotypes: Dravet syndrome and genetic epilepsy with febrile seizures plus (GEFS+). GEFS+ is a
dominantly inherited epilepsy syndrome in which individuals show a predisposition to spontaneous
seizures or seizures triggered by fever and other factors, such as emotional excitement, without refractory
epilepsy or neurodevelopmental disturbances. In contrast, in Dravet syndrome, initial febrile seizures
progress to severe refractory epilepsy after the second or third year, showing neurodevelopmental
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problems!

Currently, clinical findings on SCN1A variants suggest that, in addition to the full spectrum of phenotypes
between GEFS+ and Dravet syndrome, there are also substantially different SCN1A-associated epilepsy
phenotypes that do not fall within the GEFS+/Dravet spectrum"”. Moreover, SCN1A variants may be
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associated with other neurological phenotypes that do not include epilepsy, such as familial hemiplegic
migraine'”. This scenario, characterized by a wide variability in epilepsy phenotypes as well as non-epileptic
neurological phenotypes, has emerged for most epilepsy-associated genes". It is likely that some, but not
all, of the phenotypic variability is explained by gene variant-specific functional effects. For example, SCN1A
variants associated with hemiplegic migraine typically show gain of function. Other genetic and
environmental modifiers are likely to account for much of the remaining phenotypic variability, but these
factors remain difficult to be fully established and characterized. This has been shown in different research
works with functional studies, with relevant translational implications in genetic-phenotypic correlations,
such as the case of some biallelic variants in SCN1B"”,

Identification of new genetic variants

Targeted analyses focused on the identification of epilepsy-related genes can be separated into two types: (1)
those that compare huge cohorts of people with epilepsy with healthy individuals and search for a higher
proportion of common genetic variants among people with epilepsy, i.e., genome-wide association studies
(GWAS)™; and (2) those that look for rare deleterious variants, which might give an explanation of
patient’s clinical presentation in order to be considered as causative™. Milder phenotypes are more
convenient for GWAS analysis, while severe phenotypes (DEEs) are suitable for the second strategy. De
novo pathogenic variants, which in most cases produce reproductive difficulties and are thus very rarely
found in the general healthy population, are often the most robust candidate variants™.

GWAS studies do not try to search for disease causes. This approach normally tries to elucidate the
common genetic variants that confer a higher predisposition to epilepsy. This screening approach has been
valuable in understanding the gene-related architecture of epilepsy”*. Among these studies, scarce variants
have obtained genome-wide significance, and those variants explain a tiny percentage of the general
phenotypic variation””. Thus, these research strategies show low clinical relevance. Future progress in this
direction will need larger numbers and less heterogeneity. In recent years, “polygenic risk scoring” strategies
are being developed attempting to determine the genetic load of common variants that together generate
more frequent and milder phenotypes, such as adult focal epilepsies or idiopathic generalized epilepsies®.

Studies using next generation sequencing techniques to identify rare deleterious variants in deeply
phenotyped patients with severe neurodevelopmental disorders with epilepsy provide more useful
opportunities for new epilepsy-related genes discoveries””. These approaches analyzed the epilepsy-related
disorders from two different perspectives. The first perspective involves the analysis of wide samples of
patients with broad phenotypes, with or without associated epilepsy, exemplified by the Deciphering
Developmental Disorders (DDD) study”. The second involves the analysis of samples of individuals who
concretely presented epilepsy, such as the Epi4K consortium study™. It is important to distinguish between
these two approaches, since, in the first one, epilepsy represents one of the symptoms included in a global
neurodevelopmental disorder, while, in the second one, epilepsy is the main selection criterion and
additional symptoms are presented as co-morbidities.

The illustrative case of STXBP1

Deleterious de novo variants in STXBP1 were firstly published in four patients with early-onset epilepsy,
with Ohtahara-syndrome features”. Therefore, STXBP1 was firstly labeled as an “Ohtahara syndrome
gene”. Subsequent publications revealed that STXBP1 variants were associated with many other epilepsy
syndromes, such as Dravet, West or Lennox-Gastaut syndrome”". Currently, STXBP1 phenotypic spectrum
is considered even broader, as a “neurodevelopmental disease-related gene”, since 11 patients of the DDD
study (out of 4293 families reported) had de novo deleterious STXBP1 variants”. From this cohort, three
patients had no history of seizures and two others presented epilepsy in late childhood™. Altogether, the
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evidence suggests that there are few epilepsy-specific genes, and most of them are generally associated with
global neurodevelopmental diseases, causing both intellectual disability and autism spectrum disorders™".

REVERSE PHENOTYPING

Reverse phenotyping refers to the refinement of phenotypes based on the interpretation of genetic data. The
strategy was firstly utilized in sarcoidosis patients and their phenotyping, and it is a promising new
approach in many other heterogeneous diseases, such as epilepsy or neurodevelopmental disorders"
[Figure 1].

The picture of PCDH19-related epilepsy

The PCDH19 gene was initially included in the group of genes related to Dravet syndrome as it was
associated with early-onset febrile and prolonged seizures before two years of life and is usually associated
with cognitive and behavioral disturbances™. Patients with pathogenic variants could be included into a
wide Dravet or “Dravet-like” phenotype. However, over time these patients were found to have very specific
characteristics. Most of the patients are girls, present seizures that occur in clusters, and have focal
semiology. In addition, cognitive and behavioral disorders are slightly different (including autistic spectrum
features without motor abnormalities), and the drugs that show efficacy are also different. Through a
reverse phenotyping process (from the gene to the syndrome and not from the syndrome to the gene, as
routinely performed), it was observed that there was a specific PCDH19-related epilepsy syndrome that
could be distinguished from the classical Dravet syndrome. Currently, it is known that PCDH19 is among
the 10 most frequent causes of genetic epilepsy with onset in the first two years of life causing a very
distinctive syndrome. This translates into different treatments"”. For example, levetiracetam is a drug with

38]

low efficacy in Dravet syndrome and very high efficacy in PCDH19-related epilepsy”

Platforms to work with for reverse phenotyping

A major goal in the field of clinical genetics is to better understand the conundrums of genotype-phenotype
correlations. A detailed review of the recent literature and publicly available databases is necessary when
dealing with variants of uncertain significance. This process has been facilitated in recent years by the
emergence of bioinformatic tools, such as the R package VarformPDB, which organize genes and variants
associated to a condition, phenotype, or clinical feature from public databases such as OMIM (Online
Mendelian Inheritance in Man), Orphanet, ClinVar, Human Phenotype Ontology (HPO), UniProt
(Universal Protein Resource), and abstracts from PubMed"“”. Moreover, the creation of huge biobanks
associating electronic medical record (EMR) data and genetics has led to improved clinical characterization
of variant carriers. In addition to deep clinical phenotyping, multi-omics strategies can be employed
through simultaneous compilation of biomarkers and samples from patients'*”. Multiple innovative projects
have been made to ease EMR-based genomic research, such as the creation of the Precision Medicine
Initiative Cohort Programme, which allow both “direct genetic” and “reverse phenotyping”
implementations. The use of EHRs for genomic research presents multiple advantages, as large samples can
be recruited without the previous time-consuming and economic burden!*,

The clinical genetics community employs numerous tools to address reverse phenotyping, including
DECIPHER, an open-access database that hosts a collection of tests for more than 37,000 patients with
genetic conditions to compare genotype-phenotype data”’. Additional examples, such as the Matchmaker
Exchange or GeneMatcher, serve as database mining using the association of genotype and phenotype
profiles’. On the other hand, VarSome is a bioinformatic platform with tools aiming to compile
information needed for variant analysis“’. All these platforms allow the neurologist and geneticist to
perform direct and inverse phenotyping of patients, facilitating the interpretation of variants and the
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Figure 1. Diagram depicting the concepts of “direct genetics”, i.e., the “genotype to phenotype” approach; “reverse genetics”, i.e., the
analysis of the impact of an induced variation in a specific gene for a gene function with different techniques (CRISPR/Cas, etc.); and
“reverse phenotyping”, i.e., the clinical assessment driven by genetic results. siRNA: small interfering RNA.

diagnosis and management of patients.

HOW TO MANAGE PATIENTS WITH “NEGATIVE” GENETIC TESTING?

Fast and correct diagnosis is essential for appropriate patient management. However, patients and families
with DEEs usually spend more than five or six years in the so-called diagnostic odyssey. This diagnostic
journey often implies several evaluations to specialists and diagnostic tests (sometimes invasive), and it can
entail relevant social and individual disturbances. Unfortunately, even with the broad number of diagnostic
techniques available, at least 50% of DEE patients do not receive a genetic diagnosis'*. Although less than
3% of genetic diseases currently have an FDA-approved therapy, rigorous genetic diagnosis is crucial for
clinical care in many aspects (e.g., genetic counseling, prognosis and family planning, and choosing specific
traditional treatments'*’) and for patient and family quality of life (end of diagnostic odyssey, emotional
peace, and access to patient advocacy and supporting groups)"”.

Most of the worldwide population does not have access to sufficient genetic testing, which represents the
most challenging problem for affected individuals with DEEs. Several countries have recognized that
patients with DEEs face systematic difficulties to access medical attention and diagnostic techniques!***.
Some of these problems derive from the infrequent prevalence, which increases complexity in diagnosis and
appropriate management. These include low awareness, no guidelines for diagnosis, and minimal medical
knowledge in DEEs among physicians. There are additional system barriers, such as limited access to
genetic testing in some populations. In countries such as Spain, studies show that access to genetic testing in
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patients with epilepsy remains limited, especially among adults with DEEs*".

Challenges in the analysis and interpretation of variants of uncertain significance

Even after our rapid increment in knowledge about the diverse genetic mechanisms, we do not understand
yet most of the genomic variations. The American College of Medical Genetics and Genomics (ACMG)
defines a variant of uncertain significance (VUS) as a genetic variant with a probability of pathogenicity
between 10% and 90%"°". The proportion of VUS recognized in every report is variable, as are some factors,
such as the indication, the size of the genetic region, and the current knowledge of a function in a particular
protein". This increment in VUS produces difficulties in patient outcomes and is a major challenge in the
correct diagnosis of DEEs.

The clinical validation of genetic testing outcomes is complex to establish. In several examples, there are
phenotypic expansions of already known disease-gene correlations. When numbers analyzed increase, the
detection of atypical phenotypic presentations of DEE grow, expanding the phenotype and the clinical
variability associated with that specific gene. Usually, the severe forms of the disease are better established,
while milder forms will remain hidden until genetic studies begin to be requested in a larger sample of
patients with less severe epilepsy forms'™”..

Our knowledge about the gene variant-disease relationship is continuously growing; approximately 300 new
identified associations or new genes are reported each year™. These newly described associations may result
from genes that had never been related to a genetic condition (new disease gene identification) or that were
previously related to a different disease (new phenotypic association). Some laboratories report variants in
genes of uncertain significance (GUS), requiring the search for other individuals with variants in the that
GUS and similar or overlapping clinical features to aid this candidate gene as a disease-causing gene and
ultimately a diagnosis*”. Some studies elucidate that around 6000-13,000 Mendelian diseases remain to be
defined””. Although this suggests a huge potential for the identification of new disease-gene associations,
those sometimes cannot be discover using the current diagnostic strategy, thus requiring in some cases the
implementation of functional studies to elucidate the gene variant-disease association”. In light of these
findings, the evaluation and interpretation of studies in DEE patients requires continuous reevaluation and
analysis. These are outlined schematically in Figure 2. Additionally, recent disease-focused specifications for
ACMG guidelines might be helpful in the interpretation of some clinical scenarios, regarding variants
(especially VUS) with specific genes/disorders"”.

Suitability and sufficiency of previous genetic testing

“Negative genetic testing” in patients with DEE is often the result of scarce workup. Thus, a large
proportion of negative genetic outcomes in this population results from insufficient screening or obsolete
evaluation requiring an update”. There are three types of genetic studies that are currently considered
insufficient in all types of DEEs: karyotyping, single gene sequencing, and array-CGH. Karyotyping is rarely
indicated in epilepsy (only in cases of suspected ring chromosomes, such as 20 or 14) and should not be
considered as the unique study to be performed in any case"™. Regarding single- or two-gene sequencing,
there are also few clinical scenarios where it can be efficient. The most characteristic are Dravet syndrome
or tuberous sclerosis, entities where the predictive capacity for a specific genetic diagnosis (SCN1A or
TSC1/2) is high'. However, in most cases, if this first approach is negative, large panels or exome
sequencing will be appropriate. Array-CGH is a test that has been widely used in DEE patients, but its
diagnostic yield is of only about 10%'*". Therefore, its negative study should never be considered as
sufficient in these patients. Whole exome sequencing (WES) is currently considered the most appropriate
technique for genetic diagnosis in DEE, with a diagnostic yield of up to 50%'*”, which improves if trio
strategies are used (WES also performed in the parents to be able to segregate identified variants of interest),
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Figure 2. Schematic of the diagnostic procedure in developmental and epileptic encephalopathie patients presenting negative genetic
testing. The first step is phenotyping and clinical reevaluation of the patient with electroclinical data, neuroimaging, phenotyping of
relatives, or other tests such as cognitive and behavioral profiling. This leads to a diversion point when the procedure will include
completing the study and/or reanalyzing previous studies, assessing variants of uncertain significance (VUS), reevaluating the data with
different bioinformatics algorithms, or analyzing genes of uncertain significance (GUS). Sometimes the limitations of sequencing make it
necessary to employ other techniques, such as whole genome, transcriptomic (RNA) sequencing, or methylation analysis techniques,
among others.

with bioinformatics algorithms for the detection of copy number variations (CNV, which would also
replace array-CGH in a proportion of cases) or the detection of nucleotide expansions'”. Moreover, some
studies have shown that resequencing strategies in previously specified pediatric epilepsy cohorts could
significantly increase the diagnostic yield, through the analysis of exon-intron boundaries and selected non-
coding and deep intronic variants, as well as single nucleotide variants and small INDEL (up to 220 bps) and
CNVs using NGS**.

Reanalysis of previous negative sequencing data

Since the current paradigm is not designed for DEE patients without diagnoses, there is a need to broaden
our approach to clinical care for these patients. An integral part of this evaluation is the recurrent reanalysis
of sequencing data and data sharing to facilitate the probability of reaching a correct genetic diagnosis. In-
depth phenotyping of individuals with an undiagnosed DEE, sometimes including the family, is critical, and
it is most useful when using an international and systematized nomenclature, such as HPO'". Of note, this
diagnostic strategy includes atypical phenotypes, clinical expansions, combination of more than one disease,
and genetic associations of newly discovered diseases'*”.
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Firstly, the patient phenotype is deeply analyzed. Subsequently, the strategy of previous tests should be
reviewed, in order to look for pitfalls that did not lead to a diagnosis. Previous tests should be reviewed to
reveal whether a broad approach (in genes and conditions) was properly performed. For patients with
convincing VUS, we would start by searching for new publications with information showing pathogenicity
(e.g., in ClinVar or HGMD) or benign variation (e.g., high frequency in gnomAD). Some additional
information might come from segregation or functional studies'"”.

Nowadays, it is not only important to carry out quality genetic studies, but also to have the possibility to
reanalyze them after a period (maximum every 3-5 years). Exome sequencing that is negative today may be
positive in two years. The clinician should demand access to sequences and regular reanalysis of patient
data. In many clinical fields, WES is available as a funded test for most of the patients with complex
phenotypes®). However, it is only 30%-50% successful”’. Although it is not established which percentage of
individuals carry pathogenic variants in the protein-coding part of the genome (exome), it is likely to be
much higher than this diagnostic yield. In fact, a negative exome is considered a point of start for the patient
without a diagnosis, as it has been documented that there is a high probability that reanalysis will identify
diagnoses both in old and new genes'.

Reanalysis of exome data provide additional diagnostics for some reasons!*>****;

(1) Immediate reanalysis of exome data with geneticist-clinician collaboration has been reported to reach a
diagnosis in known disease genes in 10% of undiagnosed patients. This gap in genetic diagnostic finds its
origin in a poor clinical interpretation of genetic data when interaction between geneticists and clinical
neurologists is lacking.

(2) In a similar way in which new information on disease-associated variants can assist in the reevaluation
of VUS identified in known genes, the approximately 300 disease-gene associations newly described every
year may identify variants that were not evaluated when the genetic testing was performed.

(3) Clinicians may elucidate these new disease-gene correlations on their own. It has been demonstrated
that discovery of new genes through recurrent analysis of exome data can double the diagnostic yield'*”..

(4) Reanalysis collaborating with the laboratory using distinct bioinformatics approaches can reach a
diagnosis which was missed using the previous strategies.

(5) Reanalysis allows the clinician to modulate different thresholds (e.g., quality or rarity) and use different
bioinformatic tools. It depends on some clinical scenarios, such as mosaic variants mimicking autosomal
recessive pattern of inheritance.

(6) RNA sequencing methods can play a role in some specific cases, with the identification of pathogenic
variants that remain unnoticed or doubtful after WES".

LIMITATIONS AND FUTURE PERSPECTIVES

Currently, there is a broad spectrum of genetic diagnostic tools suitable for clinical assessment of DEEs.
However, all have technical limitations. Clinicians must embrace that, even if the best selected genetic test
for their patient had been performed, a genetic alteration cannot be certainly ruled out; they may only
reduce its probability. For instance, although NGS (next-generation sequencing) techniques have improved
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our DNA sequencing ability, there are still difficulties with GC-rich regions, homology, or pseudogenes.
Additionally, although microarrays (array-CGH) show greatly improved ability to confirm CNVs, their
limited resolution on pre-defined sequences means that some diagnoses can still be missed”". Moreover,
there are technical limitations of NGS that are typical in the bioinformatics algorithms used to align
genomic data to a reference sequence, and annotation and filtering strategies may affect which variants are
subsequently identified for analysis”. Whole genome or trio genome (including parents) sequencing
(WGS) studies are starting to be used, with some publications showing promising results in DEEs without
diagnosis”. However, the major difficulty associated with WGS is the arduous mass of information
provided, which must be properly mined and interpreted through close geneticist-clinical collaboration.
The roles of many genes and complex genome variations are still undetermined. Thus, although WGS can
produce a large volume of data, most of them may be misleading or useless at the moment. Then, the
genetic testing strategy selected for a patient with an undiagnosed DEEs should be analyzed in detail. This
will help us to better understand with which probability are current methodologies in genetic screening

[74]

missing disease mechanisms

Millions of individuals with rare diseases have undergone targeted genetic assessment, and more than
100,000 patients worldwide have undergone an NGS sequencing technique (especially whole exome
sequencing approach) during their clinical care”. However, access to most of these data is difficult, if not
impossible, because healthcare is a highly regulated environment due to policies on personal data privacy
and potential solutions are difficult and costly. Even in research, taking in account that individuals usually
agree to share their whole data, access is usually a very limited process to ensure compliance. Strategies must
be developed to capitalize on previous as well as future data and fully exploit the powerful collective data in
order to assist the interpretation of genetic variation for patient care”. The balance between data sharing
and maintaining confidentiality will ultimately impact our diagnostic capacity in the future.

Finally, we must not lose sight that current clinical-grade NGS and associated bioinformatics analyses
cannot confirm genetic variation associated with non-Mendelian inheritance, such as tissue (brain)-specific
somatic mosaicism (very frequent in epilepsy and already widely linked to cortical developmental
malformations), epigenetic abnormalities, oligogenic mechanisms, or gene-environment interactions””. For
instance, pathogenic variant mosaicism might not be easily identified depending on the accuracy of the
selected approach, and detection is especially hampered for tissue-specific mosaicism (especially in the
central nervous system) and low-level somatic mutations. Epigenetic alterations, such as methylation
defects, uniparental disomy, and altered expression profiles of the parents of origin at a locus, require
specific testing approaches. In addition, there are currently no clinical-implemented strategies to detect
oligogenic or complex inheritance (even with polygenic risk scores), where the cumulative effect of different
common and rare variants, together with environmental triggers in the context of a complex disease, results
in the clinical picture of a specific patient”™. The study of DEEs caused by these mechanisms is currently
limited and will warrant attention and research in the next future.
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