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ARTICLE INFO ABSTRACT

Keywords: A detailed understanding of genetics is critical to the diagnosis, management, and prognostication of neuro-
Genetics cutaneous disorders. Inheritance patterns can provide a key to the identification of different neurocutaneous
Neurocutaneous disorders. Autosomal dominant disorders, like neurofibromatosis type 1 and tuberous sclerosis complex, affect
Pedigree les and femal lly and icall, i ion of a pedigree d hogenic ch:

Mosaicism males and females equally and are typically seen in every generation of a pedigree due to pathogenic changes to

DNA one copy of a gene on a somatic chromosome. Autosomal recessive disorders, such as ataxia-telangiectasia, affect
males and females equally but typically skip generations on pedigrees as there needs to be a pathogenic variant of
the gene on each of the pair of somatic chromosomes. X-linked disorders such as incontinentia pigmenti and
Fabry disease primarily affect males or affect them more severely, but in the case of incontinentia pigmenti, the
condition is lethal in males and only females are noted to be affected. The pathogenic variant that is disease
causing is on the X sex chromosome, of which females have two and males have one. Somatic mosaic disorders
like Sturge Weber syndrome are due to pathogenic variants only in a subset of cells post-fertilization and are not
present in gametes, and so are not passed on to the next generation. Conditions that are a result of germline
mosaicism are usually identified as autosomal dominant conditions that have not been present in the family prior
to a single child being affected, with suspicion strengthening if siblings are diagnosed with the same condition.
Regardless of the suspected inheritance pattern, it is essential to consider the ethical implications of genetic
testing, including family planning, discovery of consanguinity, disclosure to other potentially affected family
members, and diagnostic uncertainty.

Chromosome
Inheritance

Introduction to genetics and neurocutaneous disorders

It is difficult to practice child neurology today without an intimate
knowledge of genetics. While neurocutaneous disorders were originally
diagnosed clinically with distinct clinical features, with the emergence
of genetic testing, single gene variants that account for many of these
disorders have been discovered. Neurocutaneous conditions often affect
multiple organ systems in addition to the brain and skin, including the
kidneys, lungs, spinal cord, retina, and others. The specific disease
manifestations may dynamically evolve throughout a person’s lifetime,
so that at various stages of life, one organ system may be more involved
than others. It is essential to understand basic genetics and patterns of
inheritance to provide accurate clinical information to patients with
neurocutaneous disorders and their families to address multi-system
involvement and ensure health throughout the lifespan.

The human genome consists of 20,000-25,000 genes which code for
proteins for the human body’s functions. Genes are constructed by se-
quences of deoxyribonucleic acid (DNA) and are compactly stored

within structures called chromosomes in the nuclei of cells. Humans
typically have 22 pairs of somatic chromosomes and 2 sex chromosomes,
totaling 46 total chromosomes. One chromosome of every pair comes
from each parent. Each pair of chromosomes have genes arranged in the
same order, though each gene may be slightly different among the
population and is called a variant.>>>

There is a myriad of different variant types. The smallest variant
includes a change in a single nucleotide and is called a single nucleotide
polymorphism (SNP). Insertions and deletions are short nucleotide se-
quences either added or missing from a gene sequence. Copy number
variants (CNV) are insertions and deletions that involve larger sequences
of DNA (>50 nucleotides). Tandem repeats involve a few nucleotides in
a sequence that repeat multiple times in a row. This category would
include trinucleotide repeat disorders, in which a sequence of three
nucleotides is repeated multiple times.”

Variants can alter the function of the final protein encoded by a gene.
Variants that account for the diversity of the human genome are called
alleles. Pathogenic variants (historically referred to as “mutations™) are
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alterations in genes that cause disease or increase risk for developing
disease. While genetic variants are commonly thought to be inherited
from either or both parents, de novo, or new, variants may spontaneously
arise from the egg or sperm, during early embryogenesis, or in a
particular cell population further into embryo development. De novo
variants explain genetic conditions arising in an offspring without pre-
vious family members being affected.

With the inheritance of genetic material, one can create a diagram of
a family to determine where a genetic change may have arisen, who is
affected by a disease, who may be a carrier of the genetic variant, who
may yet be affected by a disease, and the likelihood of a specific gene
being the cause of the disease. This diagram, called a pedigree, is drawn
using standardized symbols and nomenclature as set by the National
Society of Genetic Counselors.” Herein, we will discuss the basics of
genetic testing and inheritance patterns when there is a suspicion of a
neurocutaneous disorder.

Genetic testing

Depending on the differential diagnosis and symptoms of concern,
there are multiple genetic testing options to consider. If the clinician has
a high suspicion for a specific disorder, single gene testing can be sent
which tests for sequence variants and copy number variants (insertions,
deletions or duplications of portions of genetic material) in that single
gene. Limited gene panels exist which test a few genes that may have
very similar phenotypes, essentially testing for a differential diagnosis
list of possible disorders. These panels also test for copy number variants
or sequence variants. Broader genetic testing can be done including a
chromosomal microarray (CMA), which analyzes the entire genome for
copy number variants, but importantly, does not sequence the genome.°
Whole exome sequencing (WES) involves identifying sequence variants
of exons, or coding regions of DNA, throughout the whole genome, but
not copy number variants. Whole genome sequencing (WGS) can iden-
tify pathogenic sequence variants throughout the genome and copy
number variants in not just the exon regions of DNA, but also in the
non-coding regions of DNA, called introns.
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Autosomal Dominant

An autosomal dominant inheritance pattern occurs when a patho-
genic variant involving only one of the genes on one of the 22 pairs of
somatic chromosomes is sufficient to cause disease, also known as a
heterozygous condition. This inheritance pattern is strongly suspected
when at least one family member per generation is affected, often with
equal distribution among males and females (Fig. 1). Regardless of
whether the variant was inherited from a parent or acquired de novo, a
parent with an autosomal dominant condition would have a 50% chance
of their child experiencing the same condition. Anticipation of the in-
heritance of these conditions may be guided by prenatal genetic testing
including cell-free DNA testing, amniocentesis, and chorionic villus
sampling, in addition to pre-implantation genetic testing.

There are numerous neurocutaneous syndromes inherited in an
autosomal dominant manner. These include Von Hippel-Lindau syn-
drome, tuberous sclerosis complex, and neurofibromatosis types 1 and 2.

Neurofibromatosis type 1 is associated with germline variants in the
NF1 gene, a gene with one of the highest variation rates in the human
genome. An estimated 50% of neurofibromatosis type 1 cases is asso-
ciated with non-inherited, de novo variants.” The NF1 gene encodes the
protein neurofibromin, a tumor suppressor that downregulates the
RAS/MAPK and mTOR signaling pathways. With pathogenic variants in
NF1 there is non-functional or poorly functioning neurofibromin, dys-
regulated cell proliferation begins. When a patient with a pathogenic
variant in NF1 accumulates a "second hit” somatic (non-germline)
pathogenic variant in another tumor suppressor gene, unchecked cell
growth increases the chance of tumorigenesis and atypical cell growth.
In neurofibromatosis type 1, while all cells have pathogenic variants in
NF1, “second hit” variants in specific cell types may explain why only a
fraction of patients experience certain manifestations of the syndrome.
For instance, those with variants in optic nerve glial cells may develop
optic nerve gliomas while those with variants in intracranial glial cells
may develop gliomas of the cerebral hemispheres®
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Fig. 1. Autosomal dominant inheritance—Multiple people throughout the 3-generation pedigree are affected. There is a similar ratio of males to females and about

half of the family members are affected.
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Autosomal Recessive

Autosomal recessive conditions occur when both variants of a gene
are pathogenic. These variants can be homozygous, when there are
identical variants in each gene, or compound heterozygous, with non-
identical variants affecting each of the paired chromosomes. Classi-
cally, autosomal recessive conditions occur when one pathogenic
variant is inherited from each parent. One or two non-inherited de novo
variants may also contribute to disease. Individuals with one copy of the
variant are known as carriers, and these individuals are unaffected by
the disease. There is a 25% chance per offspring to be affected by disease
with two carrier parents. Autosomal recessive inherited conditions
equally affect males and females (Fig. 2). In some populations
throughout the world, a founder effect may be seen, where there is less
genetic variation within a group of individuals, contributing to a higher
frequency of certain autosomal recessive conditions. A founder effect
can be seen in the Romani population for the autosomal recessive con-
dition ataxia telangiectasia.” Autosomal recessive conditions are much
more common in offspring of consanguineous parents due to less genetic
variation in the common gene pool between the parents.'®

Ataxia telangiectasia (A-T) is an autosomal recessive condition
involving biallelic pathogenic variants in the ATM gene. The ATM gene
encodes the ATM protein, which performs essential functions involving
double-stranded DNA repair and response to oxidative stress. There is a
variable spectrum of phenotypes of this condition. The classic or severe
form of A-T is associated with cerebellar and extrapyramidal progressive
degeneration with ataxia as a prominent early feature, sensorimotor
neuropathy, an elevated risk of cancer, immunodeficiency, and multi-
factorial pulmonary disease. A mild form of A-T is associated with
dystonia, tremor, and neuropathy in addition to heightened cancer risk,
typically without pulmonary or immunologic deficiencies. Patients with
A-T may have cutaneous and ocular telangiectasias, but these are
inconsistently present. WWWy
one pathogenic allele in the ATM gene, these patients are still at greater
risk of developing many types of cancer when compared to the general
population. Women with a heterozygous variant in the ATM gene are
more vulnerable to the development of(breast cancer. Testing of at-risk
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family members and pre-implantation genetic testing are commonly
considered in this patient population.“’u’13

X-linked

While autosomal dominant and recessive conditions are inherited on
the 22 somatic chromosomes, X-linked dominant conditions are
inherited through the X sex chromosome. In general, these conditions
are much more likely to affect males than females, because males have
only one copy of the X chromosome, whereas females have two.

Females may be unaffected carriers of X-linked conditions or may
experience a modest degree of disease. This is due to variable patterns of
X chromosome inactivation in females. While females have two X
chromosomes, the expression of half of all X chromosomal genetic in-
formation in females is silenced through a process known as X chro-
mosome inactivation or lyonization. In some females, the X-inactivation
pattern may prevent expression of the disease-associated variant
entirely. In other females the X-inactivation pattern may not silence the
expression of a disease-associated variant at all, resulting in disease.
Regardless of the X-inactivation pattern of a mother with an X-linked
dominant genetic variant, the male offspring of a female with an X-
linked dominant genetic variant have a 50% chance of inheriting the
disease (Fig. 3). The female offspring of mothers with an X-linked
dominant genetic variant have a 50% chance of inheriting the genetic
variant but based on their pattern of X-inactivation they may be
asymptomatic carriers or experience some degree of disease.'

Incontinentia Pigmenti is a condition characterized by rash-like le-
sions at birth that evolve over time, seizures, neurovascular abnormal-
ities and eye, hair and nail defects. It is inherited via an X-linked
dominant pattern. It is almost exclusively seen in females—it is lethal to
XY males in utero. It has been reported in males with a XXY sex chro-
mosome configuration (Klinefelter syndrome) and in a few XY males
with mosaicism or with hypomorphic pathogenic variants—variants
that do not result in full loss of function of a protein. Mosaicism will be
further explained in the next section.

Fabry disease is a disease that is a lipid storage disorder and is
inherited in an X-linked recessive manner.'” Theoretically, X-linked
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Fig. 2. Autosomal recessive inheritance—Fewer family members are overall affected by the autosomal recessive condition, but more family members carry a

pathogenic variant and may pass it on to future prodigy.
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Fig. 3. X-linked inheritance—Only males are affected by X-linked conditions in this pedigree while females can be carriers of X-linked conditions.

recessive disorders primarily affect males, as they only have one copy of
the pathogenic variant on their only X chromosome. Fabry disease,
which can cause early strokes, renal disease, and skin lesions called
angiokeratomas, has high penetrance. Penetrance measures the pro-
portion of patients with a certain genotype that expresses a phenotype
associated with disease. Therefore, in Fabry disease, females with a
single pathogenic variant can still demonstrate signs and symptoms of
disease, though usually to a lesser degree. This differs from expressivity,
which examines how individual patients are phenotypically affected by
the same genotype.'®

Somatic Mosaicism

When a variant occurs in the ectodermal layer at the beginning of
embryogenesis in a subset of cells, a somatic mosaic neurocutaneous
condition may occur. In these conditions, a fraction of the cells in the
nervous system and skin harbor a pathogenic variant and is sufficient to

cause disease. Genetic testing that utilizes blood samples is insufficient

to identify disease-causing variants in somatic mosaic neurocutaneous

c__o_nd/itigrﬁ,_@gh biopsy of affected tissue may yield a genetic eti-
o,l_% Somatic variants are not passed down from generation to gen-
eration, appearing de novo in affected patients.

Sturge Weber syndrome (SWS) is an example of a somatic mosaic
condition. Individuals with Sturge Weber syndrome typically have a
somatic pathogenic variant in the GNAQ gene. The most common
dermatologic manifestation of SWS is a port-wine stain over the uni-
lateral upper face. Glaucoma may be seen, especially if the port wine
stain extends over the eye. Neurologically, SWS affects a portion of the
blood vessels and cortex of the brain. There is abnormal growth of
leptomeningeal vessels known as leptomeningeal angiomatosis. The
cortex associated with the region of leptomeningeal angiomatosis often
has a dysplastic appearance with epileptogenic potential. Patients with
SWS may experience multiple seizure types arising from the affected
tissue, including infantile spasms and focal seizures.'”

Germline Mosaicism

Germline mosaicism is a condition in which pathogenic variants are

present only in egg or sperm cells in an otherwise unaffected person.
Since the disease-causing variant is not present in cells in the rest of the
body, the individual will not have the disease but may have offspring
that develop the condition. The offspring that have the condition would
not be mosaic, and both somatic and germline cells would be affected.
This may appear to be a de novo variant in the offspring. Inheritance is a
key difference between germline and somatic mosaicism. Germline
mosaicism is usually suspected when a child has a variant or variants,
but neither parent is affected. That suspicion increases if there are
multiple offspring or affected siblings with the variant and no other
family history of its presence. However, the only way to confirm
germline mosaicism is to do genetic testing on both parents’ gametes.

Ethical and economic considerations

The ethical and economic challenges of genetic testing are also
essential to discuss with families as part of the informed consent process.
WGS and WES may be cost-prohibitive in some cases, despite the higher
diagnostic yield. WES and WGS are more likely to discover variants
unrelated to the condition of concern at the time of testing. Some vari-
ants found on WES or WGS may be associated with adult-onset disease,
including life-limiting conditions that would only manifest in adult-
hood.'® Consanguinity can also be incidentally discovered with CMA,
WES, WGS, and gene panel testing. Most forms of genetic testing may
reveal findings of uncertain significance, which may lead to more
diagnostic uncertainty and stress for families. Genetic testing may also
reveal findings relevant to a patient’s relatives and future offspring.
Considering when to disclose a variant of concern to other family
members may pose a difficult dilemma. It is important to thoroughly
consider the potential implications of any testing ordered and to be
prepared to address unexpected results with families when they arise.

Conclusion

Genetics is an integral part of neurocutaneous disorder identification
and management, as it can help elaborate a list of possible diagnoses,
lead to more precise investigations, and assist with counseling families
about likelihood of additional members being affected by a condition. In

Descargado para Anonymous User (n/a) en Asturias Ministry of Health de ClinicalKey.es por Elsevier en enero 03, 2025. Para uso
personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



L. Ferrante and C. Ortman

this rapidly evolving medical landscape where new genes are regularly
discovered, professionals who interact with patients with suspected
neurocutaneous disorders should have a working understanding of these
basic principles to provide the best care.
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