144 Review Article

Neurocutaneous Manifestations of Genetic

Mosaicism
Maurice A. M. van Steensel!-2

TDivision of Cancer Science, School of Medicine, Division of Biological
Chemistry and Drug Discovery, School of Life Sciences, University of
Dundee, Dundee, United Kingdom

Address for correspondence Maurice A. M. van Steensel, MD, PhD,
Division of Cancer Science, School of Medicine, Division of Biological
Chemistry and Drug Discovery, School of Life Sciences, University of

2|nstitute of Medical Biology, A*STAR, Singapore

] Pediatr Genet 2015;4:144-153.

Abstract

Keywords

-

[ =

-

L

mosaicism
skin

brain
overgrowth

Dundee, James Arrott Drive 1, Dundee DD1 9SY, United Kingdom
(e-mail: m.vansteensel@dundee.ac.uk).

Genetic mosaicism is defined as the presence of two or more genetically distinct cell
populations in a single individual. Ever more disorders are found to be manifestations of
mosaicism and together constitute a significant proportion of the morbidity confront-
ing pediatric specialists. An emerging category is that of overgrowth syndromes with
skin manifestations and neurological or developmental abnormalities, such as the well-
known Proteus syndrome. In recent years, we have seen dramatic advances in our
understanding of these disorders and we now know the genetic basis of many of them.
This has profound consequences for diagnosis, counselling, and even treatment, with
therapies targeted to specific pathways becoming available for clinical use. Recognizing
such overgrowth syndromes, therefore, is more important than ever. Fortunately, their
skin manifestations can provide important diagnostic clues when evaluated in the entire
phenotypic context. In this review, | provide an overview of the most frequently seen

y

intellectual disability

Introduction

The skin and the brain are both derived from the ectoderm.
Germline mutations in genes required for proper ectodermal
development will therefore often cause skin manifestations in
addition to neurological problems. The cutaneous symptoms
can be quite specific and thereby serve as reliable diagnostic
criteria and pointers to a specific diagnosis. The café-au-lait
spots of Neurofibromatosis type I are a well-known example.
It might be less obvious that the shared embryonic origin of
skin and brain means that a genetic mosaic can also manifest
in those organs. In such cases, the cutaneous abnormalities
likewise point to the underlying diagnosis. Several emerging
groups of mosaic neurocutaneous disorders are characterized
by deregulated growth mainly affecting skin and its appen-
dages, blood vessels, and the brain, although other organs
may also be involved. They will be the subjects of this review.
Their molecular basis is being rapidly elucidated, offering
exciting new insights into human development, while revo-
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mosaic neurocutaneous phenotypes and discuss their molecular basis.

lutionizing disease classification and providing unprecedent-
ed opportunities for treatment. Importantly, they are all
characterized by characteristic skin abnormalities which,
when recognized, can be of considerable help in establishing
a clinical diagnosis.

Genetic Mosaicism

Before embarking upon a discussion of neurocutaneous mo-
saic overgrowth syndromes, a brief explanation of genetic
mosaicism is in order, as understanding this phenomenon is
required to appreciate the phenotypes associated with it.

A genetic mosaic is formally defined as the presence of two
or more genetically distinct clonal cell populations within one
individual." As such, it is distinct from chimerism, which is
the merger of two distinct individuals into a single organism
and can manifest in any organ including the skin.> Mosaicism
may be congenital or acquired; melanocytic nevi and sebor-
rheic keratoses are good examples of the latter.>* The genetic
events giving rise to mosaicism are diverse and include point
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mutations, insertions, deletions, chromosome rearrange-
ments, duplications, and so on.> These changes can, of course,
affect autosomes as well as sex chromosomes. For X-linked
loci, random X-inactivation can cause germ line mutations to
result in mosaic phenotypes; this phenomenon is referred to
as “functional mosaicism” to distinguish it from a true
mosaic.® A key concept to grasp is that the extent and nature
of mosaic phenotypes are determined by the moment at
which the causative genetic event occurs. If very early,
affecting a cell that is still pluripotent and that will have
many progeny, the phenotype will be extensive, with tissues
from different germ layers and large areas affected. If late, and
in a cell that is already committed to a certain fate, the
abnormalities will be less extensive, to the point of being
almost undetectable. Generally, mosaic disorders are not
transmissible, unless the mutation is also present in the
germ line. However, many mutations that are survivable in
the mosaic state are lethal if present in all cells and would thus
result in early spontaneous abortion.’

Cutaneous Manifestations of Genetic Mosaicism

In the skin, genetic mosaicism can give rise to abnormalities
that follow readily recognizable patterns, which are of con-
siderable diagnostic value. These Blaschko lines, named after
the Austrian dermatologist Alfred Blaschko who first re-
ported them in 1901, come in four defined varieties.” What
they represent is not known; the best guess is that they define
embryonic cellular migration patterns. The type 1 pattern is
linear and likely defines the paths taken by epidermal pro-
genitor cells, as epidermal nevi are always found in type 1
patterns. The other patterns might indicate other (mesenchy-
mal) cell populations, which is consistent with the observa-
tion that vascular malformations almost invariably manifest
in type 2 Blaschko lines, which form a checkerboard pattern.
The cells in a Blaschko line are genetically distinct from those
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in the surrounding unaffected skin and form a clonal popula-
tion (i.e., they are derived from a single parent cell). As such,
they form a nevus.® Most of the nevi in the overgrowth
syndromes to be discussed here will follow Blaschko type 1
or type 2 patterns.

Activating Mutations in Oncogenes Underlie Mosaic
Neurocutaneous Overgrowth Phenotypes

The disorders to be discussed are all caused by activating
mutations affecting interconnected pathways that are prom-
inently involved in cancer. While some of those phenotypes
do predispose to malignancies, the majority do not. It is not
understood why this should be so. Perhaps the risk of
developing a malignancy is determined by how committed
a progenitor or stem cell is to a particular fate—the more
committed, the less the risk. It would be interesting to test
thisidea, asitis in line with the notion that cancers arise from,
and are maintained by, cancer stem cells.’

Distinct nodes in these signaling pathways are implicated
in mosaic overgrowth syndromes, starting at receptor pro-
teins on the cell surface and ending—for now—in protein
kinase(s) (complexes) that regulate cellular growth, such as
mTORC1 and ERKs. In this review, I will follow the signaling
pathways from receptor to inside the cell so as to illustrate
how the clinical phenotypes follow the molecular biology
(=~Fig. 1).

Mosaic-Activating G-Protein a-Subunit
Mutations

Guanine nucleotide-binding (G-) proteins form heterotri-
meric complexes composed of a-, B-, and y-subunits and
transduce signals received by G-protein-coupled receptors
(GPCR). This is the largest family of transmembrane receptors
in humans, with more than 800 genes encoding a GPCR.'®

Sturge-Weber syndrome
Phakomatosis pigmentovascularis

NRAS Phakomatosis pigmentokeratotica
PRO spectrum PI3K = — Neurocutaneous melanosis
H RAS KRAS Sebaceous nevus syndrome
—— PTEN T ¢ T
I SOLAMEN
Proteus syndrome AKT1 BRAF Neurocutaneous melanosis
Tuberous sclerosis complex TSC1 / TSC2 ) MEK1/2
(mTorcH) ERK1/2

Protein translation

Gene transcription

Fig.1 Simplified overview of the pathways discussed in this review and the disorders associated with mosaic mutations in their components. Note
that there is considerable cross-talk, which explains why overgrowth syndromes have so many overlapping clinical features.
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Examples include Rhodopsin and olfactory receptors. G-
protein a-subunit encoding genes seem to be particularly
prone to disease-causing mutations. McCune-Albright syn-
drome was the first disorder to be associated with G proteins,
being caused by mosaic-activating mutations in GNASI, a
complex imprinted locus that encodes, among other tran-
scripts, the Gso-subunit.'' The mutations render the G
protein constitutively active and initiate a multitude of
downstream signaling events. McCune-Albright syndrome
is associated with skin hyperpigmentation, indicative of a
role for GPCR signaling in pigment production. Indeed, the
gene involved in type 1 ocular albinism is a GPCR called
GPR143 and is required for melanosome transport in pigment
cells.’? Perhaps unsurprisingly, therefore, activating muta-
tions in other Ga-subunit proteins are now emerging as the
cause of neurocutaneous overgrowth syndromes, which are
associated with abnormal pigmentation and also with vascu-
lar malformations.

Sturge-Weber Syndrome

Sturge-Weber syndrome (SWS) is defined as the combination
of a facial port-wine stain (PWS, capillary malformation) with
capillary/venous malformations in the eye and leptome-
ninges (=Fig. 2). The intracerebral vascular lesions usually
manifest as recalcitrant seizures and can be associated with

Fig. 2 Facial port-wine stain in a distribution that suggests ocular and
possibly cerebral involvement. Note that the upper and lower eyelids
are affected (courtesy Prof. Peter Steijlen, Maastricht University
Medical Center).
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significant developmental delay. The malformations in the
eye can lead to glaucoma. Overgrowth of underlying bone and
soft tissues can be associated.' Historically, a facial capillary
malformation was considered to have a significant chance of
being part of SWSif it affects the region innervated by the first
branch of the trigeminal nerve. However, the vascular mal-
formations in SWS seem to follow the distribution of the
embryonic facial vasculature rather than the trigeminal nerve
branches.'* Forehead and upper eyelid involvement should
prompt ophthalmological evaluation. The risk of neurological
involvement might also be higher in children with this
particular distribution of the PWS, but whether a screening
magnetic resonance imaging is then indicated remains to be
settled.

Both isolated and SWS-associated facial PWS were recently
found to be due to a mosaic-activating mutation (c.548G > A,
p.Arg183GIn) in GNAQ, which codes for the Gqa-subunit.!”
As expected in a mosaic, the mutations were found in affected
skin and brain tissue but not in clinically unaffected areas. Of
note, the same mutation had been previously reported in blue
nevi and uveal melanoma, its occurrence in the latter suggest-
ing strong oncogenic potential.16

Phakomatosis Pigmentovascularis

Phakomatosis pigmentovascularis (PPV) is defined as the
coexistence of widespread vascular (usual capillary) malfor-
mations and large melanocytic nevi. Epilepsy and develop-
mental delay may also be present. Different types are
distinguished based on the precise nature of the vascular
and pigmentary changes. There are five types, defined by the
nature of the vascular malformation and the pigmentary
lesion.!”” The most common one is type 2, which combines
a capillary malformation with Mongolian spots, which are
deep melanocytic lesions.'” For a long time, PPV was consid-
ered as an example of nonallelic twin spotting. In this
phenomenon, mitotic chromosomal rearrangements unmask
mutations on two different chromosomes, resulting in neigh-
boring body areas being affected by distinct abnormalities.
However, recently it was reported that PPV type 2 is due to an
activating mutation in GNA11 coding for the Gq a11 subunit
(c.626A > T, p.GIn209Leu), in both the vascular and pig-
mented lesions (Waelchli et al, personal communication).
Based on this observation, the most parsimonious explana-
tion for twin spotting seems to be that a single mutation
affects a multipotent progenitor cell prior to specification of
the neural crest. Should the mutation occur at a later stage, in
cells that have committed to a particular lineage, a single type
of nevus will result. Indeed, a related twin spotting pheno-
type called phakomatosis pigmentokeratotica was found to be
also due to a single mutation (see later).

As an aside, the author would like to suggest that classic
Klippel-Trenaunay syndrome, as first reported by Klippel and
Trenaunay, is caused by somatic activating GNAQ or GNA11
mutations. Patients manifesting both SWS and KTS have been
reported.'® Other phenotypes might rather be in the PRO
spectrum. The time may be ripe to do away with KTS as a
nosologic entity as was suggested a few years ago based on
the analysis of phenotypes classified previously as KTS.'?
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Mosaic RASopathies

A large and fascinating group of disorders, collectively re-
ferred to as the RASopathies, is caused by activating muta-
tions affecting RAS signaling components (~Fig. 1). The RAS
pathway is a key growth regulator downstream of several
growth factor receptors. As such, its inappropriate activation
in the germ line has widespread consequences and can cause
pervasive developmental disorders. These share defining
features of varying intellectual disability, specific dysmorphic
traits, vascular malformations, and characteristic abnormali-
ties of skin and hair. Recently, mosaic RASopathies have been
defined, and although their phenotypes do show some over-
lap with those that are caused by germ line RAS pathway
mutations, there are surprising and as yet unexplained differ-
ences. However, they can all be associated with mental
disability and neurological abnormalities.

Phakomatosis Pigmentokeratotica

Phakomatosis pigmentokeratotica (PP) was recognized by
Happle et al as a distinct epidermal nevus syndrome in
1996.%° It is characterized by coexisting and neighboring
sebaceous and melanocytic nevi, and a variety of other
abnormalities, including neurological ones, can be associated.
Like phakomatosis pigmentovascularis, PP was considered as
a classic twin spotting phenotype. However, it was recently
found that an activating HRAS mutation (c.182A > G, p.
GIn61Arg) is responsible, with the seemingly disparate cuta-
neous manifestations being caused by the mutation affecting
a pluripotent progenitor cell that gave rise to both epidermal
cells and melanocytes.?! Consistent with this interpretation,
RAS pathway gene mutations have also been found in epider-
mal and melanocytic nevi consisting of a single cell type.

Sebaceous Nevus Syndrome

Sebaceous nevus is a common condition, affecting approxi-
mately 1in 1,000 persons. Clinically, it appears like a hairless,
yellowish orange cutaneous plaque with a papillomatous
surface and following type 1 Blaschko lines (=Fig. 3). It is
named after the prominent sebaceous glands that make up
the bulk of the lesion and is most often located on the scalp for
reasons yet unknown. Of note, various types of neoplasm may
develop in a sebaceous nevus, including malignant ones such
as basal cell carcinoma. The nevus can be associated with
skeletal, ocular, or cerebral effects and in that case Schim-
melpenning (-Feuerstein-Mims) syndrome or linear seba-
ceous nevus syndrome can be diagnosed.?? As is to be
expected when multiple tissues are affected, the skin lesions
tend to be more extensive in cases of Schimmelpenning
syndrome. About 7% of persons with the disorder have
neurological abnormalities such as seizures and developmen-
tal delay, associated with hemimegalencephaly. In 2012,
Groesser et al found that the majority of epithelial cells
derived from the skin lesions in patients with both sebaceous
nevus and Schimmelpenning syndrome have activating HRAS
mutations (mostly ¢.37G > C, p. Gly13Arg).2' Of note, the
mutations are oncogenic and the sebaceous nevi do have a
+8% risk of developing malignant tumors, typically basal cell
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Fig. 3 An extensive sebaceous nevus affecting the right half of the
face. This patient later developed a malignant tumor of the right
parotid gland, presumably because it also carried the causal mutation.

carcinomas.?> The extracutaneous lesions do not seem to
have malignant potential. As indicated earlier, this might be
due to stem cells being affected in the skin but not in other
tissues.

Mosaic RASopathies Are Quite Different from Their
Germ Line Counterparts

Interestingly, the KRAS and HRAS mutations found in phako-
matosis pigmentovascularis and sebaceous nevus lesions
seem to be mostly unique to those disorders, but a few
patients have been found carrying the HRAS mutation (c.34G
> A, p.Gly12Ser) that when present in the germ line causes
Costello syndrome, a notably different phenotype.?* In the
latter disorder, characteristic skin changes are present, but
sebaceous gland abnormalities have never been reported.
Likewise, germ line KRAS mutations cause Noonan and
cardio-facio-cutaneous syndromes, which again show very
little overlap with the mosaic phenotype.?>2° At present, it is
not clear why this difference exists. It has been speculated
that the cell types affected by the mutations, the degree of
pathway activation resulting from them, as well as the time at
which the mutation occurs during embryogenesis all deter-
mine the eventual phenotype.?’ It would be of considerable
interest to address this question (e.g., using inducible condi-
tional knockouts in mice), as it seems to point to key
mechanisms of mammalian embryonic development.

Congenital Melanocytic Nevi and Neurocutaneous
Melanosis

The melanocytic nevi (“moles”) that everybody knows are
manifestations of postzygotic mosaicism, that is, they arise
during life as a consequence of acquired somatic mutations.
At least 60% of acquired melanocytic nevi (AMN) carry a
highly oncogenic mutation in the BRAF gene, which on the
protein level results in the substitution of valine 600 for a
glutamic acid (colloquially referred to as V60OE?). Sometimes,
however, melanocytic nevi are congenital, present at birth.
They do not follow classic Blaschko lines. This might be
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reflective of melanocyte precursors migrating along different
paths from ectodermal progenitor cells. Having arisen, pre-
sumably, from mutations affecting a committed melanocytic
progenitor cell, congenital melanocytic nevi (CMN) can have
varying sizes and distributions depending on the timing of
the mutational event—the earlier it takes place, the more
widespread the nevus is going to be. The larger it is, the higher
the risk of developing melanoma. The most dramatic mani-
festations are giant CMN and neurocutaneous melanosis
(=Fig. 4). In the latter, melanocytic nevi are scattered
throughout leptomeninges, and brain abnormalities such as
hemimegalencephaly can also occur. If there are neurological
symptoms, such as seizures, the prognosis tends to be poor.?8

The majority of cases are due to specific activating NRAS
mutations (c.181C > A, p.GIn61Lys, and c.182A > G, p.
GIn61Arg),?? although BRAF mutations have been reported.>°
It is not clear why NRAS mutations should be more prevalent
in CMN, whereas BRAF mutations underlie the majority of
AMN. It also is of interest to note that melanocytic nevi with
RAS pathway mutations invariably are junctional (superfi-
cial), whereas such lesions due to GNAQ/GNA11 mutations are
located much deeper, in the dermis. This difference is sug-
gestive that G-protein activation might affect melanocyte
migration in addition to proliferation.

Fig. 4 Neurocutaneous melanosis. The red nodule on the upper back
is a melanoma.
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PIK3CA-Related Overgrowth Spectrum

PIK3CA-related overgrowth spectrum (PROS) is an emerging
spectrum of congenital overgrowth disorders caused by a
range of mosaic-activating mutations in PIK3CA, coding for
pl 1003732 This protein is a subunit of the phosphatidylino-
sitol-4,5-bisphosphate 3-kinase complex which transduces
growth factor signaling downstream of receptors such as the
insulin receptor by phosphorylating AKT proteins (~Fig. 1).
The mutations that have been functionally characterized to
date result in moderate to strong constitutive activation of
PIK3CA,>® presumably leading to continuous deregulated
growth of the affected tissue(s). The PROS spectrum is
wide, ranging from very limited phenotypes such as isolated
macrodactyly to extensive and progressive malformations
(=Table 1), reflecting the consequences of mutations that
occur at different times during embryogenesis and in pro-
genitor cells with various degrees of pluripotency. There also
seems to be a genotype-phenotype correlation, but this
needs to be confirmed. Further complexity is suggested by
the observation that overgrowth affects the lower extremities
more often than the upper, moving from distal to proximal,
and is more often left sided than right.3? Within PROS, some
more or less distinct entities can be recognized, despite
considerable overlap. Cutaneous abnormalities with devel-
opmental delay and/or neurological abnormalities are typi-
cally present in macrocephaly-capillary malformation
(MCAP) and congenital lipomatous overgrowth vascular mal-
formations, epidermal nevi, and spinal/skeletal anomalies
(CLOVES). Other disorders in the spectrum are associated
with connective tissue overgrowth and do not usually present
with developmental delay or neurological abnormalities,
presumably because they arise from mutations affecting
progenitor cells committed to a mesenchymal fate.

Macrocephaly-Capillary Malformation

MCAP combines vascular (mostly capillary) malformation
with early overgrowth of bone and connective tissue with
distinctive cerebral abnormalities, typically megalencephaly
and polymicrogyria. Distal limb anomalies, in particular
syndactyly of fingers or toes, are also a key feature. The
capillary malformations have a distinct midline distribution,
which facilitates recognition of the disorder (~Fig. 5). Mal-
formations of larger blood vessels and infantile hemangiomas
have also been reported. The majority of patients with MCAP
have some form of developmental delay, with a wide range in
severity. The abnormal brain development can lead to seiz-
ures, and their presence is related to the degree of develop-
mental delay.>* Malignancy is rare, despite the fact that
PIK3CA mutations are common in breast cancer.® It is
important to note that MCAP can occasionally be caused by
germline PIK3CA mutations.>’

Capillary Malformations, Lipomatous Overgrowth of
Adipose Tissue, and Scoliosis (CLOVES)

This rare entity somewhat resembles Proteus syndrome (PS)
(see subsection “Proteus Syndrome”) but is clearly distinct
from it. Patients generally present with mixed (i.e., capillary,
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Table 1 Major clinical manifestations of the PRO spectrum
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Disorder Major clinical manifestations

MCAP Macrocephaly, capillary malformations, brain overgrowth, distal limb defects, mental disability
CLOVES Mixed vascular malformations, adipose tissue overgrowth, scoliosis and skeletal overgrowth
FAO/HMML Progressive segmental overgrowth of fibrous and adipose tissue and bone

ILM Large lymphatic malformation limited to a single body site and without associated symptoms
Macrodactyly Localized overgrowth of a single or a few digits

Hemimegalencephaly

Overgrowth of one cerebral hemisphere

Muscle hemihyperplasia

Asymmetric muscular overgrowth

Facial infiltrating lipomatosis

Diffuse infiltration of facial tissues by mature adipose tissue

Epidermal nevi

Congenital verrucous skin plaques following Blaschko lines

Seborrheic keratosis

Localized verrucous plaque occurring later in life, usually round and dark brown

Benign lichenoid keratosis

Considered as a variant of seborrheic keratosis, flat red-brown skin plaque

Abbreviations: CLOVES, capillary malformations, lipomatous overgrowth of adipose tissue, and scoliosis; FAO/HMML, fibroadipose overgrowth/
hemihyperplasia-multiple lipomatosis; ILM, isolated large lymphatic malformation; MCAP, macrocephaly-capillary malformation.

Source: Adapted from Keppler-Noreuil et al.32

A

il c

Fig. 5 MCAP (A) Macrocephaly and midline capillary malformation affecting the upper lip. (B and C) Syndactyly. This patient had developmental

delay due to megalencephaly and polymicrogyria.

venous, arterial, and/or lymphatic, but most often lymphatic-
venous) predominantly truncal vascular malformations, lipo-
matous overgrowth of adipose tissue, varying degrees of
scoliosis, and skeletal overgrowth that is progressive but
not distorting as in PS3® (~Fig. 6). The various malformations
can be quite extensive and lead to considerable disability,
much more so than in MCAP. Developmental delay and

neurological abnormalities have been reported in CLOVES,
due to cerebral malformations such as polymicrogyria.’

PTEN-Related Overgrowth

The PTEN protein is a phosphatase that, among other emerg-
ing functions, suppresses PI3K-AKT signaling by

Journal of Pediatric Genetics Vol. 4 No. 3/2015

149

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



150 Neurocutaneous Manifestations of Genetic Mosaicism

van Steensel

Fig. 6 CLOVES due to a confirmed mosaic PIK3CA activating mutation. (A) Asymmetric overgrowth of the limbs with megadactyly. Breast
development likewise is asymmetric. A body wall lipomais visible on the right abdomen as is a scoliosis. (B) Asymmetrical bony overgrowth of the
right facial half. (C) A verrucous epidermal nevus following type 1 Blaschko patterns. (D) Megadactyly of both feet, with partial 2-3 syndactyly on

the left foot.

counteracting PI3K-mediated AKT phosphorylation.>® Het-
erozygous inactivating germ line mutations in PTEN are
responsible for ~90% of Cowden syndrome (CS) cases.>®
The clinical spectrum of CS is broad, but key manifestations
include macrocephaly, benign facial hair follicle tumors called
tricholemmoma, verrucous hyperkeratotic skin plaques on
the face and limbs, and a strong predisposition to multiple
cancer types, most prominently of colon, thyroid, and the
female breast.*? PTEN is thus considered as a tumor suppres-
sor. Mild to moderate developmental delay has been reported
in association with CS.

PTEN mutations can also cause macrocephaly/autism syn-
drome, in which most CS manifestations are lacking.*! Of
note, a recent review of imaging studies revealed that 54% of
patients with CS had vascular abnormalities affecting soft

Journal of Pediatric Genetics Vol. 4 No. 3/2015

tissues that could manifest with skin discoloration.*> Howev-
er, capillary malformations were not seen, but this is not the
case for a peculiar manifestation of CS that results from
postnatal loss of the healthy PTEN allele in a mosaic pattern.

Segmental Overgrowth, Lipomatosis, Arteriovenous
Malformation, and Epidermal Nevus

In segmental overgrowth, lipomatosis, arteriovenous malfor-
mation, and epidermal nevus (SOLAMEN), classic manifesta-
tions of Cowden syndrome are combined with segmental
overgrowth, extensive arteriovenous and lymphatic malfor-
mations, body wall lipomas, and epidermal nevi. The disorder
is sometimes confused with PS. Caux et al first identified
SOLAMEN in 2007 and demonstrated that its symptoms are
due to mosaic loss of the healthy PTEN allele in people with a
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germline PTEN mutation.*> This phenomenon is known as
type 2 mosaicism and has been extensively documented for
other genetic disorders.** For patients with SOLAMEN, it is
not clear whether the healthy allele had already been lost
during embryogenesis or postnatally. However, the vascular
abnormalities were either congenital or appeared very early
in life in the patients reported by Caux et al, suggestive for
prenatal loss. Interestingly, the patients did not appear to
develop malignancies in the tissues affected by the PTEN loss,
raising questions as to PTEN’s role as a tumor suppressor.

AKT-Related Overgrowth

The AKT family members are kinases that regulate mTORC1
activity by phosphorylating and thereby inhibiting the TSC1/
2 complex.®® In 2011, Lindhurst et al reported that PS is
caused by a mosaic-activating AKT1 mutation (c.49G > A, p.
Glu17Lys).*® PS probably was the disorder that Joseph Mer-
rick, the Elephant Man, suffered from*” and is associated with
prominent skin abnormalities, including vascular malforma-
tions. The other AKT family members, AKT2 and AKT3, are
implicated in deregulated growth syndromes>"#® but do not
seem to be associated with vascular development.

Proteus Syndrome

While often confused with SOLAMEN or PROS, PS is associated
with very specific abnormalities that constitute reliable diag-
nostic criteria.*® Intelligence is usually normal; however,
developmental delay has been reported. The disorder can
be difficult to diagnose because of its protean manifestations
—it is named after the Greek god Proteus, who could change
his shape at will. However, PS does have a few defining
characteristics that facilitate diagnosis. First, bony over-
growth in PS tends to distort the bones it affects. In contrast,
the other overgrowth syndromes leave overall bone shape
intact. Second, the feet in PS can be affected by a cerebriform
connective tissue nevus, which seems to be a unique mani-
festation of the disorder.® Third, PS is associated with specific
dysmorphic traits including dolichocephaly with a long face,
down slanting palpebral fissures, low nasal bridge with
anteverted nostrils, and an open mouth.*> An important
symptom that emerged rather recently is an increased risk
of deep venous thrombosis and pulmonary thromboembo-
lism, requiring careful anticoagulation around surgical
procedures.”’

Type 2 Mosaicism in Tuberous Sclerosis
Complex

Tuberous sclerosis complex (TSC) is an autosomal dominantly
inherited disorder with pleiotropic manifestations in several
organs, including the skin, lung, heart, brain, and kidney.
Central nervous symptoms include epilepsy and develop-
mental delay, while angiomyolipomas, cysts, and renal cell
carcinomas can affect the kidney. Skin symptoms are promi-
nent, the most typical ones being facial angiofibromas, which
are highly vascularized benign hair follicle tumors, and
connective tissue nevi.’? Its causative genes, TSC1 and
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TSC2, are directly downstream of AKT and code for a protein
complex that suppresses mTORC1 activity.45 In TSC, mTORC1
is deregulated, and consequently, TSC has considerable over-
lap with the syndromes discussed in this review. It stands to
reason that inTSC, as in CS, the remaining healthy allele might
be lost in a mosaic pattern resulting in segmental worsening
of disease symptoms as in SOLAMEN, manifesting with
vascular malformations and abnormal growth. Vascular mal-
formations have occasionally been reported in TSC,>>>* but
overgrowth has never been described.

However, the author is aware of a patient with a germline
TSC2 mutation who also has overgrowth of the lower extrem-
ities, combined with cutaneous capillary malformations and
macrocephaly. It is tempting to speculate that this patient has
incurred mosaic loss of the healthy TSC2 allele in the affected
tissues, and it would be of interest to test this hypothesis in
TSC patients with similar manifestations.

Oncogenes versus Tumor Suppressors in Capillary
Malformations

Out of several unanswered questions, an interesting one to
ask is why capillary malformations are such a prominent
manifestation of neurocutaneous syndromes caused by mo-
saic-activating oncogene mutations and not of disorders due
to germ line loss of tumor suppressors. In the latter, CM
appears preferentially in the rare case of postzygotic mosaic
loss of the healthy allele, as in SOLAMEN.

Summary and Conclusion

Now that the molecular basis for many mosaic overgrowth
syndromes is known, we could start to think about treating
them. Several older and newer drugs that have been devel-
oped to treat cancer target the relevant pathways. For in-
stance, mTORC1 can be inhibited by rapamycin.” There are
specific inhibitors for BRAF, such as vemurafenib,”® and
PIK3CA, such as taselisib.>’ Although the congenital abnor-
malities associated with the overgrowth syndromes de-
scribed earlier may not be amenable to pharmacological
correction, the mutations having interfered with embryogen-
esis, the postnatal progression of symptoms might be ame-
nable to pharmacological correction. There are obvious
concerns about the effects of powerful growth-inhibiting
drugs during childhood. However, as the signaling systems
that are being targeted are abnormally active in the affected
tissues only, it is to be expected that, with proper dosage,
normal growth could remain unaffected. Whether neurolog-
ical symptoms or developmental delay would be improved by
such treatment remains to be seen. The experience with
rapamycin in TSC suggests that this might indeed happen.
In TSC, mTORC1 is deregulated resulting in abnormal growth
and development of several tissues including the brain, in
which typical neuronal migration defects occur, giving rise to
epilepsy and developmental delay. The epilepsy can be quite
resistant to anticonvulsants; however, it was recently shown
that rapamycin, which inhibits mTORC1 activity, could help
control convulsions.’® In animal models of the disease, rapa-
mycin ameliorates the cognitive defects associated with TSC.
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Thus, proper recognition and subsequent molecular diag-
nosis of mosaic neurocutaneous overgrowth syndromes is
more important than ever. As genetic analysis in mosaic
disorders is technically challenging, referral to a specialist
center with appropriate expertise and capabilities is
essential.
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