©

Seattle Children’s
HOSPITAL « RESEARCH » FOUNDATION
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and PISK-AKT genetics




Detiniton
In genetics, mosaicism denotes the presence of two or more

populations of cells with different genotypes in an individual who
developed from a single fertilized egg
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Abstract
The mutation rate () is a key biological feature of somalic
cells that d risk for malig) and it

has been exceedingly difficult to measure in human cells, For
this purpose, a potential sentinel is the X-linked PIG-A gene,
because ils inactivation causes lack of glycosylphosphatidyli-

itol-linked I We y Iy found that
the frequency () of PIG-A mutant cells can be measured
accurately by flow cytometry, even when f is very low. Here we
measure both fand g by tullurm; B-lymphoblastoid cell lines

and first elimi PIG-A by flow

sorting. r\ller expamlnn in wllnre. the frequency ol' m’w
is 1 by flow ¥ using

specific for gl Iphosphatidylinositol-linked proteins Il‘-.s‘

CIM8, CD55, nnd (.DSB] 'l||e rate is then calcul;

by the formula ¢ = ffd, where d is the number of cell divisions
occurring in culture. The mean i in cells from normal donors
was 10.6 = 1077 mutations per cell division (range 2.4 to
296 % 10°7). The mean p was elevated >30-fold in cells
from patients with Fanconi anemia (P < 0.0001), and j varied
widely in ataxia-telangiectasia with a mean 4-fold elevation (P
= 0.002). In contrast, j was not significantly different from
normal in cells from patients with Nijmegen breakage
syndrome. Differences in j¢ could not be attributed to
variations in plating efficiency. The mutation rate in man
can now be d in B-lymphoblastoid cell lines,
and it is el 1 in cancer predi iti A This
system should be useful in evaluating cancer risk and in the
design of preventive strategies. (Cancer Res 2005; 65(18): 8111-7)

Introduction

microbial organisms, the rate of mutation can be measured
ia-Delbriick fluctuation analysis (1) or in continuous cultures
[L ﬂ. By such methods, the rates of m'v.‘tnalmg [l'nrwlrd}

Lot co Deoboiobio ook ool

division (j,) and the number of cell divisions (d) that have
occurred since embryogenesis, this expression can be written as =
piyed-pisd-prag. g, Using g as the geometric mean of the mutation
rates for the genes involved, and £ as a constant <1, to account for
cell death, the probability (7) of a cell becoming malignant can be
expressed as P = kiud)". Thus, P increases as a power function of
both g and d. Because d increases with age, this formula is
consistent with the general increase in cancer rates with age (8}
Although o is well recognized a critical ble (see discussion
in ref. 9), in the 60 years since Luria and Delbrick’s landmark study,
measuring ¢ in man remains quite challenging,

We previc described a technigque for determining f for the
Nelinked PIG-A gene in humans (10), The PIG-A gene encodes
one uf the subunits of an enzyme essential for an early step in
the biosynthesis of gly Aphosphatidyli | {GPT; refs. 11, 12)
Deficiency of GPI- linked pmtmns from the surface of blood cells
is characteristic of the human disease paroxysmal nocturnal
hemoglobinuria (PNH), and it results from somatic mutations of
Plti-A (13). Spontaneously arising PIG-A mutations have been
identified in a broad range of cell types (10, 14-16). Mutant cells
cannot express the set of proteins that require GPI for attachment
to the cell surface (the “GPl-anchored” proteins)—result
with Pl-negative phenotype™—which can coexist with normal
cells in stable proportions over a prolonged period of time
humans (17) and mice (18). We now use these properties of PIG-A
to directly measure g in human cells.

Materials and Methods

Cell lines. Normal Iil\mphuh[mtund ull lines (BLCL) were a u.‘nﬂ
from Dr. Gunther Kochn Sl J

Cancer Center, New York, NY), lh“ lines. fnilll
predispositi ol ane in Table 1. BLCLs from patients
with PNH (19) were generated as previously described (20). Patients with
WH are somatic cell mosaics, or “som ras” and harbor GPI™ and
i cells: sometimes bath can be
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Abstract Keywords
Background: All living erganisms are made of individual and identifiable cells, whose number,  Cell size, human cell number, organ, total cell
together with their size and type, ultimately defines the structure and functions of an i count, tk al issue

While the total cell number of lower organisms is often known, it has not yet been defined in

higher organisms. In_particular, the reported total cell number of a human being ranges History
between 10" and 10'® and it is widely mentioned without a proper reference.

Aim: To study and discuss the theoretical issue of the total number of cells that compaose the
standard human adult erganism.

Subfects and methods: A systematic calculation of the total cell number of the whole human
body and of the single organs was carried out using bibliographical and/or h ical
approaches,

Results: A current estimation of human total cell number calculated for a variety of organs and
cell types is presented. These partial data correspond to a total number of 3.72 x 10",
Conclusions: Knowing the total cell number of the human body as well as of individual argans is
important from a cultural, biolegical, medical and comparative modelling point of view. The
presented cell count could be a starting point for a commeon effort to complete the total
calculation.
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The mutation rate is then calculated
by the formula j: = f/d, where d is the number of cell divisions
occurring in culture. The mean g in cells from normal donors
was 10.6 X 10 7 mutations per cell division (range 2.4 to

29.6 x 1077).

) duction translation rates. Since proteins have a limited lifetime. there
is a maximal amount of protein-associated cell o that can
be supported by a genome (Gomer, 2001). In size-control
mechanisms, even cell communication has a role in defining
specific organs, as reported by Depaepe et al. (2005).

Since Schleiden’s and Schwann's first formulations of cell
theory (Mazzarello, 1999), it has been known that all living
organisms are made of sal and identifiable cells,
WhO\L i |i'h' S Iiii i I‘i PP L Lo gh.

Jfunctions an

Cell size
ploidy): for
haploid one

Therefore, since the mean weight of a mammalian cell has
alamander been estimated to be 1ng (Makarieva et al., 2008), for
have the san standard body weight of 70 kg (Irving, 2007), there would be

salamander 13
(Conlon & H 7 x 10" cells. b |
f relations! The mean volume of a mammalian cell has been estimated
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DNA conten|
there is a
because the

to be 4 x 10 %cm® (Alberts et al., 2002) (i.e. 4 pL).
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¥ E imiting proliferation. Examples are myostatin, which regu-
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Postzygotic mutations are common

Mutation rate

7 days Blastula 100 20,000 10"-10°

14 days 10,000 20,000 107-10° 20-200
15 days Gastrula 15-18,000 20,000 107-10° 30-300
21 weeks Fetus (21g) 10° 20,000 107-10° 10° — 107
40 weeks Newborn illglases 20,000 107-10° 10° — 1010

e Mutation N at 14 days gestations (10,000 cell pre-gastrula)
= (104 cells)(2 x 104 genes)(10-" mutations/gene/cell division) = 20 mutations
= (104 cells)(2 x 10* genes)(10-° mutations/gene/cell division) = 200 mutations

« Exponential growth of mutant clones
= 1 mutant cell at 15 days (gastrula) expands to 108 cells at term




Commentary

- |
The Happle hypothesis | theorem

Lethal genes surviving by mosaicism: A
possible explanation for sporadic birth defects

involving the skin

Rudolf Happle, M.D. Miinster, Federal Republic of Germany

A genetic concept is advanced to explain the origin of several sporadic
syndromes characterized by a mosaic distribution of skin defects. It is postulated
that these disorders are due to the action of a lethal gene surviving by
mosaicism. The presence of the mutation in the zygote will lead to death of
the embryo at an early stage of development. Cells bearing the mutation

can survive only in a mosaic state, in close proximity with normal cells. The
mosaic may arise either from a gametic half chromatid mutation or from

an early somatic mutation. This concept of origin is proposed to apply to the

Schimmel

iing-Feuer

in-Mims syndrome, the McCune-Albright

syndrome, the Klippel-Trenaunay syndrome, the Sturge-Weber syndrome, and
neurocutaneous melanosis. Moreover, this etiologic hypothesis may apply

to two other birth defects that have recently been delineated, the Proteus
syndrome (partial gigantism of hands or feet, herruhypenmphy, macrocephaly,

linear papillomatous epidermal nevus, sub

giomas and

lipomas, accelerated growth, and visceral anomalies), and the Delleman-
Oorthuys syndrome (orbital cyst, porencephaly, periorbital appendages, and
focal aplasia of the skin). (J AM Acap DerMaToL 1987;16:899-906.)

Among the congenital disorders affecting the
skin, there are several syndromes for which no
evidence of a mendelian basis can be found be-
cause they always occur sporadically. Some of
these disorders display a mosaic pattern of in-
volvement of the skin and other organs. For ex-
ample, there is no observation of familial occur-
rence of the Schimmelpenning-Feuerstein-Mims
syndrome, which is characterized by a systema-
tized linear sebaceous nevus associated with ocular
and cerebral defects.’ Recently it has been pro-
posed that these sporadic syndromes are due to the

action of an autosomal ‘‘dominant’” lethal gene
. 2 Tha Ai A, ha

transmitted to another individual because the un-
derlying gene, when present in the zygote, leads
to early death of the embryo. Cells bearing the
mutation can survive only when they are inter-
mingled with normal cells. This mosaic may arise
from either of two different mutational events. In
the first event, a half chromatid mutation may oc-
cur before fertilization in one of the two gametes
forming the zygote, leading to mosaicism already
present at the two-cell stage.>* In the second event,
a somatic mutation may occur after fertilization
during early embryogenesis. So far, this efio-
logic cnncept has been applied to the Schimmel-

AMime evndrama  the MaMame_

eniina hu m,



Happle rules

e Type 1

= Postzygotic mutation — HET

* Type 2

o Germline mutation — HET

A Rule Concerning the Segmental Manifestation
of Autosomal Dominant Skin Disorders

Review of Clinical Examples Providing Evidence
for Dichotomous Types of Severity

Rudolf Happle, MD

tis well known that autosomal dominant skin disorders may sometimes become manifest in a
mosaic form, involving the body in a linear, patchy, or otherwise circumscribed arrangement.
Such cases can be explained by an early postzygotic mutation. The segmental lesions usually
show the same degree of severity as that found in the corresponding nonmosaic trait. Occa-
sionally, however, the intensity of involvement observed in the circumscribed area is far more pro-
nounced. This phenomenon can be explained by delineating a rule of dichotomous segmental mani-
festations reflecting different states of zygosity. Heterozygosity for the mutation results in severity
corresponding to that in the nonsegmental phenotype; loss of heterozygosity for the same allele causes
markedly more severe involvement. Arch Dermatol. 1997:133:1505-1509

When an autosomal dominant skin dis-  such as mitotic recombination, nondis-
order occurs in a mosaic tl junction, or deletion would give rise toa

¥
circumscribed lesions are sometimes par-  population of cells either homozygous

= Postzygotic mutation — HOMO

.-—'-'-'-'_-—._Frr
e

ticularly severe and, remarkably, the seg-
mental involvement may be superim-
posed on a milder, diffuse manifestation
of the same disease. In the past, this phe-
nomenon has neither been recognized nor
clarified, but recently a concept of dichoto-
mous forms of segmental manifestation has

(Figere 2) or hemizygous (Figure 3)
for the underlying gene. As a characteris-
tic feature, the segmental type 2 is super-
imposed on a milder, nonsegmental, het-
erozygous manifestation of the same trait.
In some cases, however, this diffuse mani-
festation may be absent because of a re-

e ]
T T T
Type 1



Darier disease

e Darier disease
= a.k.a. dyskeratosis follicularis
= AD skin disorder
= Onset in the teens-20s

= Dark crusty patches (warty papules
and plaques) in seborrheic areas

= Poorly formed and fragile fingernails
with vertical striations

o Short stature

#2 © 1999 Nature America Inc. - hitpuigenetics.nature.com

A2 © 1999 Nature America Inc. - hitpuigenetics. nature.com art f(,'!re

Mutations in ATP2A2, encoding a
Ca?* pump, cause Darier disease

Anavaj Sakuntabhai', Victor Ruiz-Perez?, Simon Carter?, Nick Jacobsen®, Susan Burge*, Sarah Monk',
Melanie Smith?, Colin S, Munro®, Michael O'Donovan®, Nick Craddock®, Raju Km‘hcrl.\p.ﬂir,
Jonathan L, Rees®, Mike Owen?, G. Mark Lathrop', Anthony P. Monaco', Tom Strachan® & Alain Hovnanian'

Darier disease (DD) is an skin disorder characterized by loss of adhesion between epider-
mal cells (acantholysis) and abnormal keratinization. Recently we constructed a 2.4-Mb, P1-derived artificial
ch contig sf ing the DD didate region on ch 12923-24.1. After screening several
genes that mapped to thij
plasmic reticulum Ca?*-A’

tions were identified, incl]

non-conservative missens
cause DD and disclose a rd
ferentiation of the epider|

Introduction
DD, also known as Darier-W
laris (OMIM 124200, is a o
characterized by warty papul
{central rrunk, flexures, scalp
and distingtive nail abnormal
the discase has been estimang
before the third decade, and)
although expressivity is vari
with widespread itchy malodd
sions, blistering and mucos
common. Sun, heat and swe
never remits, but oral retinoig
has been reported to be associ
malities including mild ment
Families!. The typical histolog
separation between suprabas
suprabasal clefting and unus
* ation) with round dysker
b}, Electron microsc
‘hments, perinuclear agg
plasmic vacuolization, T
s which mediate adhesid
lesmosomal cadherins (d|
wsomal plague proteing
mediate filament proteir
cell adhesion in the epide
1 a2 molecule that regulatd
sociation of adhesion me

genotics * volume 21+ ma



Darier disease

e Darier disease

= Segmental involvement of typical
warty patches

= Heterozygous mosaic mutation
= Type 1 mosaicism

MUTATION REPORT

Mosaicism for ATP2A2 Mutations Causes Segmental Darier’s

Disease

Anavaj Sakuntabhai,' Jittima Dhitavat,' Susan Burge,* and Alain Hovnanian
The Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, UK.; *Department of Dermatology, The Churchill Hospiral,

Orfiord, UK.

Epidermal naevi are localized malformations of the
epidermis consisting of verrucoid scaly papules and
plaques following Blaschko’s lines. Genetic mosaic-
ism has been proposed to underlie the develop-
ment of linear epidermal naevi. Rarely, epidermal
naevi show acantholytic histology similar to Darier’s
disease, a dominantly inherited skin condition char-
acterized by widespread warty papules. As patients
with acantholytic dyskeratotic naevi often give a
history of worsening after sun exposure and the
lesions are typical of Darier’s disease, numerous
authors have proposed that these patients have seg-
mental Darier’s disease. The postulated relationship
has not been proven, however. Recently, we identi-
fied ATP242, which encodes the sarco/endoplasmic
reticulum Ca®* ATPase isoform 2 as the defective
gene in Darier’s disease. In this report, we investig-
ated the involvement of ATP2A42 in acantholytic dys-
keratotic naevi following Blaschko’s lines in two

pidermal naevi are localized malformations of the

epidermis consisting of verrucoid scaly papules and

plagues, which tend to follow Blaschko's lines, In most

epidermal naevi the epidermis s hyperkeratotic and

acanthotic although a number of less common histo-
logic patterns have been described including  epidermolytic
hyperkeratosis, acantholytic dyskeratosis, and nevus comedonicus
(Su, 1982). Genetic mosaicism has been proposed to underlie the
develop of linear epid; I naevi (Moss, 1999), Evidence to
support this concept was first provided by a study of three
individuals affected by widespread epidermal naevi of the
epidermolytic type and four of their offipring with generalized
epidermolytic hyperkeratosis (2 widespread dominantly inhented
blistering disorder arising from mutations in the keratin genes, K1
and K10). In these patients point mutations were present in 50% of
the K10 alleles in the epidermal naevi, whereas no mutation was
found in uninvolved skin or blood (Paller et al, 1994). Offspring
with epidermolytic hyperkeratosis had the same mutations in 5006
of the K10 alleles from all cell types examined. Subsequently, a K10

Manuscript received March 28, 2000; revised August 8, 2000; accepted
for publication Seprember 7, 2000,

Feprint requests to: Dr. Alain Hovnanian, The Wellcome Trust Centre
for Human Genetics, Univensity of Oxford, Roosevelt Drive, Headington,
Oxford OX3 TBN, UK. Email: alain hovnanian@wello uk

Abbrevianons:  CSGE,  confc i wive gel elec
SER.CA2, sarco/endoplasmic reticulum Ca® ATPase soform 2,

"These authors contributed equally to the work.

patients. We identified a nonsense mutation (Y894X)
in the first patient and a nonconservative glycine to
arginine mutation at codon 769 (G769R) in the other
patient. These i were p in affected
skin, and were not detected in unaffected skin or in
leukocytes. We conclude that acantholytic dyskera-
totic naevi can arise from a somatic mutation in
ATP2A2. These individuals are mosaics for the muta-
tion, but the risk of transmission of generalized
Darier’s disease will depend on whether the germline
is affected. Our findings provide further evidence
that Blaschko’s lines do reflect genmetic mosaicism
and that the term acantholytic dyskeratotic naevus
might be replaced in the future by segmental
Darier’s disease induced by postzygotic mosaicism.
Key words: acantholytic  dyskeratotic  naevi/Blaschko’s
lines/genetic  mosaicism/SERCA2. | Invest Dermatol
115:1144-1147, 2000

mutation was identified in the keratinocytes from a child with
linear epidermal naevi of the epidermolytic type but not in the
normal epidermis (Moss ef al, 1995). Mosaicism was also demon-
strated in a patient with a linear comedonal naevus. Epidermal
scrapings showed a mutation in the gene for fibroblast growth
factor receptor 2. Mutations in this gene cause Apert syndrome, a
complex congenital malformation, characterized by craniosynos-
tosis, syndactyly, and generalized acne. This mutation was not
found in peripheral blood lymphocytes nor in follicular keratoses
on the other arm (Munro and Wilkie, 1998).
Epidermal naevi with an acantholytic dys} ¥
show clinical and histologic similarities to a dominantly inherited
skin condition, Darier’s disease (Burge and Wilkinson, 1991).
Patients with Darier’s disease develop widespread warty papules
often around the second and third decades. Heat, sweating, and
sunburn exacerbate the condition. Similarly, many of these unusual
epidermal naevi present arou the same age and may be
exacerbated by the same ¢ . The histologic hallmark of
both Darier’s disease and this form of epidermal naevus is
acantholytic dyskeratosis, i.e., loss of adhesion between keratino-
cytes (acantholysis) with abnormal keratinization (dyskeratosis)
(Weedon, 1992). On the basis of these clinical and histologic
similarities, linear epidermal naevi with an acantholytic dyskeratotie
histology are often classified as localized (linear, naevoid, unilateral,
or segmental) Darier's disease (Starink and Woerdeman, 1981;
Moore and Schosser, 1985; Munro and Cox, 1992; Cambiaghi er al,
1995; O'Malley et al, 1997). The prevalence of this variant is

ic histol
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Darier disease

464 Correspondence

Molecular genetic support for the rule of
dichotomy in type 2 segmental Darier disease

DOL 10.1111/1.1365-2133.2011.10593.x

OMIM 124200) is an autosomal
dominant sed by germline ations in the
ATPZA Clini g £ and plaques predomi-

areas.' Interes

disord,

A1 gene

the segmental man
estation of the diffuse nonsegm
for the type

upport for th
after birth, an

Darier disease

Generalized typical warty patches

Heterozygous germline mutation
plus second mosaic mutation

Type 2 mosaicism




Lissencephaly

EE Mosaic mutations of the LISI gene
cause subcortical band heterotopia

F. Sicea, MD; A. Kelemen, MD; P. Genton, MD; S. Das, PhD; D. Mei, MT; F. Moro, PhD; W.B. Dobyns, MD;
and R. Guerrini, MD

Abstract—Back,
sible for almos: le 80% of sporz
with more severe gyral and migration abnormality ov
hypothesized in itient with posteriorly predominant SBH and a mutation of th
patients with se neephaly. T thors ntified mosaic mutations of LISI in two patients (P
with predominantly posterior SBH. Methods: After ruling out DCX mu
LISI gene in lymphocyte DNA. Because sequence peaks in both

followed up with denaturing high-pressure liquid chromatography ar
areas of heteroduplex and homoduplex peaks. A third patient show

I band heterotopia (SBH) is a neuronal migration disorder. DCX mutations
le case nd 25% of spo

the anterior brain region

e Pespon-
iated
previously been
ally mutated in
nts 1 and 2)
tions, the authors performed sequencing of the
tients were suggesti
s on blood and h

lic

e lis:

of mozaic mutations, they
and compared the

ind a nonsense (R8X) mosaic muta
% in the hair roots, where n Patient 2 it w
patient with a full R8X mutation of LIS] had severe lissencephaly. Conclusions i
of LISI, using highly sensitive techniques such as
turing high-pressure liquid chromatography, should be considered for patients with posteriorly predominant subcor-
band heterotopia and pachygyria.

NEUROLOGY 2003:61:1042-1046

posts
Patient 1 ws

in the blood and

Subeortical band heterotopia (SBH) is a disorder of  migration disorder, in hemizygous male patients.>s

cortical development caused by the failure of a sub- Studies on SBH suggest that mutations of the DCX
LP95-132 population of migrating neurons to reach the devel- gene are found in almost all familial cases, including
oping cortical plate. Heterotopic neurons form a families in which female patients have SBH and
bilateral, symmetric band of gray matter located be- male patients have LIS, and in approximately 80% of

low the cortical ribbon and separated from it by a  sporadic female cases and 25% of sporadic male

del 17p13.3 mos (30%) . “ del 17p13.3 mos (30%)
% . ) RN
. " . g

LIS1 p.Arg8 18-21%)

-,

LP95-125 LR03-100




NF1 segmental
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Segmental neurofibromatosis is caused by somatic
mutation of the neurofibromatosis type 1 (NF7) gene

Sigrid Tinschert',_llka Naumann', Elisabeth Stegmann":. Annegret Buske',
Dieter Kaufmann®, Gundula Thiel" and Dieter E Jenne”

'Institut fiir Medizinische Genetik, Universititsklinikum Charité, Humboldt-Universitit zu Berlin: “Abteilung
Neuroimmunologie -Planck-Institut fiir Neurobiologie, Planegg Martinsried: *Abteilung Humangenetik,
Universitidt Ulm, Germany

Segmental neurofibromatosis (NF) is generally thought to result from a postzygotic NF1
(neurofibromatosis type 1) gene mutation. However, this has not yet been demonstrated at the molecular
level. Using fluorescence in situ hybridisation (FISH) we identified an NF1 microdeletion in a patient with
segmental NF in whom café-au-lait spots and freckles are limited to a single body region. The mutant
allele was present in a mosaic pattern in cultured fibroblasts from a café-au-lait spot lesion, but was absent
in fibroblasts from normal skin as well as in peripheral blood leukocytes. These findings prove the
hypothesis that the molecular basis of segmental cutaneous NF is a mutation in the NF7 gene and that the
regional distribution of manifestations reflects different cell clones, commensurate with the concept of
somatic mosaicism. European fournal of Human Genetics (2000) 8, 455-459,

Keywords: Segmental neurofibromatosis: FISH; NFT gene deletion; microdeletion; somatic mosaicism

Introduction bromatoses, Segmental NF, defined by regionally limited
Despite the number of articles dealing with localised cuta- cutaneous signs of NFI, is placed in the category of alternate
onditions with some of the resp
1 or NF2,
m explains the various clinical
NF. The phenctype may b
[ the NFI mutation, the type of the

tzygotic mutation

tent precursor cell'™ and results in

nadal cell mosaics."* However, the
ases was not elucidated.

methods

as a clearly dem ed area of
minantly on the left side of the
nd arm associated with café-au-lait
mm and seven of 5 up to 15mm in




Commentary

Lethal genes surviving by mosaicism: A

possible explanation for sporadic birth defects
involving the skin Happle R. 1987. J Am Acad Dermatol 16(4):899-906

Rudolf Happle, M.D. Minster, Federal Republic of Germany

A genetic concept is advanced to explain the origin of several sporadic
syndromes characterized by a mosaic distribution of skin defects. It is postulated
that these disorders are due to the action of a lethal gene surviving by
mosaicism. The presence of the mutation in the zygote will lead to death of
the embryo at an early stage of development. Cells bearing the mutation

can survive only in a mosaic state, in close proximity with normal cells. The
mosaic may arise either from a gametic half chromatid mutation or from

an early somatic mutation. This concept of origin is proposed to apply to the
Schimmelpenning-Feuerstein-Mims syndrome, the McCune-Albright
syndrome, the Klippel-Trenaunay syndrome, the Sturge-Weber syndrome, and
neurocutaneous melanosis. Moreover, this etiologic hypothesis may apply

to two other birth defects that have recently been delineated, the Proteus
syndrome (partial gigantism of hands or feet, hemihypertrophy, macrocephaly,
linear papillomatous epidermal nevus, subcutaneous hemangiomas and
lipomas, accelerated growth, and visceral anomalies), and the Delleman-
Qorthuys syndrome (orbital cyst, porencephaly, periorbital appendages, and

Fig. 1. Systematized linear sebaceous nevus in the
Schimmelpenning-Feuerstein-Mims syndrome. Diffuse

Table II. Sporadic syndromes that may be due to survival of a lethal gene by mosaicism involvement of the entire skin never occurs.
No. of entries in
McKusick’s Cutaneous pattern of Other organs affected in a
catalog’ Cutaneous anomaly distribution mosaic pattern
Schimmelpenning- 16,320  Sebaceous nevus Lines of Blaschko Eye, brai
Feuerstein-
Mims syndrome
McCune-Albright 17,480  Nevoid hyperpigmentation Lines of Blaschko Bones, en
syndrome
Proteus syndrome Not yet regis- Epidermal nevus of papil- Lines of Blaschko Brain, so
tered lomatous type bones, Y
Delleman-Oort- 16,418 Nevoid lesions of hypo-  Linear (lines of Eye, brai
huys syndrome plasia and aplasia Blaschko?)
Klippel-Trenaunay 14,900  Telangiectatic nevus Nonlinear, with sharp  Eye, brai
syndrome midline separation bones,
Sturge-Weber syn- 18,530 Telangiectatic nevus Nonlinear, with sharp  Eye, brai
drome midline separation bones,
Neurocutaneous 24,940 Melanocytic nevus Nonlinear, without mid- Brain
melanosis line separation

MO Syeiys




The Happle hypothesis | theorem

e Certain developmental disorders are caused by action of an
autosomal dominant lethal gene surviving by mosaicism.

e The presence of the mutation in the zygote will lead to the death of the
embryo at an early state of development. Cells bearing the mutation can
survive only in the mosaic state, in close proximity with normal cells
[Happle, 1986; Happle, 1987].




Check-up on Happle 1987, Hall 1988

Disorder Mosaic Gene

Delleman-Oorthuys (OCCS)
Encephalo-cranio-cutaneo!'Zgs

Klippel-Trenaunay syng

Maffucci syndrome + IDH1, IDH2
McCune-Albright ¢ 5 GNAS1
Neurocutaneous + NRAS

Ollier disease + IDH1, IDH2
Proteus syndrome + AKT1
Schimmelpenning-\ / + HRAS, KRAS
Sturge-Weber syndror§ + GNAQ




Mosaicism 1991

Epidermal nevus syndrome:
A neurologic variant with hemimegalencephaly,
gyral malformation, mental retardation, seizures,
and facial hemihypertrophy

L. Pavone, MD; P. Curatolo, MD; R. Rizzo, MD; G. Micali, MD; G. Incorpora, MD; B.P. Garg, MB, BS;
D.W. Dunn, MD; and W.B. Dobyns, MD

Arlicleabst.rscl.—'[‘heepidema[ d (ENS) isasp i idermal nevi
and ital g the brain and other systems. From among over 60 pamnt.s wn.h ENS presentmg with
o - statlons, we -denuﬁed 17 who had hemimegalencephaly based on patholoml_: or radiologic sh.!lben Associated

gie Juded gyral malf ions in 12 of 12, mental in 13 of 14, in 16 of 17
infantile spasma} and mtra]ateral hemiparesis in 7 of 12. All had ipsilateral eplderm.nl ne'\rl uf the head, and
teral facial hemi . We luded that these abnormalities

at we believe represents the I'uII expression of primary brain involvement. Several pal.nem.aa]so hndwndnme of
ions such as infarcts, atrophy, porencephaly, and cnlc:ﬁeatmna whlch are best explained by prior ischemia or
n repeated observations of blood vessel lies in ENS hesize that underlying vascular
1565 to these acqmred lesions. The same cause may be invoked to exphm the wide variety of neurologic
d in ENS patients without hemimegalencephaly. While the cause of ENS remains unknown, several observa-

Pathogenesis. The pathogenesis of KNS thus ap-

pears to involve hypertrophy, hyperplasia, and dys-
plasia of multiple tissues originating from different
germ layers although ectodermal tissues clearly pre-
dominate. While the cause is unknown, repeated obser
vations of (1) striking abnormalities in cellular growth
and differentiation, (2) striking lateralization, (3) pre-
disposition for tumor development, and (4) lack of ge-
netic transmission strongly suggest a somatic, probably
autosomal dominant, mutation. This is further sup-
ported by rare reports of autosomal dominant transmis
sion of epidermal nevi.*

matic mutation.

NEUROLOGY 1991;41:266-271

are congenital skin lesions that consist
ovoid or linear plaques. In infants, they
~colored and velvely. As time passes,
ore verrucous, and orange or darker
Smaller lesions occur most frequently
Ip, and neck, while larger lesions may
There is often a predilection for the
1 7 different types have been described,
nevus sebaceous (of Jadassohn), nevus
n:ht.hyosm hystm. Under current use,
1 “epidermal nevi” enec all of

sometimes facial hemihypertrophy prompted this re-
view of the neurologic manifestations of ENS.

Methods. For this study, we gathered data on 63 patients
with ENS (4 from our practices and 59 from the literature)
who presented with severe neurologic abnormalities. From
among these, we selected 17 patients for further review based
on (1) availability of adequate clinical description and patho-
logic or radiologic studies and (2) presence of hemimegalen-
cephaly. The studies included autopsy or surgical biopsy
result.s in 4 patients, cranial CT in 12, and both preumoen-

¢ studies show hyperplasia ' of both epi-
mis in all types, while involvement of
s may vary. Malignant transformation
il nevi oceurs, usually after puberty, but
unknown.!

al nevus synd (ENS) is a sporadi
disorder (although it is listed as MIM
Kusick?) that consists of epidermal nevi
ty of congenital anomalies of the brain,
wd other sya‘tems Dur ohservatmns of 4
con-
1 epldermal nevus, 1psllateral hemi-
y and gyral malformation, mental
:ures (especially infantile spasms), and

and in one.

Case reports. Patient 1. This boy was the 1st of 2 children
born to unrelated Sicilian parents. Two earlier pregnancies
ended in miscarriage; his younger brother is healthy. The
father was 52 years old and the mother 37 at the time of his
birth. Family history was not significant. Pregnancy and de-
livery were uncomplicated. Birth weight was 3.3 kg, length 50
em, and occipitofrontal circumference (OFC) 35 cm (all 50th
percentile). He had a large swelling of the right cheek that soon
extended to involve the entire right face, hypotonia, and a
weak cry. Subsequent development was delayed. At 1.5
months, he had a brief generalized seizure. Infantile spasms
began at 3 months, and were more prominent on the left side.
At 3 months, weight was 5.8 kg, length 57 em, and OFC 42 em
(50th percentile). Examination showed an asymmetric skull,

From the Pediatric (Drs. Pavone, Rizzo, and Incorporn) and Dermatology (Dr. Micali) Clinics, University of Catania, Catania, Italy; the Pedistric Neurology Clinic.
University of Rome (D, Curatolo); and the of Meurology (Drs. Garg, Dunn, and Dobyns), Pediatrics (Dr. Dunnb, and Medical Genetics (Dr, Dobyns),
Indiana University School of Medicine, Indianapolis, 1N.

Heceived February 26, 1990, Accopted for pablication in final form July 23, 1990,

Adds o reprint Dr. William B. Dobyns, Department of Neurology, .U, Riley Hospital, Room N102, 702 Barnhill Drive, Indianapolis,

1M 46202-5200.
< 2686 NEUROLOGY 41 February 1981




Happle, 1987

Table I. Clinical criteria suggesting a lethal gene
surviving by mosaicism

 Birth defects always occur sporadically
e Lesions are distributed in a mosaic pattern
e Extent of involvement is variable

e Diffuse involvement of the entire body or an
entire organ system does not occur

e Sexratiois 1:1

-
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TABLE IV. Overview of Publications on Monozygotic Twin Pairs of Whom Only One Twin Is Considered to Have a [Possibly] Mendelian

Disorder
Disorder MIM®* Refs.
Aglossia-adactylia 103300 Robinow et al. [1978]
Aicardi syndrome %304050 Costa et al. [1997]
Asplenia syndrome %208530 Hwang et al. [2006], Wilkinson et al. [1979]
Bladder exstrophy %600057 Bugge [1981], Reutter et al. [2003]

Body stalk anomaly 230750 Daskalakis and Nicolaides [2002], Vidaeff et al. [2005]

Beckwith—Wied ynd #122470 Berryetal. [1980], Bose et al. [1985], Chien et al. [1990], Clayton-Smith
et al. [1992], Leonard et al. [1396], Litz et al. [1988], Olney et al.
[1988], Orstavik et al. [1995], Weksberg et al. [2002], Bliek et al.
[2009]

Caudal duplication anomaly H#EO7BE4 Kroes et al. [2002], Dates et al. [2006]

Congenital hypothyroidism #275200/#218700  Rentig et al. [1980]

Colorblindness +4-303800 Jorgensen et al. [1992]
Complete congenital heartblock 234700 Cooley et al. [1997]
genital bi perisylvian synd #300388 Lenti and Triulzi [1996]
Cornelia de Lange syndrome #122470 Carakushannsky and Berthier [1976], Carakushansky et al. [1996]
Darrier's disease #124200 Sakuntabhai et al, [1993]

#604356, +%126800 Kaufman et al, [1989], Rosenbaum and Weiss [13978]
#310200

Duane’s retraction

Duchenne muscular dystrophy Burn et al. [1986], Chutkow et al. [1987], Gomez et al. [197?], Lupski
_"91], Pena et al. [1987], Richards et al. [1930], Tremblay et al.
- et al. [1993], Bonilla et al. [1990]

1, Brodtkorb et al. [2000], Kuzniecky et al.

“1999], Supprian et al. [2000]
5|

Epilepsy with structural brain
abnormalities

Fabry disease

Fragile X syndrome

Frontonasal dysplasia

Facioscapulohumeral my
phy [FSHD]

Goldenhar syndrome

et al. [1985]
* [2007]
93]

Touliatou et al. [2006], Verona

Growth hormone de
Hemihypertrophy
Hemophilia A
Hemophilia B
Holoprosencephal
Humero-radial syt
Hunter syndrome
Idiopathic torsion |
Kabuki syndrome
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Identical But Not the Same: The Value of Discordant
Monozygotic Twins in Genetic Research
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Monozygotic (MZ) twins show remarkable resemblance in many
aspects of behavior, health, and disease. Until recently, MZ twins
were usually called “genetically identical™; h , evid for
genetic and epigenetic differences within rare MZ twin pairs has
acc lated. Here, we ize the literature on MZ twins
discordant for Mendelian inherited disorders and chr 1
abnormalities. A ic li search for English articles
on discordant MZ twin pairs was performed in Web of Science
and PubMed. A total number of 2,016 publications were re-
trieved and reviewed and 439 reports were retained. Discordant
MZ twin palrsare m.formanve in res]lect m vanabllltyofpheno—

How to Cite thi
Zwijnenburg PIG)
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Same: The Value o
Twins in Genetic Re
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Ilnd\s:ra et al, 2008). Within Europe and the United States,

typic exp N ic mect pigenetics, and
post-zygotic mul.agenesls and may serve as a model for research
on genetic defects. The analysis of single discordant MZ twin
pairs may represent an elegant approach to identify genes in
inherited disorders. © 2010 Wiley-Liss, Inc.

Key words: twins; monozygotic; twin studies; discordant;
chromosome disorders; genetic diseases; inborn

TWINNING

Twins and multiples always have intrigued humans, as illustrated by
numerous legends, myths, tales, and anecdotes in which twins play a
principal part.

t ing rates also can vary considerably across time and place
[Hoekstra et al., 2008]. As MZ twinning generally occurs at a
constant rate of 3—4 per 1,000 maternities around the world
[Tong et al.,, 1997; Hall, 2003], the variation in twinning rates is
generally accepted as being the result of variation in DZ twinning
rates. The rates of DZ, and possibly also MZ twinning, have
increased the past decades, in part due to assisted reproductive
technologies (ART) [Chang et al,, 2009] and due to increases in
maternal age.

The causes of MZ twinning in humans are unknown. Until
recently, the process of MZ twinning was considered to rep a
random process. However, new data indicate that (epi)genetic
mechanisms may be involved in the phe of splitting of
the zygote [Shur, 2009]. An excess of females over males has been
observed in spontaneous, surviving, MZ twins. This female pre-

:;;:,l'\:i_—g;?l:gzgl::“\ l Twins can result from a single ovum, fertilized byonesperm,and 4. . Ty aa gl Aiamningic
Klippel—Trenaunay st 4] nic
Landau—Kleffner syndh m-
Leber's hereditairy optiey 993] TABLE IV. (Continued) ).
Lesch—Nyhan syndrome Disorder MIM® Refs. he
Mayer Rokitansky Kiister s ind Laufer [2009] Schi Ipenning—F in—Mims %163200 Schworm et al. [1996] ale
MeCune—Albright syndrome syndrome
Ocular cicatricial pemphigoid Silver-Russell syndrome %180860 Bailey et al, [1995], Sagot et al. [1996], Samn et al. [1990], Yamazawa Y]
Oculo-oto-radial [IVIC] syndrome et al. [2008] be
Dte-palate-digital syndrome Sotos syndrome #117550 Brown et al. [1998]
Dral—facial-digital syndrome Spondylocostal dysostosis #277300 Van Thienen and Van der Auwera [1994] —
Primary lateral sclerosis %6116 "SHrenson [2005] Thumb palydactyly #174400 Peterson and Rayan [2004] U
Primary progressive aphasia #607485 Doran and Lamer [2004] VACTERL 192350 Becker et al. [2005], Camacho et al. [2008) m
Proteus syndrome %176920 Brockmann et al. [2008] Van der Woude syndrome #119300 Kondo et al. [2002] '
Retinitis pigmentosa #180100 + others  Bernstein and Aptsiauri [2003] X-linked adrenoleukodystrophy #300100 Korenke et al, [1996]
Rett syndrome #312750 Carter et al, [2008], Migeon et al. [1995), Subramaniam et a X-linked hypophosphataemic rickets #307800 Owen et al. [2009]
Ublnsteln_Taghl sg ntoms #1E0849 Ka]“ o} all [ 1931] i SI}“\DO'S preceding @ MM number: #, 3 descriptive phenciype, not g @ unique locus; +, of a gone of known sequence and a phenotype; %, a confirmed Mendefian

syndrome 181180 Ashton-Prolla and Felix [1997] phenotipe or phenatypi lotus for which the underling molecuar basis is not  known: o symbal befare a MIM number generally indicates a description of a phenctupe for which the Mendelian basis,

[ altheugh suspected, has pat been Lan, OMIM [TM]. McKissich-Nathans institute of Genetic
Modicine, Johvs Hopking University | Battimere, MO and Nationial Center for Biotechnelogy Information, Natianal Library of Medscine [Bethesda, MD] (November 1, 2003, Werld Wide Web URL: hikpst/
iy 34




Guidelines for mosaicism

e Nil recurrence risk in families

= Or very low risk (due to genetic heterogeneity)
Asymmetry or focal / multifocal anomalies

o Variable expressivity

= No diffuse involvement

Dysplastic growth especially overgrowth

* Predisposition for tumors

Discordant monozygotic twins
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American Journal of Medical Geneties 70:67-73 (1997)

Clinical Dysmorphology 6, 291-302 (1997)

Macrocephaly-Cutis Marmorata Telangiectatica
Congenita: A Distinct Disorder With Developmental
Delay and Connective Tissue Abnormalities

Macrocephaly with cutis marmorata, haemangioma
and syndactyly - a distinctive overgrowth syndrome

]. CLAYTON-SMITH'", B. KERR2, H. BRUNNER?, L. TRANEBJAERG", A.
MAGEE®, R.C.M. HENNEKAM®, R.F. MUELLER’, L. BRUETON?®, M. SUPER?,

Cynthia A. Moore,' Helga V. Toriello,** Dianne N. Abuelo,* Marilyn J. Bull,? Cynthia J.R. Curry,®
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We describe 13 unrelated children with ab-
normalities of somatic growth, face, brain,
and connective tissue including vascula-
ture. Although the condition in these chil-
dren falls under the general group of disor-
ders known as cutis marmorata telangiec-
tatica congenita (CMTC), the constellation
of abnormalities appears to constitute a dis-
tinet and easily recognizable phenotype
within this general group. In contrast to
most children reported with CMTC, chil-
dren in this subgroup have a high risk for
neurologic abnormalities, including devel-
¥ tal delay, tal retardation, mega-
lencephaly, and hydrocephalus. Early rec-
ognition of this condition is important for
appropriate surveillance for known compli-
cations and parental counseling. Am. J.
Med. Genet. 70:67-73, 1997.
© 1997 Wiley-Liss, Inc.

KEY WORDS: telangiectasia; congenital
overgrowth; hemihypertro-
phy; megalencephaly
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and 1 (Moore et al. 1997)

INTRODUCTION

Cutis marmorata telangiectatica congeni
is a condition characterized by cutis marmo
is congenital generalized or segmental “
“mottled” skin appearance caused by promi
laries and veins, and vascular lesions chara
telangiectasias, which resemble spider ang
venous dilatation or phlebectasias. Other v,
sions, such as capillary and cavernous he
nevus flammeus, and varicose veins, can
[Cohen and Zalar, 1988]. The cause of C
known and likely heterogeneous. Way et al
viewed 41 cases of CMTC (38 previously pub
found the incidence of associated anomalies
More recently, Pehr and Moroz [1993] re
affected individuals and reported that 68%
additional congenital anomaly; however, ¢
minor or of questionable causal association

iated ifestations included
try, localized limb defects, other vascular
and glaucoma. Other anomalies such as ma
and developmental delay or mental retardat
incidence findings in most series [Stephan e
Pehr and Moroz, 1993].

In this report we summarize the clinical
13 patients, ages 11 months to 17 years (
females), with a distinet combination of C
mal growth patterns, minor craniofacial a
anomalies, central nervous malformation, &
mal connective tissue and vasculature.
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K. Gripp® Megalencephaly and Perisylvian Polymicrogyria

- NJ‘:::::: with Postaxial Polydactyly and Hydrocephalus:

1. Voits A Rare Brain Malformation Syndrome Associated
W. B. Dobyns’ with Mental Retardation and Seizures

Abstract were abnormally thick. All patients had
tion; three had seizures and another h:

Background and Objective: V pha 1 3 Conclusion: We believe th
PMG-POLY-HY

ture, but o syndrome that

that may be a:

314y [euibuo

fied into anatomic and met-
The ¢ 1f as ed with anatomic
y have been variable and few di
ribed. We report five unrelated c|
vere congenital MEG associated with polymicrogyria (PMG),
postaxial polydactyly (POLY) and hydrocephalus (HYD)
Methods: The clinical records and brain MRI of five patients have
been re d.
Results: All patients had striking MEG that was symmetric in
three of the five pa . and mildly asymmetric in tv
birth OFC was between +2 and + 45D, Th ral patte; - common human brain malformation that may be associated
nt developmental and neurolo; problems. It
ded into anatomic and metabolic subtypes [5]. The
clinical findings associated with anatomic megalencephaly have
shunted patie i been variable. Apart from the mild familial type, anatomic me-
mildly to moderately enlarged | c 0 galencephaly has bee nd in many different d ers includ-
patients 5
callosum w,
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ia-polydactyly

I ly visualized cap s led to a diagnosis
MCM.Ina 1, the c

estive of MCM.

stinguish

and MCM with n Chiari INTRODUCTION
rted in a

v, upon  The macrocephaly capillary malformation (MCM) syndrome,
., we noted  previously known as macrocephaly cutis marmorata teleangiecta-
ftonsil-  tica congenita |Toriello and Mulliken, 2007] combines a greatly
for MCM. Thus, enlarged head size with a striking marbled appearance of the
ion arc  skin that resembles cutis marmorata. More than 100 patients
with MCM have been reported [Clayton-Smith et al.,, 1997; Moore
ctal., 1997; Vogelsetal., 1998; Thong et al., 1999; Franceschinietal.,
2000; Robertson et al., 2000; Giuliano et al,, 2004; Lapunzina
et al., 2004; Canham and Holder, 2008, and its neuroimaging -
findings were reviewed by Garavelli et al. [2005] and Conway et al. L RO8 0 1 8

1 malformation. However

fcant nu
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Mapping of Deletion and Translocation Breakpoints in 1q44
e Implicates the Serine/Threonine Kinase AKT3 in Postnatal
Microcephaly and Agenesis of the Corpus Callosum

Elena Boland, Jill Clayton-Smith, Victoria G. Woo, Shane McKee, Forbes D. C. Manson,
Livija Medne, Elaine Zackai, Eric A. Swanson, David Fitzpatrick, Kathleen ]J. Millen, Elliott H. Sherr,
William B. Dobyns, and Graeme C. M. Black

Deletions of chromosome 1q42-g44 have been reported in a variety of developmental abnormalities of the brain, including
microcephaly (MIC) and agenesis of the corpus callosum (ACC). Here, we describe detailed mapping studies of patients
with unbalanced structural rearrangements of distal 1g4. These define a 3.5-Mb critical region extending from RP11-

. . c or more genes that lead to MIC and ACC when present in only

Birth OFC Later OFC Malformations

Gentile et al. 2003 Deleted -2 SD —4 SD at 8 months MIC, partial ACC

Van Bever et al. 2005 Deleted -3SD NA MIC, partial ACC,  jom.
nd se-
CVH served

VACC,

LR04-249 Deleted ~4'SD NA MIC, ACC, CVH =

LR05-202 Deleted -3SD -5 SD at 2 years MIC, ACC, CVH

sof dis-

LR02-409 Deleted -5 SD (4mo) —7 SD by 5 years MIC, partial ACC,  ono

ated as

CVH ause o
LR06-076 Deleted —2 SD (4mo) -3.5SD at 4 years Mild MIC, partial ACC

ymalies

LRO5-101 Disrupted 50th % —2.5SD at 2 years MIC, ACC

De Vries et al. 2001a Not tested NA -5 SD at 2.5 years MIC, partial ACC .

nla-San

ag

De Vries et al. 2001b Not tested -5 SD at 1 year MIC, partial ACC "

tildren's
: ghlack
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Akt 3+/Nmf350

T305 S472

A novel Akt3 mutation associated with enhanced
kinase activity and seizure susceptibility in mice

Satoko Tokuda', Connie L. Mahaffey', Bobby Monks2, Christian R. Faulkner3,

p Morris J. Birnbaum?, Steve C. Danzer? and Wayne N, Frankel'*
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In a phenotype-driven mutagenesis screen, a novel, dominant ion, Nmf350, 1 low seizure
threshold, sporadic tomc-clumc seizures, brain enlargement and ectopic neurons in the dentate hilus and
molecular layer of the h P Genetlc pping impli d Akt3, one of four candidates within the criti-
cal interval. Seq g analysis T d that have a ion in Akt3 (encoding one of
three AKT/protein kinase B molecules), leading to a non-synonymous amino acid substitution in the highly
conserved protein kinase domain. Previous knockout studies showed that Akt3 is pivotal in postnatal
brain development, including a smaller brain, although seizures were not observed. In contrast to
Akt3"™350 we find that Akt3 null mice exhibit an el | seizure threshold. An in vitro ki assay led d
that Akt3"™5° confers higher enzymatic activity, suggesting that Akt3V™“*° might enhance AKT signaling in
the brain. In the dentate gyrus of Akt3"™*° homozygotes, we also observed a modest increase in immunor-
eactivity of phosphorylated ribosomal protein S6, an AKT pathway downstream target. Together these find-

(Asp) (Val)

ENU mutagenesis screen

4
ings suggest that Akt3"™3%° confers an increase of AKT3 activity in specific neuronal populations in the X
brain, and a unique dominant phenotype. Akt3¥"**° mice provide a new tool for studying physiological
roles of AKT signaling in the brain, and p ially novel hani for epilepsy.
Nmf350 i
disorders and to discover human disease genes (3-7). The »
INTRODUCTION electroconvulsive threshold (ECT) test in mice has been :

wild type

Epilepsy, defined by recurrent seizures resulting from abnor-
mal, synchronized neuronal discharges in the brain, affects
up to 1% among the population. A genetic contribution to
the disease has been estimated for about 40% of epilepsy
patients (1). In recent years, advanced genetic approaches,
such as association studies of candidate genes and genome-
wide linkage studies with patients or family cases, have pro-
vided a better understanding of the genetic basis of idiopathic
generalized epilepsies, with the identification of more than 20
variants involved in these disorders (2). The majority of
responsible genes, however, remain unidentified because of
the multifactorial etiology and genetic heterogeneity of the
disease.

Phenotype-based chemical mutagenesis with ethylnitro-
sourea (ENU) has been performed with high success and effi-
ciency to obtain new animal models of various neurological

used extensively to advance the study of human seizures,
and is an integral part of the ongoing program for (|c\€]0{|m¢nl
of antiepileptic drugs. We adopted as a robust screening
tool to find seizure-prone or resistant genes following ENU
mutagenesis. Using this approach, we previously discovered
that a dominant mutation, Szt/, lowers the seizure threshold
in mice without spontaneous seizures (8). Interestingly,
genetic analysis revealed that the Szr/ mutation was a spon-
taneous deletion that included the Keng2 gene, the human
orthologue of which is mutated in human epilepsy families,
This provided proof of principle that ECT can be a relevant
screening tool to develop genetic models that are relevant
for human epilepsy research.

Upstream and downstream molecules involved in serine/
threonine kinase AKT pathways have been implicated
in mechanisms of epilepsy (9-13). AKT, also known as

~
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A Mosaic Activating Mutation in AKT1
Associated with the Proteus Syndrome

Marjorie . Lindhurst, Ph.D., Julie C. Sapp, 5c.M., Jamie K. Teer, Ph.D.,
Jennifer ). Johnston, Ph.D., Erin M. Finn, B.A., Kathryn Peters, M.5.,
Joyce Turner, M.S., Jennifer L. Cannons, Ph.D., David Bick, M.D.,
Laurel Blakemore, M.D., Catherine Blumhorst, M.5.N., Knut Brockmann, M.D.,
Peter Calder, M.B., B.S., Natasha Cherman, Ph.D., Matth
David D., Gretchen Golas, M.S., Robert M. Greenstei
M. Keppler-Noreuil, M.D., Sergei A. Kuznetsov, Ph.D.,

, M.D., Douglas ). Schwartzentruber, M.D.,
A.D., M.B.A., Roberto Tirabosco, M.D., Jos Upton, M.D.,
atroub, M.D., Elaine H. Zackai, M.D., Kimt
Tracey White
Pamela L. Schwartzbe
Laura L. Tosi, M.D., James C. Mullikin

Thomas M.

. Ph.D., and Leslie G. Biesecker, M.D.

ABSTRACT

BACKGROUND

The Proteus syndrome is characterized by the overgrowth of skin, connective tissue, The authors' affiliations are listed in the

brain, and other tissues. It has been hypothesized that the syndrome is caused by #ependix Address reprint requests to Dr.
. icism fi tati hat is lethal in th ic st Biesecker at the Genetic Disease Research

somatic mosaicism for a mutation that is lethal in the nonmosaic state. Branch, National Human Genome Re-

search Institute, National Institutes of
. . ) Health, Bldg. 49, Rm. 4AS6, Bethesda,
We performed exome sequencing of DNA from biopsy samples obtained from pa-  mpD 20892, or at leslieb@helix.nih.gov.

tients with the Proteus syndrome and compared the resultant DNA sequences with
those of unaffected tissues obtained from the same patients. We confirmed and
extended an observed association, using a custom restriction-enzyme assay to ana-
lyze the DNA in 158 samples from 29 patients with the Proteus syndrome. We then N Engl) Med 2011,

assayed activation of the AKT protein in affected tissues, using phosphorylation. S8 © 2001 Masedtae peiesl ey
specific antibodies on Western blots.

METHODS

This article {10.1056/NE]Moal104017) was
published on July 27, 2001, at NEJM.org.

RESULTS

Of 29 patients with the Proteus syndrome, 26 had a somatic activating mutation
(c.49G—-A, p.Glul7Lys) in the oncogene AKTI, encoding the AKT1 kinase, an enzyme
known to mediate processes such as cell proliferation and apoptosis. Tissues and
cell lines from patients with the Proteus syndrome harbored admixtures of mutant
alleles that ranged from 1% to approximately 50%. Mutant cell lines showed greater
AKT phosphorylation than did control cell lines. A pair of single-cell clones that
were established from the same starting culture and differed with respect to their
mutation status had different levels of AKT phosphorylation.

CONCLUSIONS

The Proteus syndrome is caused by a somatic activating mutation in AKTI, proving
the hypothesis of somatic mosaicism and implicating activation of the PI3K-AKT
pathway in the characteristic clinical findings of overgrowth and tumor susceptibil-
ity in this disorder. (Funded by the Intramural Research Program of the National

T AKTT p.Glu17lys
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é recognizable features'>, We performed e Confirmed PIK3CA mutations
3 families with MCAP or MPPH, and our in

Z  confirmed in exomes from 7 individuals w LRO6-220 Blood Chr. 3: 2.178916876G=A p.Arg88GIn 145,513 64,260 43 1.7 2.9

§ control individuals, as well as in 40 additi 44735 Blood Chr. 3: g.178922364G>A p.Cys378Tyr 285,251 84,600 30 0.4 1.1
megalencephaly, using a combination of § .

®  estriction enzyme assays and targeted de LRO8-261 Blood Chr. 3: g.178938934G>A p.Glu726Lys 293,540 35,865 12 0.5 0.7
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the central role of PI3K-AKT signaling in v LR11-070 LcL Chr. 3: g.178947865G>A p.Gly914Arg 663,398 102,811 15 19 23
brain development and emphasize the po . .
parallel sequencing in a challenging conte Saliva Chr. 3: 2.178347865G=A p.Gly914Arg 327,763 56,313 17 19 23
genetic heterogeneity combined with pos! LROG-341 Blood Chr. 3: g.178947865G=A p.Gly914Arg 728,792 112,818 15 19 23
As described in our recent clinical analysisin Saliva Chr. 3: g.178347865G=A p.Gly914Arg 538,366 103,171 19 19 23
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A full list of affiliations appears at the end of the pape Validation of new PIK3CA mutations

Received 30 March; sccepted 29 May; published ool LRO6-342 LCL Chr. 3: 2.178916854G=A p.GluB1Lys 135,801 993 1 0.2 0.2
Saliva Chr. 3: g.178916854G=A p.GluB1Lys 82,864 2,783 3 0.2 0.2

NATURE GENETICS - ADVANCE ONLING PUBLL LR11-068 Blood Chr. 3: g.178916876G>A p.Arg88GIn 282,771 3,378 1 0.2 0.3
Saliva Chr. 3: g.178916876G=A p.Arg88GIn 45,578 1,714 4 0.2 0.3

LCL, lymphoblastoid cell line; chr., chromosome; freq., frequency.
20nly bases with base quality of =20 were considered. "Average frequency of the mutant allele in control individuals. “Highest mutant allele frequency in control individuals.
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De novo germline and postzygotic mutations in AKT3,
PIK3R2 and PIK3CA cause a spectrum of related
megalencephaly syndromes

Jean-Baptiste Riviére!, Ghayda M Mirzaa?, Brian ] O’Roak?, Margaret Beddaoui?, Diana Alcantara®,

Robert L Conway®, Judith $t-Onge!, Jeremy A Schwartzentruber, Karen W Gripp®, Sarah M Nikkel®,

Thea Worthylake?, Christopher T Sullivan', Thomas R Ward', Hailly E Butler', Nancy A Kramer'®,

Beate Albrecht'!, Christine M Armour'?, Linlea Armstrong'?, Oana Caluseriu'?, Cheryl Cytrynbaum'?,
Beth A Drolet'®17, A Micheil Innes', Julie L Lauzon'®, Angela E Lin'®, Grazia M § Mancini'?,

Wendy $ Meschino®, James D Reggin®', Anand K Saggar®?, Tally Lerman-Sagie?®, Gékhan Uyanik®!,
Rosanna Weksberg!®, Birgit Zirn?®, Chandree L. Beaulieu®, Finding of Rare Disease Genes (FORGE) Canada
Consortium?®, Jacek Majewski?’, Dennis E Bulman?®®, Mark O'Driscoll?, Jay Shendure?, John M Graham Jr'?,
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Megal phaly-capillary mali ion (MCAP) and subtype of vascular malformations and deregulated growth, which

I phaly-polymicrogyria-polydactyly-hydrocephalus suggests that posteygolic mosaicism may be present in a subset of
{MPPH) i are sporadic overgrowth disord cases™, The phenotype of MPPH resembles that of MCAP but lacks
associated with markedly enlarged brain size and other vascular malformations and syndactyly™®, We hypothesized that

recognizable features'=, We performed exome sequencing in MCAP and MPPH result from mutations in the same pathway, and
3 families with MCAP or MPPH, and our initial observations were  we therefore studied them together. Given the absence of recurrence
2 & fading i 2 : cs in all reported families, we conducted exome

O
O
parent-proband trios—one with MCAP (subject
features overlapping both

and one with clinic
P I K A P I K R (subject LROR-018; Fig. 1)—and searched for

We also performed exome sequencing in the old-
gs with MPPH (subject LROO-016al; Fig. 1)
ce of familial recurrence of this sy

Mature America, Inc. All rights reserved.

tosomal recessive inheritance or germline mosai-

47-254 rare protein-altering variants per proband
d in public variant databases or 112 other exomes
and Supplementary Table 1). Analysis of the trio
)8-018 identified a de nove mutation in AKT3
465Trp; Supplementary Table 2). Sanger sequenc-
other 40 individuals with megalencephaly iden-
nove mutation in this gene in subject LR1
12295¢r; Table 1), w supports mutation
se of megalencephaly (P = 0,002, calculated as the
rving a second de nove mutation in AKT3; Online
ncodes the brain-predominant isoform of the AKT
inase, which is a major downstream mediator of
. leading us to focus on genes in this pathway in
vith megalencephaly.
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Somatic Mosaic Activating Mutations
in PIK3CA Cause CLOVES Syndrome
Kyle C. Kurek,! Valerie L. Luks,2 Ugur M. Ayturk,2® Ahmad 1. Alomari,*® Steven J. Fishman, .6

Samantha A. Spencer,2® John B. Mulliken,® Margot E. Bowen,2? Guilherme L. Yamamoto,”
Harry PW. Kozakewich,'® and Matthew L. Warman2e8.2.*

Congenital lipomatous overgrowth with vascular, epidermal, and skeletal anomalies (CLOVES) is a sporadically occurring, nonheredi-
tary disorder characterized by asymmetric somatic hypertrophy and anomalies in multiple organs, We hypothesized that CLOVES
syndrome would be caused by a somatic mutation arising during early embryonic development. Therefore, we employed massively
parallel sequencing to search for somatic mosaic mutations in fresh, frozen, or fixed archival tissue from six affected individuals. We
identified mutations in PIK3CA in all six individuals, and mutant allele frequencies ranged from 3% to 30% in affected tissue from
multiple embryonic lineages. Interestingly, these same mutations have been identified in cancer cells, in which they increase phosphoi-

nositide-3-kinase a

ity. We conclude that CLOVES is caused by postzygotic activating mutations in PIKICA. The application of similar

sequencing strategies will probably identify additional genetic causes for sporadically occurring, nonheritable malformations.

Syndromes can be genetic in origin but not necessarily
heritable. Happle postulated that such disorders arise as
the result of somatic rather than germline mutations, i.e.,
because complete heterozygosity for a causative mutation
would either be lethal to the affected individual or be inca-
pable of transmission through egg or sperm.’ Happle's
hypothesis was confirmed by the discovery of somatic
mosaic mutations in several diseases, including McCune-
Albright syndrome (MIM 174800) and Proteus syndrome
(MIM 176920).%*

Isolated malformations and nonhereditary syndromes
with malformation as a component feature could also be
caused by a somatic mutation. One such candidate is the
recently described disorder CLOVES (congenital fipoma-
tous asymmetric overgrowth of the trunk with lymphatic,
capillary, venous, and combined-type vascular malforma-
tions, epidermal nevi, and skeletal anomalies [MIM
612918]) (Figure 1).** Therefore, we sought to identify
postzygotic mutations in individuals with CLOVES by
employing massively parallel sequencing of DNA and
RMA from affected tissue to look for mutations that are
present at low frequencies. The study was approved
by the institutional review board at Boston Children's
Hospital. Study participants provided written informed
consent to participate in the study and to authorize the
publication of clinical images.

We used fresh or frozen affected tissue from four
CLOVES-affected individuals, each of whom had under-
gone resection of a lipomatous overgrowth or a vascular
malformation with lipomatous overgrowth (Tables 1

'Department of Pathology, Boston Children’s Hospital and Harvard Medical School, Boston, MA 02115, U
Children’s Hospital and Harvard Medical School, Boston, MA 02115, USA; “Department of Vascular and
Hospital and Harvard Medical School, Boston, MA 02115, USA; *Department of Surgery, Bosto
MA 02115, USA; *Department of Plastic Surgery, Boston Children’s Hospital and Harvard Medical School, Bos

and 2), and we produced barcoded DNA sequencing
libraries as described previously.” We assumed that lipoma-
tous tissue would contain mutant cells given that incom-
pletely resected lesions often regrow.® We also recovered
mRNA and generated barcoded cDNA  sequencing
libraries'” from these same specimens. For two of these
individuals, we prepared DNA sequencing libraries from
white blood cell (blood or saliva) DNA. We assumed that
this unaffected tissue would not contain a CLOVES causa-
tive mutation. Formalin-fixed paraffin-embedded tissue
blocks were available from two other individuals (Table
2) from whom we recovered DNA by using thin sections
to produce additional barcoded sequencing libraries (sce
Figure $1, available online, for the experimental (Icsign!."
Saliva DNA was available from one of these individuals
and was used for the preparation of a library.

We enriched each DNA library generated from the fresh
or frozen samples for exonic sequences by using the Sure-
Select human exome kit (Agilent Technologies, Santa
Clara, CA, USA). For DNA libraries generated from the
paraffin tissue blocks, we employed a custom-designed
enrichment array that contained exonic sequences from
77 genes involved in signaling pathways for several growth
factors. We had previously employed this targeted array to
screen individuals with metachondromatosis.” Several
genes included in this array, e.g., PTEN (MIM 601728),
AKTT (MIM 164730), AKTZ2 (MIM 164731), and AKT3
(MIM 611223), have been implicated in other overgrowth
syndromes.*""""* We performed RNA sequencing in case
the gene responsible for CLOVES was  abundantly

Jepartment of Omhopedic Surgery, Boston
ventional Radiclogy, Boston Children's
nildren's Hospital and Harvard Me hoal, Boston,
MA 02115, USA; “Vascular Anomalies

Center, Boston Children’s Hospital, Boston, MA 02115, USA: "Department of Genetics, Faculdade de Medicina da Universidade de Sio Paulo, 01246-
903 Sao Paulo, Brazil; *Howard Hughes Medical Institute, Boston Children's Hospital, Boston, MA 02115, USA; "Department of Genetics, Harvard Medical

School, Boston, MA 02115, USA
L ce: matthes
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D01 10.1016/j.ajhg.2012.05.006, ©2012 by The American Society of Human Genetics, All rights reserved.

The American Journal of Human Genetics 90, 1-8, June 8, 2012 1



© 2012 Nature America, Inc. All rights reserved.

nature

genetics

CLOVES varian

LETTERS

Mosaic overgrowth with fibroadipose hyperplasia is
caused by somatic activating mutations in PIK3CA

Marjorie | Lindhurst'-'%, Victoria E R Parker>!'8, Felicity Payne?, Julie C Sapp', Simon Rudge?, Julie Harris?,
Alison M Witkowski', Qifeng Zhang?, Matthijs P Groeneveld?, Carol E Scott?, Allan Daly?, Susan M Huson?,
Laura L Tosi® Michael L Cunningham’, Thomas N Darling®, Joseph Geer?, Zoran Gucev'?, V Reid Sutton'!,
Christos Tziotzios'2, Adrian K Dixon'?, Timothy Helliwell', Stephen O’Rahilly?!3, David B Savage®'3,
Michael ] O Wakelam®, Inés Barroso®?, Leslie G Biesecker' & Robert K Semple®!3

The pk

itol 3-ki (PI3K)-AKT sig

pathway is critical for cellular growth and metabolism.

Correspondingly, loss of function of PTEN, a negative

-
.

D)

i

i

pathway is the receptor tyrosine kinase (RTK)-PI3K-AKT pathway,
lid tumors',

which harbors activating mutations in most
Given the importance of RTK-PI3K-AKT signaling for cell pro-

B

l'.'
=

Human Molecular Genetics, 2013, Vol. 22, No. 3 444-451
doi: 10.1093/hmg/dds440
Advance Access published on October 24, 2012

Somatic gain-of-function mutations in PIK3CA
in patients with macrodactyly

Jonathan J. Rios'3%*, Nandina Paria', Dennis K. Burns®, Bonnie A. Israel', Reuel Cornelia’,
Carol A. Wise'*¢ and Marybeth Ezaki2®

'Sarah M. and Charles E. Seay Center for Musculoskeletal Research, *Charles E Seay Jr. Hand Center, Texas
Scottish Rite Hospital for Children, 2222 Welbom Street, Dallas, TX 75219, USA, *Department of Pediatrics, “Eugene
McDermott Center for Human Growth and Development, *Department of Pathology and ®Department of Orthopaedic
Surgery, University of Texas Southwestemn Medical Center, 5323 Harry Hines Blvd, Dallas, TX 75390, USA

Received August 6, 2012; Revised September 24, 2012; Accepted October 11, 2012

h ng
& § . -
¥ I SE ro .
S h FrEH S
T 013 d
mmpee e
amizis 15"‘ i
. fh 20| e
T 14 n
- - LA TN u
H 1.5 ure 3
T - Il 5
T S [T i
7S HY SRR
1 1o
HHEHR L ;
¢ S e S '
proy
digit
porti
tyly

peripheral nerve 1s both enlarged and elongated (Fig.

The treatment of macrodactyly to date has been ablative, con-
sisting of debulking by excision of a portion of the involved
digit, epiphysiodesis to stop longitudinal skeletal growth and
amputation when the enlarged parts are no longer functional.
Macrodactyly has been described as an unsolved condition
by the Intemational Federation of Societies for Surgery of
the Hand.
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fhorn girl was found o have a r
vascular malformation with ov
ssociated with overgrown feetand spl

wssive lymphatic
2 cutancous
d
‘hese manifestations comprise the recently described
¢ syndrome. She also had cranial asymmetry and
ped gene ed seizures, which were treated with
wulsants. Cranial CT showed  encephalomalacis

ng of the ventricles and the sulci, hemimegalence-

predominantly white matter) and partial agenesis of
callosum. Review of the literature identified several
hatients with CLOVE syndrome, some of whom were

INTRODUCTION

mdrome is a recently delineated disorder
ses vascular malformations  (typically
dysregulated  adipose  tissue, scoliosis,
ped bony structures (typically of the legs)
e or distorting bony overgrowth
This recent delineation distin-
it from Proteus syndrome, a disorder that
ses localized, progressive, postnatal over-
h with bony distortion, dy: tlated adipose

cerebriform connective tissue and linear
rmal nevus, hemimegalencephaly, and other
estations [Biesecker et al., 1999; Turner et al.,
Biesecker, 2000]. We describe a neonate with
es of CLOVE syndrome and hemimegalence-
with agenesis of the corpus callosum, features
cluded in the previous description of CLOVE
me.
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CNS Malformations and Se

Congenital Lipomatous Overgrowth, Vascular
Malformations, and Epidermal Nevi (CLOVE) Syndrome:
izures may be a Component
of This Disorder

Zoran 5. Gucev,"* Velibor Tasic,' Aleksandra Jancevska,' Marina Krstevska Konstantinova,’
Nada Pop-Jordanova,' Zoran Trajkovski,' and Leslie G. Biesecker”
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il Institutes of Health, Bethesda, Maryland
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misdiagnosed as having Proteus syndrome, with strikingly
similar manifestations, We conclude that CNS manifestations
including hemimegalencephaly, dysgenesis of the corpus
callosum, neuronal migration defects, and the consequent
seizures, may be an rarely recognized manifestation of
CLOVE syndrome. © 2008 Wiley-Liss, Inc.

Key words: CLOVE syndrome; lymphatic ilar malfor-
mation; agenesis of corpus callosum; hemimegalencephaly;

overgrowth;
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CLINICAL REPORT

A 15-day-old Caucasian girl was the first child of
nonconsanguineous and otherwise healthy  and
young parents. At the end of the third trimester an
abdominal wall mass was noted on ultrasound
examination. She was delivered by cesarean at

31 weeks gestation, with an Apgar score of - Her
birth weight was 3,660 g (>>97th centile), her length
was 50 cm (~90th centile) and her OFC was 36 cm

(97th centile). She had downslanting palpebral
fissures, flattening of the malar bones, 1 Ve
lengthening of the face, and a persistently open

*Comespongdence 1o: Zomn 5. Gueev, Medical Faculty Skopje, 50
Divizija BE, 1000 Skopje, Macedoni:
Published online 23 September 2008 in W

(www.interscience wiley.comd
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C2 membrane (350-485)
V344M MCAP x1
D350N MCAP x2
G364R MCAP x2
E365K MCAP x2
C378Y MCAP x4

p85 binding (31-108)
ES81K MCAP x1
R88Q MCAP x2
P104L MCAP x1
G106V MCAP x2
R115P MCAP x3

R115P CLOVESMD x1 |

C420R CLOVES x2
P449T MCAP x1
E453K MCAP x2
E453V MCAP x1
E453del MCAP x2

P471L MCAP x1

Helical (519-704)

E542K SK x7/62

E542K CLOVES x5
E542K DMEG-LNSS x1
E545G EN x9/33
E545K SK x2/62

E545K DMEG x4 x1
E545K DMEG-CLOVES

gl |

Terminal (1016-1069)
Y1021C MCAP x1
T1025A MCAP x1
A1035V MCAP x2
M10431 MCAP x6
H1047R SK x1/62
H1047R DMEG x1
H1047R CLOVES x12
H1047L CLOVES x3
H1047Y MCAP x2
G1049S MCAP x2
X1069W MCAP x2

Kinase (796-1015)
G914R MCAP x5
E970K MCAP x2
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Linker
E726K MCAP x7
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CLOVES plus

E542K SK x7/62 H1047R SK x1/62

E542K CLOVES x5 H1047R FCD2a x1
2845 [T 1 | E542K HMEG-LNSS x1 ™ H1047R CLOVES x12

E545G EN x9/33 H1047L CLOVES x3

E545K SK x2/62
E545K HMEG x4
E545K DMEG-CLOVES

C420R CLOVES x2

R115P CLOVESMD x1 |
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Tuberous sclerosis (TSC)

e Skin
Ash leaf spots
Fibromas (face, nails)
e Brain
Hamartomas
Giant cell astroctomas
FCD type 2b




human genetics

Tuberous sclerosis

doi: 10.1111/).1469-1809.2008.00496.x

Distinct clinical characteristics of Tuberous Sclerosis
Complex patients with no mutation identified

e TSC1 and TSC2 mutations
o TSC1 or TSC2 mutations 75-85%

175 Cambridge Streer, Suite 340, Boston, MA 02114

5. E. Camposano'*, E. Greenberg', D. J. Kwiatkowski’ and E. A. Thiele’
"Carol and James Herscot Center for Tiberous Selerosis Complex, Department of Newrology, Massachusetts General Hospital,

? Division of Translational Medicine, Brigham and Women's Hospital, Boston, MA 02115

= No mutation in 23/157 (15%) Summary

- Neurological and MRI problems
less frequent than TSC1 or TSC2

« Renal abnormalities intermediate

Tuberous Sclerosis Complex (TSC) is a multi-system disorder that is highly variable in its clinical presentation. Current
molecular diagnostic methods permit identification of mutations in either TSCT or TSC2 in 75-85% of TSC patients.
Here we examine the clinical characteristics of those TSC patients who have no mutation identified (NMI). A retrospective
review of our patient population that had comprehensive testing for mutations in TSCT/TSC2 identified 23/157
(15%) that were NMIL NMI patients had a lower incidence of brain findings on imaging studies, neurological features,

>2 mutations. In contrast, NMI patients had a lower incidence of seizures
and pulmonary
on of findings suggest that NMI patients may have a unique molecular

and renal findings than those with
than TSC patients with TSCT mutations, but had a higher incidence of both renal angiomyolipom:
lymphangioleiomyomatosis, This distinet conste
pathogenesis, different from that seen in TSC patients with the vsual mutations in TSCT and TSC2, We suggest that the

mechanisms of disease in these patients include both mosaicism for a TSC2 mutation, and unusual non-coding region

Summary

Tuberous Sclerosis Complex (TSC) is a multi-system disorder that is highly variable in its clinical presentation. Current
molecular diagnostic methods permit identification of mutations in either TSCT or TSC2 in 75-85% of TSC patients.
Here we examine the clinical characteristics of those TSC patients who have no mutation identified (NMI1). A retrospective
review of our patient population that had comprehensive testing for mutations in TSCI1/TSC2 identified 23/157
(15%) that were NMI. NMI patients had a lower incidence of brain findings on imaging studies, neurological features,

and renal findings than those with TSC2 mutations. In contrast, NMI patients had a lower incidence of seizures
than TSC patients with TSCT mutations, but had a higher incidence of both renal angiomyolipomas and pulmonary
lymphangioleiomyomatosis. This distinet constellation of findings suggest that NMI patients may have a unique molecular
pathogenesis, different from that seen in TSC patients with the usual mutations in TSCT and TSC2, We suggest that the
mechanisms of disease in these patients include both mosaicism for a TSC2 mutation, and unusual non-coding region
mutations in TSC2,

. mosaicism, lymphangioleiomyomatosis, angiomy-

ions (Janssen et al., 1990; Niida et al,, 1999; Dabora et al.,
1; Humphrey ec al,, 2004; Ali et al,, 2005; Au et al,
17), many studies show that TSC2 patients have overall
th a higher incidence and more severe features of TSC
n patients with TSCT mutations, including more signifi-
it neurological, renal and other organ involvement (Jones
al., 1994 Dabora et al., 2001; Langkau et al., 2002; Sancak
al,, 2005; Au et al., 2007). However there are also sev-

| missense mutations in TSC2 which have been associated
th distincely mild chinical features, such that some family
emibers bearing these TSC2 missense mutations do not ful-
standard diagnostic criteria (Khare et al., 2001; O'Connor
al., 2003; Mayer et al., 2004; Jansen et al. 2006). In ad-
ion, TSC patients with deletions encompassing the TSC2
I PKID1 loci have a severe renal phenotype (Sampson et al.,
97).

TSC patients without confirmed disease-causing genetic
ptations ‘no mutation identified’, NMI) have been reported
having milder phenotypes compared to those with TSC2
iations and similar phenotypes compared to those with
L1 mutations (Dabora et al., 2001; Sancak e al., 2005),
bnal involvement is an exception; it is commonly seen in

Annals of Human Genetics (30069) 73,141-146 141



Tuberous sclerosis

g § &

Patient family members
g
=]

TSC1 and TSC2 mutations
o TSC1 or TSC2 mutations found in

85-90% patients

= Type 2 mosaicism (2nd hit) found
in 2/33 patients, each in 10.5% of
cells (TSC2)

TSC2: 5228 G>A 1743 R>Q

Patient

4000

Father

1000

Mother

Hum Genet (200100 127:573-582
DON 10 1007/500439-010-0801-2

ORIGINAL INVESTIGATION

Ultra deep sequencing detects a low rate of mosaic mutations

in tuberous sclerosis complex
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Abstract  Tuberous sclerosis complex (TSC) is an auloso-
mal dominant neurocutaneous syndrome caused by muta-
tions in TSC! and T8 However, 10-15% TSC patients
have no mutation identificd with conventional molecular
diagnostic studies. We used the ultra-deep pyrosequencing
technigue of 454 Sequencing to search for mosaicism in 38
et —ese=s who had no TSCF or TSC2 mutation identified
nal methods. Two TSC2 mutations were iden-

i 5.3% read frequency in different patients,

th mosaicism. Both mosaic mutations were

several methods. Five of 38 samples were

¢ heterozygous non-mosaic mutations, which

sed in earlier analyses. Several other possible

low-frequency mosaic were identified by deep

but were I as artifacts by secondary
studies. The low frequency of detection of mosaic muta-
tions, two (6%) of 33, su; 15 that the majority of TSC
patients who have no mutation idemtified are not due 1w
mosaicism, but rather other causes, which remain 1o be
determined. These findings indicate the ability of deep
sequencing, coupled with secondary confirmatory analyses,
to detect low-frequency mosaic mutations,

1 1

Introduction

Tuberous sclerosis complex (TSC) is an awtosomal domi-

Ium.lu 13, ). Kwiatkowski (&1)
sine Division,
s Hospital.
ol School, Boston, MA 02115, USA
ibwh harvard.edu

!, Bouffard
e, Branford, CT 06405, USA

*, Janne
vedical Oncology,
meer Institute, Boston, MA 02115, USA

E. Thicle

Neurology.,
Jeneral Hospital, Boston, MA 02114, USA

Yediatrics,
sital, Cincinnati, OH, USA
5

wganic Chemistry,
oland

nant n syndrome of high penetrance, charac-
terized by a highly variable phenotype and the development
of multiple hamartomas at various sites throughout the
body (Crino etal. 2006; Gomez etal. 1999). Approxi-
mately 60-T0% of TSC cas sporadic, reflecting a high
spontancous mutation rate in the two genes, T5C! and
TSC2 (European Tuberous Sclerosis Consortium 1993;
Sampson ¢ 1989; van Slegtenhorst et al. 1997),

Comprehensive mutation detection studies have led o
identification of mutations in 70-90% of TSC patients (Au
etal. 2007; Dabora etal. 2001; Jones etal. 1999; Niida
etal. 1999; Sancak et al. 2005) (hup:/fchromium liacs.nlf
LOVD2ZTSChome.php). More than 1,500 mutations and
more than 800 unique mutations have been identified in
TSCH and T5C2 combined. However, 10-15% of
patients have no mutation identified (NMT), despite a thor-
ough molecular diagnostic assessment, including analys
for large ge :se NMI TSC subjects
generally have | features of TSC than patients
with identified TSC/ or TS5C2 muations (Dabora et al.
20015 Sancak et al. 2005).

@ Springer



Brain Pathology ISSN 1015-6305

Tuberous sclerosis o

Analysis of TSC Cortical Tubers by Deep Sequencing of TSC1,
TSC2 and KRAS Demonstrates that Small Second-Hit
Mutations in these Genes are Rare Events

Wei Qin'*; Jennifer A. Chan®*; Harry V. Vinters™; Gary W. Mathern®; David N. Franz*; Bruce E. Taillon®;
Pascal Bouffard®; David J. Kwiatkowski'

Translatio tal, Harvard Medical School, Boston, MA.
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Keywords Abstract
tubser, lube rosis, TSC1, TSC2 . .

Tuberc crosis complex (TSC) is an often severe neurocutancou: ndrome. Cortical
Corresponding author: tubers are the predominant neuropathological finding in TSC, and their number and loca-
Dravid J. Kwiatkowski, MD, PhD, Translational tion has been shown to correlate roughly with the severity of neurologic features in TSC.

renomic deletion events in TSCI or re Very rare in

Type 2 mosaicism (2nd hit) 1o s all coing cxonsof 51 and TS, and e

css all coding exons of TSC1 and TSC2, and the
within KRAS in 46 tubers from TSC patients. Germline

dentified in 81% of tubers, Th

ser samples from one individual, Further study showed that

— H widely distributed in the cortex from one cerebral hemi-

® N -_ 46 tu be rs/34 patl e nts squencies up to 10%. No other secondary mutations were
ulyzed. These indicate that small second hit mutations

° 2 n d h it i n 1/34 pati e ntS (3 %) wl:.i:z.t‘:.rrrijlnr-:l::; ltilllll:;lrl:}::‘:‘l: development, and likely con-
= 2nd hit = type 2 mosaicism

same secondary mutation in

, incone TSC individus

a

* TSC patient #1560 FO et e
u] DNA iSOIated from 6 tubers (5, 33), and in TSC

iA (6). Point mutation second hit
alzo known in TSC lesions (6).

\hk. other hand, evidence for the two hit model in TSC cortical
is much more limited (15, 31), and the true mechanism of
E|Nllhugt‘m\i~ for these lesions is disputed (18, 23). Recent
that the MAPK sign: nathway may contrib-

TSCZ C.4375C>T and p . R l459x the altu_ln..pmmt of TSC brain h_\mn-.. but an underlying

¢ lesion causing this has not been found (14, 21). Under-

. 100% Cel |S: 42_51% reads :_g the pa hngc;nc mechanisms underlying tuber develop-

iderable importance since neurologic issues (includ-
rizures, intellectual disability and behavioral problems
ing autism) are the greatest clinical problems in the majority

TS C 2 C . 1 8 64C >T a_n d p Is R 6 2 2V\/ Vsl:ll::;:.:iu hypﬂlljm;ik that tubers develop Fo]ﬂsmin" the jI.'\I\\J
chanism, we used d up -.:_qm_mms, to search for second hit
+ ~4% cells: 0.7-7.2% reads

o

o
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FCD1, FCD2 etc

Epilepsia, 5201):158-174, 2011
iz 101111 1167200002777 5

SPECIAL REPORT

The clinicopathologic spectrum of focal cortical dysplasias:
A consensus classification proposed by an ad hoc Task Force
of the ILAE Diagnostic Methods Commission'

*:Ingmar Bliimcke, fMaria Thom, {Eleonora Aronica, §Dawna D. Armstrong, YHarry V. Vinters,
#Andre Palmini, **Thomas S. Jacques, {{Giuliano Avanzini, {IA. James Barkovich, §§Giorgio
Battaglia, J9Albert Becker, ##Carlos Cepeda, ###3Fernando Cendes, 11fMNadia Colombo,
iiiPeter Crino, §i%). Helen Cross, 99 Olivier Delalande, ####Francois Dubeau, ***#]ohn
Duncan, 111tRenzo Guerrini, {{{{Philippe Kahane, §§§§Gary Mathern, §999Imad Najm,
HHCigdem Ozkara, *****Charles Raybaud, 111{{Alfonso Represa, 1111iSteven N. Roper,
§6555Noriko Salamon, 19999Andreas Schulze-Bonhage, ######Laura Tassi,
sk Annamaria Vezzani, and {fRoberto Spreafico

Table I. The three-tiered ILAE classification system of focal cortical dysplasia (FCD) distinguishes isolated forms
(FCD Types | and Il) from those associated with another principal lesion (FCD Type lII).

: iDepartment of Neuropathology, Institute of
leuro)Pathology, Academic Medisch Centrum,
. The Netherlands; {Formerly Baylor College of
its of Pathology and Laboratory Medicine
of Medicine at UCLA, Los Angeles, California,

FCD Type | (isolated)

Focal cortical dysplasia with
abnormal radial cortical
lamination (FCD Type la)

Focal cortical dysplasia with
abnormal tangential cortical
lamination (FCD Type Ib)

Focal cortical dysplasia with abnormal radial and tangential c
cortical lamination (FCD Type Ic)

FCD Type Il (isolated)

Focal cortical dysplasia with dysmorphic neurons

(FCD Type Ila)

Focal cortical dysplasia with dysmorphic neurons and balloon
cells (FCD Type lib)

FCD Type lll
(associated with
principal lesion)

Cortical lamination
abnormalities in the
temporal lobe associated
with hippocampal sclerosis
(FCD Type llla)

Cortical lamination
abnormalities adjacent to
a glial or glioneuronal tumor
(FCD Type llib)

Cortical lamination
abnormalities adjacent to
any other lesion acquired
during early life, e.g., trauma,
ischemic injury, encephalitis
(FCD Type llid)

Cortical lamination
abnormalities adjacent to
vascular malformation
(FCD Type llic)

FCD Type Il variant.

FCD Type lll {(not otherwise specified, NOS): if clinically/radiologically suspected principal lesion is not available for microscopic inspection.
Please note that the rare association between FCD Types lla and llb with hippocampal sclerosis, tumors, or vascular malformations should not be classified as




Causes of Epilepsies: Insights from
Discordant Monozygous Twins

Regula S. Briellmann, MD," Graeme D. Jackson, MD," Yvonne Torn-Broers, BA (Hons),'
and Samuel F. Berkovic, MD'~

Whereas some patients with epilepsy have known acquired or sl:m:tic causes, in many the cause is unknown. By ana-
lyzing ygotic twins, d dant for epilepsy, subtle etiological factors may be detected. We analyzed 12 monozy-
gotic, discordant twins for factors explaining dlsmrda.nc)n These fmnrs were presence of major clinical risk factors,

of possibly epileptogenic lesions on brain g (MRI), and q brain volume
abnorm,ulm:s. Major risk factors, with associated acquired lesions were found in 4 of 12 twins. An MRI lesion without
a major risk factor was found in a further 4 of 12 twins. Two of these had unilateral malformations of cortical devel-
opment, 1 had bilateral periventricular heterotopia, and 1 had focal atrophy. Significant twin-twin differences in MRI
volumes without obvious MRI |cunns or major risk factors were found in 2 of 12 twins. Both had larger volumes than
their ins, and idiopathi d epilepsy. No clinical or MRI findings accounting for discordance for epilepsy
were found in 2 of 12 twins. [n 10 of 12 palu a dlmca] or MR correlate of epilepsy was found; some of those were subtle
and only app by twi They may be due to occult acquired factors, such as prenatal insults, or to
genetic abnormalities resulting from postfertilization genetic processes.

Ann Neurol 2001;49:45-52

The epilepsics are a clinically and ctiologically hetero-
geneous group of disorders. Currently they are broadly
classified into sympromaric epilepsies where acquired
factors are known, cryptogenic epilepsies where undis-
covered lesions are believed to be present, and idio-
pathic epilepsies where the etiology is principally genet-
ic.' Disentanglement of the critical etiological factors is
difficult because of the great biological variability in
the general population, both genetically and for expo-
sure to acquired factors. Variance in eclinical research
can be greatly reduced by analysis of twin samples.”
Whereas twin studies are best known for identifying
genetic components of disease, they are also valuable
for estimating effects of environmental factors and for

analveie af complex rraire =

Focal cortical dysplasia (FCD)

Table 1. Clinical Features, EEG Findings, and Visual MRI Interpretation

Pair Sex BO Age Onset Seizure EEG FH Risk Factor MRI Finding

32 14 Nocturnal TC Normal No

32 Normal

No risk factors known
Face presentation, internal
rotation

Dysplasia, parietal
Normal

T
b —

were affected with scizures, there were more concor-
dant pairs among the MZ pairs (48 of 108; concor-
dance rate = 0.62), than among the discordant (DZ)
pairs (14 of 145; concordance rate = 0.18). The con-
cordance for generalized epilepsies was higher (MZ =
0.82, DZ = 0.26) than for partial epilepsies (MZ =
0.36, DZ = 0.18). We concluded thar genetic factors
are important in determination of a specific epileptic
syndrome. In accord with other rescarchers, we ob-
served the puzzling fact of a large proportion of MZ
twins who are discordant for epilepsy.

The aim of this study was to analyze such discordant
MZ pairs. Noninherited factors are the likely reason
for the discordance for epilepsy. Therefore, such twins
represent an elegant way to identify such factors. Major
noninherited factors such as a brain injury affecting an
individual with epilepsy are easily recognized in single-
ton patients. Subtle developmental abnormalities, how-
ever, are diff to ascertain in population studies.
The high degree of similarity in the brain structure be-
tween MZ twins allows the detection of such abnor-
r]l:ili!it’&i. DE\'cl(‘I'l']cllt;l] :ibrl()rln:llln ”\:‘)’ I.): [I‘C con-
sequence of a brain injury, which may have happened
prenatally, or they may be due to genetic factors. Al-
though MZ twins have generally the same genetic

irst twin of each pair is the affected twin.

Address correspondence 1o Dr Jackson, Brain Research Institute,
Neurosciences Building, Reparriation Campus, West Heidelberg,
3081, Victoria, Australia. E-mail: g.jackson@brain.org.au

© 2001 Wiley-Liss, Inc. 45



Genetic analysis in DMEG-HMEG-FCD2

1 DMEG Bi-hemispheric L>R FCD2a  AKT3 p.Glul7Lys (10%) LR11-443
1 HMEG Hemispheric A>P FCD2a  PTEN p.Tyr68His (50%) LR12-123
2 HMEG Hemispheric A>P FCD2a
1 HMEG Hemispheric P>A FCD2a  PIK3CA p.Glu542Lys LR12-241
(31%)
1 HMEG Hemispheric P>A FCD2a
6 FCD Multilobar  P>A FCD2a
2 FCD Multilobar  A>P FCD2a
1 FCD Frontal FCD2a
3 FCD Temporal FCD2a
1 FCD Occipital FCD2a  PIK3CA p.His1047Arg (5%) LR12-251
3 FCD Frontal FCD2b
1 FCD Temporal FCD2b

FCD Parietal FCD2b

[




.
PIK3CA: DMEG-HMEG-FCD2a

p. The544Asn
Ve,




More HMEG

PTEN p.Y68H
{\# \2\\\

r

LR12-281




FCD2a and PIK3CA p.H1047R

e 6Yyo girl (LR12-251)
= Mild DEV delay
o |ntractable focal SZ

= MCD right medial occipital
lobe

= By epilepsy surgery
o SZ free x 1y
 PIK3CA
= Brain-derived DNA
= p.His1047Arg (p.H1047R)
= Mosaic 20/293 reads or 7%

LR12-251 LR12-251




Cancer genetics

BEG F Med Gener 1998;35:886-880
Mutations of PTEN in patients with
Bannayan-Riley-Ruvalcaba phenotype
Michel Longy, Valérie Coulon, Bernadette Duboué, Albert David, Marc Larrégue,
Charis Eng, Patrizia Amati, Jean-Louis Kraimps, Armand Bottani, Didier Lacombe,
Dominique Bonneau
Abstract et 3: | Box 2 Revised Cowden syndrome Consortium diagnostic
We report three new mutations in PTEN, two unrelated criteria3
the gene responsible for Cowden disease BRR are ind
in five patients with Bannayan-Riley- In this paper,
Ruvalcaba syndrome from three unre- in PTENinfi
lated families. This finding confirms that unrelated, E Pathognomonlc criteria
e e o accame.  BRRphenowp§ > Lhermitte—Duclos disease (LDD)—adult
Riley-Ruvalcab drome, which _ » Mucocutaneous lesions:
A naly, mdtiple Hip . matl el 4
intestinal mm polyps, vascu- FAMILY A — Trichilemmomas, facial
dOncologic lar malfor nase and pigmented mc; m';“ & sband § — Acral keratoses
es o are S ers al u -
Moléculaire, Instiows e . penis, | kg v male, was mil — Papillomatous lesions
France (F Med Gener 1998;35:886-889) enuresis and = . i
s Auhesgeof I} Maijor criteria
smd » Breast cancer
The term “Bannayan-Riley-Ruvalcaba” syn- mosc] ™ Thyroid cancer {p&p'"?w or follicular)
drome (BRR) (MIM 153480) has been pars | > Macrocephaly (=97%ile)
proposed’ to encompass three autosomal bro)] > Endometrial cancer
dominant co_n_dmr:nns previously descnbec_:l as —-
separate entities : Bannayan-Zonana, Riley- Muq » Other structural thyroid lesions (eg, adenoma, multinodular
Smith, and Ruvalcaba-Myhre syndromes. I:"AI: itre) v g 4
Typical clinical features of BRR include hane] g:' ) T
macrocephaly, multiple lipomas, intestinal copic) ental retardation (ie, I0=75)
hamartomatous polyps, vascular malforma- o] > Gastrointestinal hamartomas
tions, and pigmented macules of the penis. At renof  » F_Ibrocystlc disease of the breast
least half of the patients affected with BRR > Ll_pomas
have hypotonia, delayed psychomotor develop- rofd P Fibromas
ment, mild to severe mental deficiency, and ;I',“d“ » Genitourinary tumours (eg, uterine fibroids, renal cell
seizures.” BRR exhibits a number of clinical and carcinoma) or
similarities to Cowden disease (CD), ©"1 » Genitourinary structural malformations
5 m » Uterine fibroids
al
B Lt m e see . H. - - o L
Bordeaus, France cancer in 3-10% of all affected subjects.” In  he ,m.m,ae Operational diagnosis in an individual (any of the
I Lacombe addition, about 25% of CD patients have showed multiplfl 'ﬂ“ in ,.
lipoma and macrocephaly.” In contrast, hyper- owing): _ .
e e oal pigpenmﬂ,;néges;‘:f_ the penis are rare in 1. Mucocutaneous lesions alone if:
Genevs, Sui sabieces wath ©B, having only been reporte a) there are six or more facial papules, of which three or more
e gt diictdmie s pee O] must be wichlemmome, o
Dr Bocneas, Serviee e genetic.pathogenesis between BRR and CD 1 b) cutaneous facial papules and oral mucosal papillomatosis, or
BP 577, sioal Foiiers Was previously put forward. Recently, muta- E c) oral mucosal papillomatosis and acral keratoses, or
tions in the putative tumour suppressor gene 5
Raceved 10 Fbrunry 1958 PTEN, encoding a protein tyrosine phos- m 25 d) palmoplantar keratoses, six or more
e e s o B, et e e wenine  Finwe1 R 2 TWO O MOTE Major criteria, but one must include macrocephaly
or LDD; or
3. One major and three minor criteria; or
4. Four minor criteria

ORIGINAL ARTICLE

Predicting PTEN mutations: an evaluation of Cowden
syndrome and Bannayan—Riley—Ruvalcaba

syndrome clinical features

Robert Pilarski,'# Julie A Stephens,® Ryan Noss,' James L Fisher,?

Thomas W Prior*

lBSTIIAl:T

| Cowden (C8) is
henlgn hamartomatous lesions and risks for thyroid,
breast and endometrial cancers. Bannayan—Riley—
Fuvalcaba syndrome is an allelic disorder characterised by
macrocephaly, intestinal polyps, lipomas, and pigmented
penile macules. Diagnostic criteria for CS are based on the
presence of a range of clinical features, However, prior
data on the component clinical features have been based
pnrnari.\l on compilations of cases reported before
ic criteria.
Dbjective This study sought to determine the clinical
features most predictive of a mutation in the largest
single cohort of patients with clinical testing for PTEN
mutations reported to date.
Methods Malecular and clinical data were reviewed on
B2 patients referred for PTEN analysis by a single
laboratory.
Results Deleterious mutations were found in 172 (21.4%)
subjects. Among mutation carriers significant differences
from previous reports were found for the frequencies of
several clinical features, including macrocephaly, uterine
fibroids, benign breast disease, and endometrial cancer,
Logistic regression analyses indicated that female
mutation camers were besl identified by the presence of

| cancer, trichil

papﬂlamatms papules, breast cancer, benign Ih‘\fﬂ)ld
disease, and benign gastrointestinal (GI) lesions. For
males, the most discriminating features were
macrocephaly, lipomas, papillomatous papules, penile
freckliing, benign Gl lesions, and benign thyroid disease.
Age related differences were also identified.
Conclusion The mutation frequency in patients meeting
C5 diagnostic criteria (34%) was significantly lower than
previously reported, suggesting a need for reevaluation
of these criteria. A mutation prediction model has been
developed which can help identify patients appropriate
for PTEN testing in clinical practice.

with

INTRODUCTION

The PTEN (‘phosphatase and tensin homologue on
chromosome  10°) tumour suppressor gene on
chromosome 10923 is a dual specificity phospha-
tase with multiple and as yet incompletely under-
stood roles in cellular regulation. Cermline
mutations in PTEN cause a spectrum of clinical
syndromes, including Cowden syndrome (CS),
Bannayan—Riley—Ruvalcaba syndrome (BRRS),
and autism spectrum disorders with macrocephaly.

doi-10.1136myg. 2011.088807

CS is a multisystem disorder invelving increased
risks for malignancy and hamartomatous tissue
overgrowth, Diagnostic criteria for CS  were
initially established in 1996' and subsequent
modifications have been proposed, including the
addition of endometrial cancer’ and renal cell
carcinoma® and moving adult Lhermitte—Duclos
disease (LDD) into the pathognomonic category.’

PTEN mutations were first reported in individuals
with CS in 1997.° © It was subsequently suggested
that approximately 80% (30 of 37) of individuals
with a clinical diagnosis of CS have a detectable
germline coding sequence mutation in PTEN.
However, vanable mutation detection rates have
been found in other studies, including three of 27
(11%)2 nim: of 19 (47%)," and eight of 13 (61%)
patients.” A small but as yet undefined proportion of
CS patients have deletions or large rearrangements of
the PTEN gene. A recent report found such changes
in three of 15 patients who were negative for muta-
tions usm'g denaturing gel gradient electrophoresis
(DGGE)."" Another study found no deletions, but
approximately 10% of DCCE mutation negative
patients had variants in the PTEN promoter.'’

BRRS is a congenital disorder whose hallmark
features are macrocephaly, hamartomatous intes-
tinal polyps, lipomas, and pigmented macules on
the penis. Additional features include develop-
mental delay, large birth weight, and joint hyper-
extensibility.'” Consensus diagnostic criteria have
not been established but diagnosis is based upon
presence of the hallmark features. Initially theught
to be a separate disorder, BRRS was subsequently
shown to be allelic to CS with approximately 60%
of patients with BRRS havmg detectable coding
sequence mutations in PTEN."

Most previous reports on the prevalence of the
malignant and non-malignant features of CS/BRRS
have been based upon data compiled from indi-
vidual case reports and studies of small cohorts.
More importantly, the majority of these reports
were published before the adoption of the Consor-
tium diagnestic criteria for CS in 1996. Thus, the
true frequencies of the clinical features in C5 and
BRRS are not clearly known (see Filarski'' for
review). The commonly reported frequencies for CS
are shown in Box 1.

In an effort to obtain better data on these
features and their correlation with PTEN muta-
tions, we report here our experience with 172
patients with FTEN mutations, the largest single
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Germline mutation of the tumour suppressor PTEN in

Proteus syndrome

J M Smith, E P E Kirk, G Theodosopoulos, G M Marshall, J Walker, M Rogers, M Field,

J J Brereton, D J Marsh

roteus syndrome (PS5, OMIM 176920} is a hamartoma-
Pluul. disorder characterised by overgrowih of multiple tis-

sues, connective tissue and epidermal nacvi, and vascular
malformations.' These g Lath are usually apg L at
birth or soon after and continue 1o develop as the patient ages.
It is named after the Greek god Proteus who, legend has it
could change his shape at will 1o avoid caprure. It is probably
the disease suffered by the Elephant Man.® Tumours, mostly
benign but some malignant, have also been reported in PS,
generally presenting by the age of 20 years and including pap-
illary adenocarcinoma of the testis, meningioma, and cystad-
enoma of the ovaries.” Given the predominantly sporadic
nature of this syndrome and the mosaic distribution of
lesions, it has been suggested that PS may be caused by
somatic mosalcism for a genetic change that is lethal in the

J Mad Genet 2002;39.937-940

* Proteus syndrome [PS) is @ homariomatous disorder
characterised by overgrewth of multiple fissues that usu-
ally manifests early and continues to develop as the
patient ages. Clinical overlup exists belween PS and
ancther  h 3 yan-Riley-
Ruvalcaba [BRR) syndmms

Up to 60% of subjects affected by BRR carry a germline
mutation of the lumour suppressor gene P]"EN' which
encodes a dual PTEN

can also be identified in the germline of up to 80% of
subjects with Cowden syndrome CS), characterised by
the presence of hamartomas in multiple organs as well

PTEN c.491delA; p.Lys164Arg_fsX2 (pt2)

European Journal of Human Genetics (2007) 15, 767-773
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PTEN p.Tyr68Asp
PTEN LOH in skin PTEN c.405A>G; p.lle135Val

PTEN LOH in lesions (ptl)
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Proteus syndrome (PS: OMIM 17690) is a rare sporadic ha-
mariomatous  syndrome with  postnaal  asymmerrical  aver-
growth of differem tissues including the skeletal sysiem, the

skin and the vascular sysiem. Tt was first described in 1979 by describe two patients from distinct Cowden disease families with specific germline PTEN mutations

ose disease differs from the usual appearance of Cowden disease. Their phenotype associates classical

Cohen and Hayden.' The term Protews syndrome was suggested

by Wiedemann e al. in 1983 afier the Greek god Protens who
was able 1o change his shape at will.® Some patients with FS,
like those with other hamanomatous syndromes such as Cow
den  symdrome  (C5), Bannayan-Riley-Ruvalcaba  syndrome
(BRRS) and Proteus-like syndrome (PLS), have germline PTEN
(OMIM 601728, GenBank NM_000314) mutations ' We

therefore investigated PTEN in our patient with

Case report

This boy of 3 years was born at 35 weeks gestation 1o unre-
lated healthy white parems. Ar birth he appeared healthy b
had a very extensive epidermal naevus affecting most of the
right side of his body below the neck following Blaschko's
lines (Fig. 1a,b), A 'bruise-like’ appearance of his right leg,
groan, scrovem and less so of the lefi groin became apparem
over the first year, and the right thigh was clearly thinner than

the lefi. On review a1 7 months his head circumference had
risen from 34 cm (centile 913 at | month 1o 48:3 cm {above
97th centile) and there was downwards deviation of the eyes
(‘sun sening’) suggesting raised intracranial pressure. Urgent
computed womographic scan of the head showed dilaed 3rd
and lateral veniricles, The 4th veniricle was small and the

cerebellar tonsils were lying in the foramen magnuem, A mag

clic resonance imaging (MRI) scan showed no struciural

© 2006 British Association




PTEN hamartoma tumor syndrome

PHTS with germline mutations

PHTS with type 2 mosaicism

e Pathognomic criteria
= Lhermitte-Duclos disease
= Mucocutaneous lesions
e Major criteria (2 or more)
= Macrocephaly (>97%ile)
= Breast or endometrial cancer
= Thyroid cancer (papillary, follicular)
e Minor criteria
= Intellectual disability, mild to severe
o Hamartomas
Lipomas
Pigmented macules on penis
Lots of them
= Vascular malformations
= Genitourinary malformations
e PTEN
= Germline heterozygous mutations

e PHTS

» Segmental dysplasias
= - Asymmetric overgrowth
= Lipomatosis
= Vascular malformations
= Epidermal nevi

e PTEN

= Germline heterozygous
mutations

o Mosaic LOH or 2nd mutation

* Nomenclature is a mess
Bannayan-Riley-Ruvalcaba (?)
Proteus (wrong) or Proteus-like
SOLAMEN syndrome

[m]

[m]

[m]

[m]

PHTS with type 2 mosaicism




PTEN and HMEG

e PHTS - Cowden disease (?)
= OFC
= Mild ID
= SZ intractable

e PTEN p.Tyr68His
= PTEN LOH negative

LR12-123




PTEN and FCD

PHTS — Cowden disease

= OFC 61 cm, IQ and exam normal at
10 years

o Goiter and later other hamartomas
from 16 years

PTEN c.1023delT and

p.Phe341Leu fs*3
= PTEN LOH not tested

CASE REPORT

Atypical focal cortical dysplasia in a patient with
Cowden syndrome
KM Cheung *, CW Lam, YK Chan, WK Siu, L Yong

ABSTRACT

A macrocephalic girl presented with generalised
epilepsy due to focal cortical dysplasia. She later
developed multiple hamartomatous lesions and was
diagnosed to have Cowden syndrome. The diagnosi
was confirmed by identification of a novel frameshift
mutation in the PTEN gene of the patient.
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Case report

A 10-year-old Chinese girl presented to a paediatric
clinic with epilepsy. She had normal intelligence
and social interaction ability, and no relevant
family history, She had been having recurrent sleep
seizures, with generalised twitching of all four limbs,
cyanosis, up-rolling of eyeballs, drooling, and urinary
incontinence. Her head circumference was 61 cm
(5 em > the 97th percentile). Physical examination
was otherwise normal. The electroencephalogram
showed an abnormal focus at the right temporo-
occipital region. Goldmann perimetry revealed no
abnormality. Magnetic resonance imaging (MRI) with
contrast showed pachygyria (total loss of sulcation)
with hyperplastic white matter and disorganisation of
the grey and white matters in the right occipital lobe,
A 25 cm x 1.8 cm T2 hyperintense area around the
right occipital horn was consistent with gliosis. The
right occipital lobe was mildly enlarged. Repeated
MRI 5 and 7 years after presentation showed no
interval changes. Her findings were compatible with
focal cortical dysplasia involving the right occipital
lobe (Fig 1). The epilepsy was under good control
with carbamazepine treatment. She developed a
goitre at the age of 16 years, but was euthyroid and
ultrasonography showed a multinodular goitre.
Hypertrichosis was noted when she was 17 years old.
Multiple tiny papules were noted at the perinasal
region, of which the patient regarded as coarse skin.
At the age of 19 years, she was incidentally found to
have iron deficiency anaemia (haemoglobin 96 g/l
[reference range, 117-149 g/L], mean corpuscular
volume 68.5 L. [§2-97 fL], serum iron 2 pmol/L [5.0-
30.4 pmol/L], total iron binding capacity 77.1 pmol/L

Laboratory, D of Pathalogy, Princess Margaret Hospifal,
Laictiikok, Hong Kong
e g author: j il com

[44.8-76.0 pmol/L]). She had no gastro-intestinal
symptoms, but did receive iron supplements.

She had a left hemithyroidectomy at the age of
22 years for increasing size of a dominant left-sided
thyroid nodule that expanded from 1.7 x 1.4 x 0.8
cm to 3.6 x 2.9 x 4.2 cm over 10 months. Fine-needle
aspiration showed lymphocytic thyroiditis, and
excisional biopsy revealed adenomatous hyperplasia.
At the age of 23 years, enlargement of a thyroid
nodule in the right thyroid lobe (3 cm in diameter)
was noted; fine-needle aspiration suggested it was
an adenomatous nodule. Total thyroidectomy
was performed, and excisional biopsy revealed an
atypical nodule with atypical enlarged vesicular
nuclei and small distinct nucleoli. The patient
also developed a 3-cm scalp papilloma, shown by
excisional biopsy to be fibrous papule. At the age
of 24 years, she also experienced coffee ground
vomiting: oesophagogastroduodenoscopy  showed
diffuse glycogen deposits at the lower oesophagus
and multiple gastric polyps. Polypectomy yielded
lymphoid hyperplasia, and oesophageal mucosa
biopsy was reported as showing glycogenic
acanthosis.

In view of her multiple benign tumours,
the possibility of a hamartomatous polyposis
syndrome was suspected. Subsequent clinical
examination yielded multiple papillomas over the
face and tongue, but there was no pigmentation
of the lips. These mucocutaneous features were
pathognomonic criteria of Cowden syndrome.
Notably, macrocephaly, thyroid adenoma, gastro-
intestinal hamartomas  (oesophageal glycogenic
acanthosis and gastric polyps), and skin fibromas




PTEN and FCD

. PHTS Cowden disease

10 years OFC 61 cm, IQ and exam
normal at 10 years

o Goiter and other hamartomas from
16 years

 PTEN mutation not specified
= PTEN LOH not tested

N RESIDENT
@ sl Mystery Case:
M Cowden syndrome presenting with partial

Mitchell 5.V, Elkind,

MD, 1S epilepsy related to focal cortical dysplasia

Nicholas D. Child,
MBChBE
Gregory 1. Cascino, MDD}

[ Figure 1 MR brain ]

Sagittal T1-weighted MR {A), cbligque | TL-wel d MRI [B], and axial T2-weighted MRI [C) show focal cortical
dysplasia with abnormal sulcation imwolving the middle and infarior frontal gyrus posteriorly on the laft with T2 signal
extending to the ventricular surface thowght to represent neuronal migration lines,

) - z CS is an autosomal dominant condition of hamar-
[ bgure 2 Sl chinges foynd in Cowden syndrome ] tomas and tumors.'! MRI is abnormal in 35%, com-
monly showing  dysplastic  gangliocytomas  of
cerebellum, meningiomas, and vascular malforma-
tions.” CS has not been reported presenting with par-

tial epilepsy and focal cortical dysplasia.
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PTEN and FCD

e PHTS —BRRS

OFC 38.2 cm (+2 SD) at birth at 61

cm (+4 SD) at 8 years

Epidermal nevi over scalp and
limbs, lipoma over right flank

FH: father with Cowden disease

e MRI

e PTEN ¢.389G>A, p.Arg130GIn

o

Bilateral frontal parasagital FCD and
L temporal arachnoid cyst

PTEN LOH not tested

Short case report 91

Cortical dysplasia associated with the PTEN mutation
in Bannayan Riley Ruvalcaba syndrome: a rare finding
Declan John O'Rourke?, Eilish Twomey®, Sally-Ann Lynch®

and Mary D. King®

Clinical Dysmorphology 2012, 21:91-52
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List of key features
Bannavan Riley Ruvaleaba
PTEN murtation

Cortical dysplasia
Macrocephaly

Summary

A male, born at term withour complications, presented
with infanrile spasms at 6 weeks of age. Remission oc-
curred with sodium valproate and nitrazepam. At 2 vears,
partial seizures emerged thar responded o carbamaze-
pine. Thereafter, seizures were infrequent. Migraine was
diagnosed at 8 vears.

Neurodevelopment was delayed and a diagnosis of auristic
specrrum disorder moderate learning disability and
motor dyspraxia was made.,

Head circumference at birth was 38.2cm (98th centile)

Comespondence 1o Dr Declan Joha O'Rourke, MRCPI, Department of Neurology,
Children's University Hospial, Tomple Street, Dublin, keland
Tel: 4353 187 84245, fa: + 353 187 84444, e-mail: declanorourke@mac.com

Received 20 October 2011 Accepbed 13 lanuary 2012

Discussion

The PTEN mutation has only rarely been associated with
cortical dysplasia, Hemimegalencephaly, being part of the
spectrum of focal cortical dvsplasia, was described in an
infant with a germline PTEN muration by Merks & af
(2003). In a case report of a girl with a germline PTEN
mutation associated with multiple vertebral hemangiomas,
Jenny e @l (2007) comment on the sister of the index case
who had macrocephaly, corrical dysplasia, an intraorbital
tumor and the same mu 1. To our knowledge, no other
cases have reported this association,

Mutations in the PTEN gene (phosphatase and tensin
homologue) may present as BRRS, Cowden syndrome,
Protcus syndrome, or Lhermirte=Duclos discase. PTEN is
a dual-specificity phospharase and tumor suppressor thar
negatively regulates  the  cell-survival-signaling  pathway
initiated by phosphatidylinositol 3-kinase and the mitogen-
activated protein kinase (Sansal and Sellers, 2004). Mura-
tons in the PTEN gene confer cancer predisposition, and
: i loss ions results inoa vaniety
nd endomerrium.

1 .

crocephaly, lipomas,
delay, autism, scolio-
s (Longy e af, 1998).

mutations in-
astic gangliocytoma
nd venous angiomas
05), and dural arre-
an e al, 2007).

petween cortical dys-
r. Studics in rescered
at a misregulation of
IR-signaling pathway
growth of d)'.-ipht‘itit:
v is usually controlled
amarrin} and TSC2
al, 1999). Neuronal
cortical dysplasia have
t lack morphological
hss of apical dendrites

7/MCD.0b013e328351630d



PTEN and FCD

e PHTS — Cowden disease

o OFC 42 cm at 1 month, 57 cm at

6y7mo (both +4.5 SD)

= Congenital L hemiparesis

= 4 months onset SZ intractable

= DEV delay, moderate ID

= 7y HYD Rx shunt, CBL surgery

= 12y intestinal polyps
- MRI

= R FCD (more than PMG)

= L Lhermitte-Duclos hamartoma
* Neuropathology

= CBL gangliocytoma

e PTEN c.385G>A, p.G129Arg
= PTEN LOH not tested

BRAIN &
DEVELOPMENT

s the Japanese Society
ELSEVIER Brain & Development 34 (2012) 873876 of Child Neurology
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Case report

An atypical patient with Cowden syndrome and PTEN gene
mutation presenting with cortical malformation and focal epilepsy

FH 40 head




PTEN and HMEG

e PHTS - BRRS

]

]

e PTEN c.IVS5+1delG

OFC 38 cm at 32wkg (+5 SD)
Asymmetric skull bulging on the L
Linear nevus sebaceous over L face
Onset lateralized seizures day 1
Seizures intractable, died on day 3
Brain weight 510 g (NL 217+49 g)

PTEN LOH negative

ELECTRONIC LETTER

1ofd

PTEN hamartoma tumour syndrome: variability of an entity
JH M Merks, L S de Vries, X-P Zhou, P Nikkels, P G Barth, C Eng, R C M Hennekam

J Med Genet 2003:40:¢111 (hetp:/ Swww. jmedgenet.com/egi/content/Rull /40/10/e111)

dominant disorder with age related penetrance char-
a sed by mucocutaneous lesions, macrocephaly and
an increased risk of cancer, especially of the breast, thyroid
and endometrium.’ * The phenotype in CS5 has proven to be
highly variable, which became especially evident after
identification of the susceptibility gene P This is also
shown in the change ncidence figures, which were found
to be at least five times higher after N was idemtified
{estimated incidence before PTEN identification 1:1 000 000,
and after =1:200 000.* 7). Bannayan-Riley-Ruvalcaba syn-
drome (BRRS; OMIM 153480) is allelic o €5 and is
characterised by the wiad of macrocephaly, lipomas, and
pigmented macules of the glans penis.” Proteus syndrome
(PS; OMIM 176920} is a disorder characterised by over-
growth of hands and/or feet, asymmetry of limbs, connective
tissue, and cpidermal naevi, vascular and lymphatic mal-
formations, and cranial hyperostosis.” Proteus-like syndrome
(PLS} is another closely related disorder, where individuals
are characterised by the presence of macrocephaly, lipomas
and overgrowth not meeting the criteria for CS, BRRS, or PS*
Germline PTEN mutations have been found in 80% of
individuals with €8, 60% of individuals with BRRS, up 1w
20% with PS, and 50% with PLS." ™
Here, we present a family (a mother and three sons) in
: - . iable, one member
‘ence, and minimal
wmber with macro-
sther with macroce-
st member  having
1 nacvus schaceous,

CH“'I!L'" syndrome (CS; OMIM 158350) is an autosomal

® Cowden syndrome (CS), Bannayon-Riley-Ruvalcaba
syndrome (BRRS), proteus and proteus-like syndrome
are enfities that can show remurEcHe dinical overlop,
and are all shown to be coused by germline PTEN
mutations (80% of CS cases, 60% of BRR cases, up fo
20% of Proteus syndrome cases, and 50% of Proteus-
like cases).
We describe four members of a single fomily with a

heterogeneous phanom that at present most closely
fits BRRS, although further development of symp
with time may tually lead to the diagnosis of C5.

® All four cases were shown to harbour the same PTEN
mutation (IVS5+1delG).

® One of the cases was first suspected of having
Jadassohn noevus sebaceous syndrome, a diagnosis
that was refuted only ofter the birth of the other fomily
members and PTEN mutation analysis. This patient also
had a hemimegalencephaly, not reported re in a
case with BRRS or C5. No loss of heterozygosity was
found in the megalencephalic part of the brain,

The fomily can best be clossified by the molecular
cause as Ku\fing PTEN hamartoma tumour syndrome.
Hemimegalencephaly as of Jadassohn naevus
sebaceous syndrome can be odded as further mani-
festations of germline PTEN mutations.
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- FCD2b

= Balloon cells and dysplastic neurons
taken with LCM and sequenced for
PTEN

« PTEN ¢.834C>G, p.Phe278Leu

= Not present in EVS or HGMD, not
seen at GeneDX

= Polyphen-2 score 0.948 (very high)
= PTEN LOH negative

*

FCDypATACATTGTTCATAC

| i

co ATACATTCTTCATAC

Acta Neuropathol (2006) 112:715-725
DO 10, 107/500401 0601 28y
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Activation of Akt independent of PTEN and CTMP
tumor-suppressor gene mutations in epilepsy-associated

Taylor-type focal cortical dysplasias
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Abstract  Focal cortical  dysplasias  (FCD)  with
Taylor-type balloon cells (FCDy,) are frequently
observed in biopsy specimens of patients with phar-
macoresistant focal epilepsies. The molecular patho-
genesis of FCDyy,, which lack familial inheritance, is
only poorly understood, Due to their highly differenti-
ated, malformative nature and glioneuronal pheno-
type, FCDyy,, share neuropathological characteristics
with lesions observed in familial disorders such as
cortical tubers present in patients with autosomal
dominant tuberous sclerosis complex (TSC). related
to mutations in the TSCT or TSC2 genes, and dysplas-
tic gangliocytomas of the cerebellum found in
Cowden disease. Current data have indicated distinet
allelic variants of TSCI to accumulate in FCDyyp.
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TSCI represents a tumor suppressor operating in the
phosphatidylinositol  3-kinase (PI3K)/insulin  path-
way. The tumor-suppressor gene PTEN is mutated in
Cowden dise Like PTEN, also carboxyl-terminal
modulator protein (CTMP) modulates PI3K-pathway
signaling, both via inhibition of AKUPKB, a kinase
inactivating the TSC1I/TSC2 complex. Here, we have
analyzed alterations of Akt, PTEN and CTMFP
relevant for insulin signaling upstream of TSCI/TSC2
in FCDy,. Immunohistochemistry with antibodies
against phosphorylated Akt (phospho-Akt: Ser 473)
in FCDy, (n=23) showed strong phospho-Akt
expression in dysplastic FCDy, components. We have
further studied sequence alterations of PTEN (n = 34
FCDyy) and CTMP (= 20 FCDyy,) by laser micro-
dissection/single-strand conformation polymorphism
analysis. We observed a somatic mutation in an
FCDyy, be., amino-acid exchange at nucleotide posi-
tion 834 (PTEN cDNA, GenBank AHOO7803.1) in
exon 8 with replacement of phenylalanine by leucine
(F278L). We also found several silent polymorphisms
of PTEN in e¢xon 2 and exon 8 as well as silent and
coding polymorphisms but no mutations in CTMP,
No loss of heterozygosity in FCDyy, (n = 6) at fg23
was observed. To our knowledge, we here report on
the first somatic mutation of a tumMoOr-SUPPressor gene,
e, PTEN, in FCDy, However, our study also
demonstrates that mutational alterations of PTEN
and CTMP do not play major pathogenetic roles for
activation of Akt in FCDyy,. Future studies need to
determine the origin of insulin pathway activation
upstream of TSC1/TSC2 in FCDy,,,.

Keywords PTEN - Akt - PI3K-pathway - CTMP -
Glioneuronal lesion - FCD
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PTEN and segmental cortical dysplasia

PHTS BRRS HMEG c.IVS5+1delG Merks et al., 2003
PHTS No data FCD2b p.Phe278Leu NEG Schick et al., 2006
PHTS Cowden FCD, LDD p.Glyl129Arg ooe Elia et al., 2012
PHTS BRRS FCD p.Argl30GIn eoe O’Rourke et al., 2012
PHTS Cowden FCD-NOS Not provided L Child et al., 2013
PHTS Cowden FCD-NOS p.Phe341Leu fs*3 ooe Cheung et al., 2014

PHTS TBD HMEG-FCD2a p.Tyr68His NEG LR12-123




Need expanded nomenclature

e Segmental cortical dysgenesis (dysplasia)

= Dysplastic megalencephaly (bilateral)

= Hemimegalencephaly (but not really)

= Multilobar cortical dysplasia (dysgenesis)
- Anterior quadrantic dysplasia (dysgenesis)
- Posterior quadrantic dysplasia (dysgenesis)
- Multilobar dysplasia (dysgenesis) NOS

= Focal cortical dysplasia type 2a, type 2b a.k.a.
“lobar cortical dysplasia (dysgenesis)”
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De novo CCND2 mutations leading to stabilization
of cyclin D2 cause megalencephaly-polymicrogyria-
polydactyly-hydrocephalus syndrome

Ghayda M Mirzaa'223, David A Parry»?3, Andrew E Fry*23, Kristin A Giamanco®?}, Jeremy Schwartzentruber®,

Megan Vanstone”, Clare V Logan?, Nicola Roberts?, Colin A Johnson?, Shawn Singh?, Stanislav § Kholmanskikh?,
Carissa Adams!, Rebecca D Hodge'%, Robert F Hevner'#9, David T Bonthron®, Kees P ] Braun'?,

Laurence Faivre'!, Jean-Baptiste Riviére'?, Judith $t-Onge'2, Karen W Gripp'3, Grazia M § Mancini'?, Ki Pang!®,
Elizabeth Sweeney'®, Hilde van Esch!7, Nienke Verbeek!$, Dagmar Wieczorek'?, Michelle Steinraths®?,

Jacek Majewski®, FORGE Canada Consortium?!, Kym M Boycott”, Daniela T Pilz?, M Elizabeth Ross®,

William B Dobyns!->#? & Eamonn G Sheridan®

Aclivating mutations in genes encoding phosphatidylinositol
3-kinase (PI3K)-AKT pathway components cause
megalencephaly-polymicrogyria-polydactyly-hydrocephalus
syndrome (MPPH, OMIM 603387)'-3, Here we report that
individuals with MPPH lacking upstream PI3K-AKT pathway
mutations carry de novo mutations in CCND2 (encoding
cyclin D2) that are clustered around a residue that can be
phosphorylated by glycogen sy kinase 33 (GSK-3)%.
Mutant CCND2 was 1o pr it lati

in vitro compared to wild-type CCND2. The PI3K-AKT pathway
modulates GSK-38 activity?, and cells from individuals with
PIK3CA, PIK3R2 or AKT3 mutations showed similar CCND2
ace lation. CCND2 was exp 1 at higher levels in

brains of mouse embryos expressing activated AKT3. In utero
electroporation of mutant CCND2 into embryonic mouse
brains produced more proliferating transfected progenitors
and a smaller fraction of progenitors exiting the cell cycle
compared to cells electroporated with wild-type CCND2,
These observations suggest that cyclin D2 stabilization, caused
by CCND2 mutation or PI3K-AKT activation, is a unifying

Germline mutations of PIK3R2 and AKT3 result in MPPH?, whereas
postzygotic mutations of PIK3CA cause megalencephaly-capillary
rmation syndrome?, and postzygotic mutations of PIK3CA
and AKT3 cause isolated hemimegalencephaly'=, We previously
failed to detect mutations in PIK3R2 or AKT3 in 35% of probands
with MPPH®. We hypothesized that i gative patients have
de nove mutations in one or more previously unreported genes, and
thus we performed whole-exome seq n two child-parent trios
(JT-144 and LR11-424) and one child-parent pair (LRO2-064).

We identified ne mutations in CCND2 in all three affected
individuals (resulting in p.Thr280Ala in one subject and p.Lys270°
in two unrelated subje and we confirmed these mutations as
de nove by Sanger sequencing. None of the identified variants was
present in dbSNP build 132, the 1000 Genomes Project, the National
Heart, Lung, and Blood Institute (NHLBI) exome variant server of
6,500 exomes or in-house exome datak (Online Methods). We
identified de nove heterozygous CCND2 in nine addi-
tional patients with MPPH by conventional Sanger sequencing.
The clinical and molecular findings of this cohort are shown in
Figure 1 and are summarized in Table 1, Supplementary Table 1

mechanism in PI3K-AKT-related I

and Suppl y Note.
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