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Key Clinical Message

We present a patient with suspected Proteus Syndrome, an overgrowth disorder
associated with AKT1c.49G>A mutation. NGS analysis detected PIK3CA-
¢.3140A>G mutation in the patient’s affected tissue allowing for PROS
(PIK3CA-related overgrowth spectrum) diagnosis. The overlapping clinical fea-

tures in overgrowth disorders highlight the importance of molecular testing for
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Introduction

Overgrowth syndromes represent a group of diseases
defined by Tatton-Brown and Weksberg as a “global or
regional excess growth compared with an equivalent body
part or the age-related peer group” [1]. They are sporadic,
nonhereditary disorders characterized by asymmetric
overgrowth of body parts, including skeletal and connec-
tive tissues and very frequently associated with plantar
hyperplasia. These syndromes are due to the occurrence
of postzigous mutations leading to a mosaic distribution
of the lesions [2, 3]. In general, the severity and variability
of these disorders depend on the time of appearance of
the somatic mutations during the embryonic development
and by the number of cells involved [4].
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a correct diagnosis.

Fibroadipose hyperplasia, molecular testing, next generation sequencing,
overgrowth syndromes, PIK3CA.

Genomic analyses, conducted over the years in patients
affected by a wide spectrum of focal growth abnormali-
ties, have led to a more defined classification of all the
syndromes and have identified in the activation of PI3K/
AKT/mTOR pathway the genomic background for their
clinical expression [5]. All the mosaic overgrowth syn-
dromes present overlapping features, but they can now be
considered as distinct disorders classifiable on the bases of
the molecular lesions that upregulate the activity of the
PI3K/AKT/mTOR pathway [6]. They include the Proteus
Syndrome (PS), which is typically due to the AKTI
c49G>A  (p.Glul7Lys) activating mutation [2], the
PIK3CA-related overgrowth spectrum (PROS) and the
PTEN hamartoma tumor syndrome (PHTS) [4]. The first
characterized  disorder tissue

causing  asymmetric
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overgrowth was the PS [7]. PS showed the first compila-
tion of a complete guideline for the evaluation of the
diagnosis made up of general and specific criteria
(National Institutes of Health in Bethesda, MD, 1998)
including three major characteristics: the mosaic distribu-
tion of the lesions, their progressive course, and the spo-
radic occurrence of the disease [8]. PROS refers to all
patients with somatic mosaic mutation in PIK3CA gene,
but includes a wide spectrum of disorders with overlap-
ping clinical manifestations, such as Congenital Lipoma-
tous Overgrowth, Vascular Malformations, Epidermal
Nevi and Spinal/Skeletal Anomalies and/or Scoliosis
(CLOVES) [9], megalencephaly-capillary malformation
(MCAP) and hemimegalencephaly (HMEG) syndromes
[10, 11], Type I macrodactyly [12], fibroadipose hyper-
plasia (FH) [13], and other few clinical disorders [5].

In this study, we describe the molecular genetic analy-
ses carried out in a patient who came to our observation
to validate the clinical diagnosis of suspected PS.

Clinical Report

We report the case of a 57-year-old man who came to
our attention for an asymmetric segmental overgrowth of
the left foot and ankle, characterized by the presence of
bone and connective tissue hyperplastic lesions, suggestive
for the PS. His medical history began at birth, for the
congenital presence of a macrosomia of the left foot and
a progressive asymmetric overgrowth of the 2nd toe. At
the age of four, the patient was treated with the subam-
putation of the 2nd toe. At the age 29, he started to suffer
from a left patellofemoral pain syndrome, for which he
underwent capsuloplasty surgery, with vastus internus
reinsertion and patellar tendon transposition with two
metal cambers. The X-ray examination, performed prior
surgery, showed incipient osteoproductive lesion in the
upper pole of the patella (Fig. 1A). Of note, this lesion
appeared greater in volume at the X-ray examination per-
formed 1 year after surgery (Fig. 1B). At the age of 34,
the patient underwent surgery for subtotal amputation of
the big toe of the left foot and resection of the calcifica-
tions in the dorsal surface of the foot. At physical exami-
nation, performed a few years later, the patient showed
macrosomia of the left foot and ankle, varus leg deformity
and lumps around the knee, and hyperplasia on the left
sole (Fig. 1C and D). Tibiotarsic joint had ankylosed,
while knee joint showed severe restriction. The X-ray
examination showed bone tissue overgrowth of the left
foot and ankle and osteoproductive lesions in the left
knee, femoral neck, and small trochanter (Fig. 1E-H).
Over the years, foot and knee bone lesions slowly rose in
volume. A whole-body bone scan with technetium-99 m
(Tc-99 m) showed an increased tracer uptake in the left
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ankle and knee (Fig. 1I). A magnetic resonance angiography
(MRA) of the intracranial vessels and a Doppler examina-
tion of the epi-aortic and large blood vessels excluded the
presence of pathological lesions of the arterial and venous
vessels.

Despite the absence of characteristics that are common
in PS, such as vascular malformations and cerebriform
connective tissue lesions, the clinical and radiological
signs in our patient suggested a possible diagnosis of PS,
according to the general and specific criteria elaborated
by the National Institutes of Health (Bethesda, MD) in
1998 [8]. The patient has no family history of bone pro-
ductive lesions or overgrowth syndromes and has no
signs of neurological or mental abnormalities. He is lead-
ing a normal lifestyle and he is father of two healthy chil-
dren.

Methods

A peripheral blood sample and two cutaneous biopsies
from both affected and unaffected tissue samples of the
left foot were collected. Affected tissue refers to the pres-
ence of hyperplastic lesions of the connective tissue,
whereas unaffected tissue refers to the absence of signs of
overgrowth. DNA from blood and fresh frozen tissue
samples was extracted using ReliaPrep Blood gDNA Mini-
prep System (Promega, Madison, WI), and QIAmp DNA
Mini kit (Qiagen, Hilden, DE), respectively, according to
the manufacturer’s instructions. Allele quantification anal-
ysis by pyrosequencing using Pyromark Q24 (Qiagen)
platform was performed in order to identify the AKTI
c49G>A (p.Glul7Lys) mutation. DNA from all patient
samples (blood and tissues) as well as DNA from blood
of four negative controls was examined. A custom assay
(PyroMark Customer Assay, Qiagen), including amplifica-
tion and sequencing primers designed by Pyromark Assay
Design 2.0 Software (Qiagen), was used to evaluate the
wild-type (G) and mutated (A) allele frequency. A stan-
dard pyrosequencing sample preparation protocol was
applied [14] and results were analyzed by PyroMark Q24
Software (Qiagen), by which the percentage of mutant
allele in samples analyzed was obtained. DNA from blood
and tissue samples of the patient was also examined by a
custom gene panel including the whole coding sequence
of AKT1, PIK3CA, and PTEN genes using Illumina tech-
nology. Briefly, paired-end libraries were prepared using
Nextera Rapid Capture Custom Enrichment kit (Illumina,
San Diego, CA), pooled and loaded into a MiniSeq Sys-
tem (Illumina) for sequencing and data analysis, includ-
ing variant calling. Variant annotation and filtering were
performed with the Illumina Variant Studio Software. A
minimum of 95% of the on-target regions was covered to
a depth of at least 400x. Putative mutations were
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Figure 1. (A-B) X-ray exam (lateral view) of the knee at the age of 28 years, before surgery (A), and at the age of 30, after the surgical
treatment (B). (C—H) Clinical and radiological features at the age of 57: note the disproportion between the two limbs (C) and the hyperplasia on
the left sole (D). X-ray exams show bone productive lesions at the left foot, with partial cutaneous syndactyly between the 1st and the 2nd toes
(E), in the ankle (F), hyperostosis at the level of the knee (G), and at the femoral neck and small trochanter (H). (I) Bone scan showing increased

uptake in the left ankle and knee.

visualized with the Integrative Genomics Viewer (IGV)
tool using hgl9 as reference genome and validated by
Sanger sequencing using the BigDye Terminator v.2.1
Cycle Sequencing kit (Life Technology, Carlsbad, CA),
following the manufacturer’s protocol. Primer sequences
used for pyrosequencing and Sanger sequencing are avail-
able upon request. Variants were named according to
Human Genome Variation Society nomenclature (HGVS,
http://www.hgvs.org).

After a detailed description of the study, the patient’s
informed consent was obtained. The study was approved
by Local Ethical Committee (Sapienza University of
Rome, Prot. 669/17).
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Results

As a first step, allele quantification analysis by pyrose-
quencing was performed to investigate the presence of the
AKT1 c.49G>A (p.Glul7Lys) activating mutation, specifi-
cally associated with PS. Mutational analysis was per-
formed in DNA from blood, affected and unaffected
tissue samples of the patient and DNA from blood sam-
ples of healthy controls. The AKTI c.49G>A (p.Glul7Lys)
mutation was not detected in any of the samples analyzed
(data not shown).

Therefore, the mutational analysis was extended to the
entire coding region of AKT1, PIK3CA and PTEN genes.

© 2018 The Authors. Clinical Case Reports published by John Wiley & Sons Ltd.
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DNA from patient’s blood, affected and unaffected tissue
samples were analyzed by a custom gene panel, compris-
ing these three genes, using NGS technology.

A PIK3CA mutation, the ¢.3140A>G (p.His1047Arg),
was identified in the affected tissue sample. In particular,
position 3140 was analyzed in a total of 463 reads in both
strands and the variant was identified in 43 of these reads,
indicating a variant allele frequency of 9.3% (Fig. 2A).
The mutation was confirmed by double-stranded Sanger
Sequencing (Fig. 2B). The mutation was not detected in
patient’s blood and unaffected tissue samples. No muta-
tions were identified in AKT1, confirming the absence of
AKTI c.49G>A (p.Glul7Lys), and PTEN genes.

Discussion

In the present study, we described a patient affected by
focal overgrowth of the left foot and ankle, and orthope-
dic complications with significant clinical morbidities
compatible with a diagnosis of PS.

To date, the diagnosis of PS is validated by the pres-
ence of the c¢.49G>A (p.Glul7Lys) mutation in AKTI
gene [2]. The identification of this mutation is necessary
because of the wide court of clinical manifestations that

PIK3CA mutations in overgrowth syndromes

are shared in patients affected by focal tissue overgrowth
syndromes. For this reason, we first searched for the
AKTI c49G>A (p.Glul7Lys) mutation; however, allele
quantification analysis, performed using pyrosequencing,
excluded the presence of this mutation in our patient,
thus leading to the exclusion of the PS diagnosis. Then,
we focused on additional genes described to be mutated
in other overgrowth syndromes, such as PIK3CA and
PTEN genes. We analyzed the entire coding region of
AKTI1, PIK3CA, and PTEN genes by NGS technology
using a custom gene panel. This analysis identified a sin-
gle point mutation, ¢.3140A>G (p.His1047Arg) in the
PIK3CA gene, only in the affected tissue sample of the
patient, with a frequency of mutant allele of 9.3%.

The PIK3CA gene encodes for the 110-kD catalytic
alpha subunit of PIK3, and activating mutations, such as
PIK3CA ¢.3140A>G, result in increased downstream cat-
alytic activity, promoting cell survival and proliferation
through the increase of AKT and mTOR signaling [5].
PIK3CA somatic mutations are frequently associated with
a variety of solid tumors including breast, colon, lung,
ovarian, and gastric cancer [15-17] and they are also
observed in patients with overgrowth syndromes, catego-
rized as PROS [18]. Somatic mosaic PIK3CA mutations
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Figure 2. (A) Information about the PIK3CA c.3140A>G mutation in affected tissue sample provided by Variant Studio Software (lllumina) and
Integrative Genomics Viewer (IGV) visualization; forward and reverse reads are shown in red and blue, respectively. (B) Partial electropherogram of
PIK3CA confirming the presence of PIK3CA ¢.3140A>G in the affected tissue sample only.
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can affect different tissues. The number of cells that carry
the mutation can be variable, and the extension and
severity of the lesions may range from small areas of
overgrowth resulting in isolated disease, such as macro-
dactyly or megalencephaly, to syndromes defined by tissue
overgrowth, vascular malformations and epidermal nevi
[4]. Thus, PROS includes syndromes with a highly vari-
able clinical presentation, such as CLOVES syndrome,
FH, macrodactyly and megalencephaly/hemimegalen-
cephaly syndromes [5].

Collectively, the identification of the PIK3CA
c.3140A>G (p.His1047Arg) mutation in affected tissue
sample and the clinical features of our patient support
the diagnosis of FH, syndrome characterized by congeni-
tal, progressive and segmental overgrowth of fibrous and
adipose tissue and bone [13]. Notably, in about 90% of
patients affected with PROS that do not present brain
overgrowth, five recurrent PIK3CA mutations, including
PIK3CA ¢.3140A>G (p.His1047Arg), were identified [18].
Furthermore, among these five mutations, those affecting
codon 1047, specifically p.His1047Arg and p.His1047Leu,
are the most frequently observed in FH [19].

Due to the occurrence of overlapping clinical manifes-
tations among many of the overgrowth syndromes, our
study highlights the importance of considering and evalu-
ating more than one gene of AKT/PIK3CA/mTOR path-
way, in order to identify the genetic component
responsible for overgrowth disorder in each patient. In
this context, NGS-based gene panels represent a rapid
and cost-effective technology to analyze multiple genes
simultaneously [20]. This approach, widely used for
mutational analysis in fields such as oncology [21], can
also be applied to the molecular diagnosis of genetic dis-
orders such as overgrowth syndromes [22].

The identification of the genetic alteration causing
specific overgrowth disorders can have important implica-
tions also for treatment strategies. To date, therapeutic
approaches for patients affected by overgrowth syndromes
are limited to the surgical removal of affected tissue in
order to slow down its growth. The identification of the
genetic basis of mosaic disorders may be essential to
improve patient management through the use of target
drugs that may help slow down or even reverse symptoms
in patients [23]. In this regard, it is noteworthy that sev-
eral small-molecule inhibitors of the PI3K/AKT/mTOR
pathway, currently used in clinical trials as therapeutic
agents for cancer treatment, could also be used for the
treatment of segmental overgrowth conditions. This
hypothesis is now being tested on the first clinical trial
currently ongoing [5].

In conclusion, our results highlight the importance of
molecular testing by NGS for an accurate diagnosis and
management of patients with overgrowth disorders, as
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they may be affected by overlapping and confounding
clinical characteristics.
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