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Summary
Individuals with orofacial asymmetry due to mucosal overgrowths, ipsilateral bone and dental aberrations with perineurial hyperplasia

and/or perineuriomatous pseudo-onion bulb proliferations, comprise a recognizable clinical entity. In this article, we describe three in-

dividuals with this clinical entity and mosaic PIK3CA variants c.3140A>G (p. His1047Arg), c.328_330delGAA (p. Glu110del), and

c.1353_1364del (p.Glu453_Leu456del). We conclude that the identification of these mosaic variants in individuals with orofacial asym-

metry presenting histopathologically perineurial hyperplasia and/or intraneural pseudo-onion bulb perineurial cell proliferations

supports the inclusion of this clinical entity in the PIK3CA-related overgrowth spectrum.
Introduction

Progress in the discovery of molecular signaling pathways

and sequencing techniques have allowed the identifica-

tion of gene variants involved inmosaic or segmental over-

growth conditions. Mosaic variants in PIK3CA have been

associated with a group of overgrowth disorders known

as PIK3CA-related overgrowth spectrum (PROS; MIM:

171834).1 Nerve enlargement with perineurial hyperplasia

(PerHy) has been described in individuals with macrodac-

tyly,2 a form of PROS, and enlarged nerves,3 and mucosal

neuromas4 have been reported in biopsies of individuals

with facial infiltrating lipomatosis, another form of PROS.

The purpose of this study was to test for the presence of

mosaic PIK3CA variants in individuals with orofacial over-

growth characterized by hyperplastic oral soft tissue le-

sions with PerHy and multiple intraneural pseudo-onion

bulb perineurial cell proliferations (POPs).5
Subjects and methods

Three individuals, ages 3–27 years old at the time of first clinical

encounter, presented with orofacial asymmetry and oral soft tissue

overgrowths. They were clinically evaluated by three of the authors

(I.G.K., A.-L.A., and R.A.). Hematoxylin and eosin slides and paraffin

tissue blocks of oral lesions were available from all individuals. The

peripheral nerve lesions were immunohistochemically studied

with S100 (Dako, Carpinteria, CA; 1:1,600, polyclonal), epithelial

membrane antigen (EMA) (Dako; 1:50, E29), andneurofilament pro-

tein (Dako; 1:800, 2F11) antibodies following a standard protocol.
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Participants underwent oral lesional soft tissue biopsies for

PIK3CA variant analysis. Genomic analysis of individuals 1 and

2 was reviewed and approved by the National Human Genome

Research Institute (NHGRI) institutional review board (IRB). For

individual 1, genomic DNA was isolated from two fibroblast cul-

tures established from lingual lesional tissue, and PIK3CA variant

allele fraction (VAF) was determined using a custom restriction

fragment length polymorphism (RFLP) assay.6

For individual 2, genomic DNAwas isolated frombiopsymaterial.

A 14-gene custom capture panel was designed to include genes that

feature variants that have been associated with mosaic overgrowth

(xGen Lockdown Probe Pool, IDT, Coralville, IA). The following

genes were included: PIK3CA, AKT1, AKT2, AKT3, FGFR1, GNAQ,

GNAS, KRAS, MTOR, PDGFRB, PHLPP1, PIK3R2, PTEN, and RASA1.

Analysis was undertaken using next-generation sequencing (MiSeq,

Illumina, San Diego, CA). Briefly, �1 mg of genomic DNA was frag-

mented, purified with the QIAGEN MinElute PCR Purification Kit

(QIAGEN, Germantown, MD), end-prepped and adaptor-ligated

size-selected for 320 bp fragments with AMPure XP beads (Beckman

Coulter, Indianapolis, IN), and dual-indexed during seven cycles of

PCR enrichment. After library preparation, the library was quanti-

fied with Qubit fluorometry (Thermofisher, Rockville, MD) and

100 ng was pooled with other libraries. The capture of DNA frag-

ments was performed using the xGen Lockdown Probe Pool and

xGen lockdown reagents according to the manufacturer’s protocols

(IDT). Libraries were run on an Illumina MiSeq instrument (Illu-

mina, San Diego, CA) using a v2 nano flow cell at 10 pM loading

concentration. After sequencing, demultiplexing was performed

on-machine by Illumina’s MiSeq Reporter software version 2.6.

Fastq files for each samplewere then processed according to Genetic

Analysis Toolkit’s (GATK) best practices workflow. Reads were

filtered for mapping quality >20.
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Figure 1. Individual 1
(A) Clinical photograph of individual 1 showing multiple
polypoid lesions on the left side of the tongue (three of many indi-
cated with arrowheads) and a polyp at the oral commissure
(arrow).
(B) Orthopantomogram of individual 1 showing arrested root
development of the permanent left first (arrow) and second
(arrowhead) molars, with a missing third molar germ (asterisk).
(C) Lower-power photomicrograph of individual 1 showing
fibrous hyperplasia and multiple pseudo-onion bulb (perineurial
cell) intraneural proliferations (three of many indicated with ar-
rowheads) (hematoxylin and eosin stain). (Inset) High-power
photomicrograph of individual 1 showing round structures repre-
senting pseudo-onion bulb (perineurial cell) intraneural prolifera-
tions (hematoxylin and eosin stain).
(D) Epithelial membrane antigen (EMA) immunohistochemical
stain decorates the perineurial cells of pseudo-onion bulb (peri-
neurial cell) intraneural proliferations (three of many indicated
with arrowheads; EMA with hematoxylin counterstain)
Individual 3 was consented at the local institution (King Saud

University), where she underwent a biopsy procedure for molecu-

lar diagnostic purposes. The tissue evaluation was performed at

the Genetic Diagnostic Laboratory, University of Pennsylvania

Perelman School of Medicine, Philadelphia, PA, USA. The test uti-

lized assessed all coding regions of PIK3CA and flanking intron se-

quences (520 bp) and specific regions of the AKT1, AKT2, AKT3,

GNAQ, GNA11, MTOR, and PIK3R2. The minimum threshold for

variant allele detection was set at 2% at 2,0003 coverage and

R10 reads without strand bias. Repeat sequencing of an indepen-

dent replicate sample was also performed on the same platform to

confirm variants. The Ion Reporter Software suite was used for

variant filtering. The confidence score was calculated using the

Phred quality score.

All sequence variants are numbered using reference sequence

NM_006218.4 and Human Genome Variation Society

nomenclature.
Results

Individual 1

A 13-year-old girl presented withmild left-sided facial over-

growth, multiple small polypoid lesions on the left side of

the tongue, and a polyp on the left buccal commissure

(Figure 1A). Also, a nodular growth was present in the pos-
2 Human Genetics and Genomics Advances 1, 100009, October 22, 2
terior buccal mucosa. It was unknown if the lesions were

congenital; however, the individual had one lesion in the

buccal mucosa surgically removed at the age of 6 years

with no available information regarding histopathologic

evaluation or diagnosis. The family history did not include

any similarly affected member. A panoramic radiograph

showed arrested development of the roots of the left lower

molars and absence of a third lower molar germ

(Figure 1B). The lingual lesions were characterized by hy-

perplastic fibrocollagenous connective tissue withmultiple

foci of POP (Figure 1C and inset). Immunohistochemically,

EMA highlighted perineurial cells (Figure 1D) enveloping

Schwann sheath (S100)/neuroaxon units. A somatic

PIK3CA c.3140A>G (p. His1047Arg) variant was identified

in two fibroblast cultures with a VAF of 0.36 and 0.17 and

in DNA isolated directly from excised tissue with a VAF of

0.04. The variant was not detected in a blood sample.

Individual 2

A 3-year-old girl presented with mild left-sided congenital

facial overgrowth and a polyp of the left buccal commis-

sure (Figure 2A) that was biopsied and showed an enlarged

nerve with POP. Clinical evaluation at age 10 years showed

ipsilateral redundant soft tissue on the buccal mucosa

(Figure 2B), left maxillary alveolar soft tissue overgrowth,

and subtle ipsilateral enlargement of the tongue. Pano-

ramic radiographs at various ages confirmed arrested devel-

opment of the first maxillary premolar, retained primary

second molar, absent second premolar, and a small third

molar with root resorption of the left permanent maxillary

molars observed at age 16 years (Figure 2C). The dental

anatomic variations were associated with left-sided maloc-

clusion. Histopathologic preparations from buccal mucosa

reduction tissue at age 10 years showed fibrous hyperplasia

and nerves with POP (Figures 2D and inset). A computed

tomography (CT) scan, obtained at age 16 years, showed

decreased bone density of the left maxilla in the area of

premolars and molars, when compared to the right side,

and a smaller left maxillary sinus. Magnetic resonance im-

aging performed at age 16 years showed reduced muscular

bulk and fatty overgrowth of the left side of the face. Addi-

tional soft tissue reduction for functional and esthetic pur-

poses during left maxillary third molar extraction at age 16

years was necessary and tissue samples were used for

variant investigation, which showed in-frame PIK3CA

c.1353_1364del (p. Glu453_Leu456del) with a VAF of

0.22. The variant was not detected in the blood sample.

Individual 3

A 27-year-old woman presented with congenital right-

sided facial overgrowth, including right side alveolar over-

growth (Figure 3A), multiple ipsilateral polypoid lesions on

the tongue, and several enlarged fungiform papillae

(Figure 3B). In addition, a single polypoid lesion on the

right buccal mucosa commissure was noted. A panoramic

radiograph showed absent lower right first premolar, small

roots in the lower right teeth, missing right mandibular
020



Figure 2. Individual 2
(A) Clinical photograph of individual 2 at age 3 years showing left
side orofacial overgrowth, evident on the left side of the lip and
tongue, and an oral commissural polyp.
(B) Clinical photograph of individual 2 at age 10 years showing
redundant tissue on the left buccal mucosa tissue (arrowheads).
(C) Panoramic radiograph of individual 2 showing arrested devel-
opment of the first left maxillary premolar (arrow), a retained pri-
mary second molar (arrowhead), an absent second premolar
(asterisk), root resorption of the permanent molars (#), and a small
third molar (U).
(D) Photomicrograph of individual 2 showing multiple pseudo-
onion bulb (perineurial) intraneural proliferations (arrows) in a
fibrous hyperplastic stroma (hematoxylin and eosin). (Inset)
Epithelial membrane antigen (EMA) decorates (arrowheads) the
perineurial cells of pseudo-onion bulb (perineurial) intraneural
proliferations (EMA immunohistochemical stain with hematoxy-
lin counterstain).
third molar, and pulpal calcifications in the lower right

premolar and molars (Figure 3C). Furthermore, the right

body of the mandible was larger with reduced bony trabe-

culation when compared to the left. A diagnostic biopsy of

a polypoid lesion from the tongue showed PerHy

(Figure 3D) and POP (Figures 3E and inset). DNA extracted

from lesional lingual tissue biopsies showed PIK3CA

c.328_330delGAA;p. Glu110del with a VAF of 0.12 and

0.21, respectively, which were not detected in the blood.

Clinicopathologic findings and variants are summarized

in Table 1.
Discussion

Phosphatidylinositide 3 kinases (PI3K), members of intra-

cellular lipid kinases, and their downstream mediators,

AMP/GMP/protein kinase B (AKT) kinases andmammalian

target of rapamycin (mTOR), are key components of the

PI3K/AKT/mTOR signaling pathway, which is crucial for

cell proliferation, apoptosis, angiogenesis, anabolic reac-

tions, metabolism, therapy resistance, and tumor develop-

ment.7 The PI3Ks are divided into three classes, with class

IA comprising heterodimers of p85 regulatory and p110

catalytic subunits. The p85 and related isoforms are en-

coded by three genes (PIK3R1, PIK3R2, and PIK3R3), while
Human
the catalytic subunits are encoded by PIK3CA, PIK3CB, and

PIK3CD.7

Somatic PIK3CA variants have been associated with

PROS.1 Strongly activating germline PIK3CA variants are

considered incompatible with a viable phenotype, further

supporting Happle’s theory that non-hereditary syn-

dromic conditions affecting segment(s) of the body are

caused by somatic mosaic variants while complete hetero-

zygosity of the same variants results in an embryonic lethal

phenotype.8 Mice with the germline PIK3CAH1047R

(p110a) variant, common in PROS and occurring in the ki-

nase region of the gene, die before embryonic day 10 (E10)

due to vascular anomalies caused by secondary disruption

of vascular endothelial growth factor A (VEGF-A)

signaling.9 Constitutional PIK3CA variants can occur if

the variant is weakly activating. An example was described

in a child with congenital megalencephaly and symmetric

macrosomia10 with c.335T>A;p. Ile112Asn identified in

peripheral blood, buccal mucosa swab, and skin

fibroblasts.

In PROS, the timing and location of postzygotic PIK3CA

mutation probably determine the phenotypic variability,

thus representing examples of type 1mosaicism.11 Clinical

entities encompassed by PROS include (1) fibroadipose

overgrowth (FAO); (2) congenital lipomatous overgrowth,

vascular malformations, epidermal nevi, scoliosis/skeletal

and spinal (CLOVES) syndrome; (3) hemihyperplasia mul-

tiple lipomatosis (HHML), which may overlap with

CLOVES syndrome; (4) macrodactyly; (5) capillary malfor-

mation of the lower lip, lymphatic malformation of the

face and neck, asymmetry, and partial/generalized over-

growth (CLAPO) syndrome; and (6) megalencephaly-capil-

lary malformation (MCAP) syndrome. Recently, there has

been a proposal to include Klippel-Trenaunay syndrome

(MIM: 149000) in PROS.12

Overgrowth in PROS is typically congenital and static or

mildly progressive,13 and manifestations are divided into

two groups: A (spectrum; two or more features): (1) adi-

pose, muscle, nerve, or skeletal overgrowth; (2) vascular

malformations; and (3) epidermal nevi; and B (isolated fea-

tures): large lymphatic malformation, macrodactyly, trun-

cal adipose overgrowth, hemimegalencephaly, epidermal

nevi, seborrheic keratoses, and benign lichenoid keratoses.

A clinical diagnosis of PROS requires identification of the

PIK3CA variant and congenital or early childhood onset

overgrowth with manifestations from either group A or B.

Segmental arrested development of the roots of teeth

was observed in all three individuals. In facial infiltrating

lipomatosis, however, macrodontia has been observed.4

Given that the PIK3/AKT pathway is an important regu-

lator of the sonic hedgehog pathway,14 and, as such, is

essential for craniofacial development including denti-

tion,15 PIK3CA variants may affect the development of

teeth. A PIK3CA variant was identified in the pulp of an ex-

tracted tooth of an individual with MCAP.16

There are reports of individuals with asymmetric facial

overgrowth who have features similar to those described
Genetics and Genomics Advances 1, 100009, October 22, 2020 3



Figure 3. Individual 3
(A) Clinical photograph of individual 3 presenting with enlarged
alveolus on the right side when compared to the left side (arrows).
Black asterisk indicates missing right first premolar (see also C).
(B) Clinical photograph of individual 3 showing polypoid lesions
on the tongue (two of many; black arrowheads) and enlarged
fungiform papillae (two of many; white arrowheads).
(C) Panoramic radiograph of individual 3 showing absent right
first mandibular premolar (white asterisk), small roots in the lower
right teeth (white arrowheads), pulpal calcifications in the lower
right premolar andmolars (black arrowhead pointing to the pulpal
calcification of the first permanent right molar), and missing third
molar (black asterisk). The right body of the mandible is larger
than the left (L), and there is apparent reduced bony trabeculation
of the right side when compared to the left.
(D) Photomicrograph of individual 3 showing perineurial hyper-
plasia (arrows) and peripheral nerve enlargement (hematoxylin
and eosin). (Insert) Hyperplastic perineurium (arrows) decorated
by epithelial membrane antigen (EMA; immunohistochemical
stain with hematoxylin counterstain).
(E) Photomicrograph of individual 3 showingmultiple pseudo-on-
ion bulb (perineurial) intraneural proliferations (arrows) (hema-
toxylin and eosin). (Inset) Pseudo-onion bulb (perineurial)
intraneural proliferations decorated by epithelial membrane anti-
gen (EMA; immunohistochemical stain with hematoxylin
counterstain).
herein who we hypothesize to have mosaic PIK3CA vari-

ants. Vargo et al.17 reported an individual with asymmetric

mandibular enlargement, including enlargement of the

mandibular canal, ipsilateral mandibular condyle enlarge-

ment, exostoses, and multiple fibrotic lesions on the

tongue, shown to be POP on histologic evaluation. Sipo-

nen et al.18 described an individual with hemifacial over-

growth and characteristics of PROS. In their report, these

authors concentrated on peripheral nerve lesions observed

microscopically in the ipsilateral buccal mucosa and

vestibule and referred to them as orofacial intraneural

perineuriomas, but they are likely to be POP.5 As well,
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the individual described by Pujol et al.19 as havingmultiple

idiopathic mucosal neuromas may instead have PROS.

Maclellan et al.3 and Couto et al.4 reported individuals

with facial infiltrating lipomatosis that shared features

with CLOVES, including abnormal nerves3 and mucosal

neuromas,4 respectively. However, neither of these publi-

cations included detailed histopathologic descriptions. In

the past, some individuals with apparent PROS and oral

neuromatous lesions have been classified as having partial

MEN2B (pure mucosal neuroma syndrome; MIM: 162300),

although RET variants were not identified in lesional tissue

or blood.20 At that time, the concept of PROS was not es-

tablished. Re-evaluation of those reports in light of current

knowledge leads us to suggest that at least some of these in-

dividuals had PROS.

Most identified PIK3CA pathogenic variants to date are

missense variants or small inframe deletions and are located

in the kinase and helical domains.21 Individual 2 reported

here had PIK3CA c.1353_1364del, while individual 3 had

p.(Glu110del), mapping to the C2 and P85BD domains,

respectively. Although additional studies are needed to

confirm that these variants represent functional mutations,

we are of the opinion that they relate to the phenotype

observed. Because this disorder has a gain-of-function path-

ogenetic mechanism, it is unsurprising that there are no

nonsense or splice site variants involving PIK3CA identified

to date. Commonly identified PIK3CA somatic variants in

PROS include (1) c.1258T>C (p. Cys420Arg), (2)

c.1624G>A (p.Glu542Lys), (3) c.1633G>A (p. Glu545Lys),

(4) c.3140A>G (p. His1047Arg), and (5) c.3140A>T (p. Hi-

s1047Leu), with three of them being recurrent cancer-asso-

ciated variants: p.Glu542Lys, p.Glu545Lys, and p.Hi-

s1047Arg.22 Failure to detect PIK3CA variants does not

exclude the clinical diagnosis of PROS in individuals with

suggestive features as undetected variants may be the result

of low-level mosaicism.

In summary, we presented here the clinicopathologic

findings of individuals with orofacial overgrowth that is

clinically distinct from other variants of PROS with histo-

pathologic evidence of POP and PerHy in lesional tissue

and somatic mosaic PIK3CA variants. PTEN-related over-

growth syndromes (MIM: 158350)23 and Proteus syndrome

(MIM: 176920), which is caused by AKT124 variants, do not

manifest, to the best of our knowledge, such neuropatho-

logic findings. Also, individuals withMEN2B, although pre-

senting with multiple mucosal neuromas, representing

enlarged nerves, have distinct clinical manifestations and

RET germline mutations. Thus, the identification of orofa-

cial overgrowth with multifocal POP and abnormal nerves

with PerHy should raise the diagnostic possibility of PROS,

which can be confirmed by molecular testing available

from a number of genetic testing laboratories.
Data and code availability

This study did not generate/analyze new datasets or code.
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Table 1. Clinicopathologic characteristics and PIK3CA mutation analysis

Individual

Age at the time
of initial clinical
evaluation Affected side

Oral
findings

Imaging
findings

Pathologic
findings

PIK3CA
variants

1 13 years left multiple polypoid
lesions; commissural
polyp and nodular
growth in the posterior
buccal mucosa

arrested development
of the roots of the left
lower molars, absence
of a third lower
molar germ

POP PIK3CA c.3140A>G
(p.His1047Arg)VAF
fibroblast culture 1:
0.36VAF fibroblast
culture 2: 0.17 VAF
biopsy tissue: 0.04

2 3 years left congenital facial
overgrowth; polypoid
lesion at the commissure;
buccal mucosa soft
tissue overgrowth;
maxillary alveolar soft
tissue overgrowth;
ipsilateral tongue
enlargement

arrested development
of the first maxillary
premolar, retained
primary second molar,
absent second premolar
and a small third molar;
decreased bone density of
the left maxilla in the area
of premolars and molars,
smaller left maxillary sinus;
MRI showed reduced
muscular bulk and fatty
overgrowth of the left side
of the face

POP
and
PerHy

PIK3CA c.328_
330delGAA
(p.Glu110del)VAF
biopsy: 0.22

3 27 years right facial overgrowth;
polypoid lesions on
the tongue and
enlarged fungiform
papillae; polypoid
lesion on right
buccal mucosa

absent lower right first
premolar, small roots in the
lower right teeth, and pulpal
calcifications in the lower right
premolars and molars; right body
of the mandible was larger with
reduced bony trabeculation when
compared to the left

PerHy
and OP

PIK3CA c.1353_
1364del (p.Glu453_
Leu456del)VAF biopsy
#1: 0.12VAF biopsy
#2: 0.21
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