&%5,%, UNIVERSITA
1] S Aper]'O ﬁiﬁil DEGLI STUDI
ﬁ»ﬁlﬁg‘“ DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Genotypes and phenotypes heterogeneity in PIK3CA-related overgrowth spectrum and
overlapping conditions: 150 novel patients and systematic review of 1007 patients with PIK3CA
pathogenetic variants

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1875241 since 2022-09-29T09:23:50Z

Published version:
DOI:10.1136/jmedgenet-2021-108093
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

02 May 2026



Genotypes and phenotypes heterogeneity in PIK3CA-related overgrowth spectrum and
overlapping conditions: 150 novel patients and systematic review of 1007 patients with PIK3CA
pathogenetic variants

Alessandro Mussa'?, Chiara Leoni®, Matteo lacoviello? Diana Carli'>, Carlotta Ranieri*, Antonino Pantaleo?,
Paola Sabrina Buonuomo®, Rosanna Bagnulo?, Giovanni Battista Ferrero’, Andrea Bartuli®, Daniela Melis, Silvia
Maitz®, Daria Carmela Loconte?, Antonella Turchiano? Marilidia Piglionica®, Annunziata De Luisi*, Francesco
Claudio Susca* Nenad Bukvic?, Cinzia Forleo'?, Angelo Selicorni*!, Giuseppe Zampino?, Roberta Onesimo?,
Gerarda Cappuccio®?, Livia Garavelli3, Chiara Novelli*, Luigi Memo®®, Carla Morando®®, Matteo Della Monica®®,
Maria Accadia’’, Martina Capurso?, Carmelo Piscopo?®, Anna Cereda'®, Marilena Carmela Di Giacomo?®,
Veronica Saletti?®, Alessandro Mauro Spinelli?!, Patrizia Lastella??, Romano Tenconi?, Veronika Dvorakova?*,
Alan D Irvine?*, Nicoletta Resta®.

Correspondence to Professor Nicoletta Resta, Unit of Medical Genetics, Universita degli Studi di Bari Aldo
Moro, 70124 Bari, Puglia, Italy; nicoletta.resta@uniba.it



Abstract

Background

Postzygotic activating PIK3CA variants cause several phenotypes within the PIK3CA-related overgrowth
spectrum (PROS). Variant strength, mosaicism level, specific tissue involvement and overlapping disorders are
responsible for disease heterogeneity. We explored these factors in 150 novel patients and in an expanded
cohort of 1007 PIK3CA-mutated patients, analysing our new data with previous literature to give a
comprehensive picture.

Methods

We performed ultradeep targeted next-generation sequencing (NGS) on DNA from skin biopsy, buccal swab or
blood using a panel including phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin pathway
genes and GNAQ, GNA11, RASA1 and TEK. Additionally, 914 patients previously reported were systematically
reviewed.

Results

93 of our 150 patients had PIK3CA pathogenetic variants. The merged PROS cohort showed

that PIK3CA variants span thorough all gene domains, some were exclusively associated with specific PROS
phenotypes: weakly activating variants were associated with central nervous system (CNS) involvement, and
strongly activating variants with extra-CNS phenotypes. Among the 57 with a wild-type PIK3CA allele, 11
patients with overgrowth and vascular malformations overlapping PROS had variants

in GNAQ, GNA11, RASA1 or TEK.

Conclusion

We confirm that (1) molecular diagnostic yield increases when multiple tissues are tested and by enriching
NGS panels with genes of overlapping ‘vascular’ phenotypes; (2) strongly activating PIK3CA variants are found
in affected tissue, rarely in blood: conversely, weakly activating mutations more common in blood; (3) weakly
activating variants correlate with CNS involvement, strong variants are more common in cases without; (4)
patients with vascular malformations overlapping those of PROS can harbour variants in genes other

than PIK3CA.

Key messages

What is already known on this topic?
e The clinical manifestations of overgrowth caused by activating somatic mutations of PIK3CA are
numerous and clinically heterogeneous and are collectively included in the umbrella acronym of PROS
(PI13KCA-related overgrowth spectrum).

What this study adds?
e This comprehensive systematic review of >1000 cases with PROS and PROS-like conditions shows that
defining clear-cut genotype/phenotype correlations for all PROS entities is not possible.
e Just a few genotype/phenotype correlations are possible, including by variants/domains interested,
variant activating strength and variant allele frequency.
e Angiogenic signalling pathways genes can be responsible for PROS-resembling phenotypes.

How this study might affect research, practice or policy?

e A 10 hotspots tailored first-tier approach will diagnose 70% of cases, reducing analytic costs, the
subsequent molecular approach should include angiogenic signalling pathways genes to increase the
diagnostic yield.

e Thereis an urgent need to investigate phenotypes overlapping PROS without a known genetic
alteration.



Introduction

Gain-of-function (GoF) somatic variants in the phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA; MIM #171834) oncogene are widely observed in human cancers.! Activating PIK3CA variants have an impact on
kinase activity and downstream signalling through the AKT/mammalian target of rapamycin (mTOR) pathway, resulting in a
variable degree of hyperactivation of the phosphatidylinositol 3-kinase (P13K) network, leading to the concept of ‘variant
strength’, where strong variants are more highly activating and weak variants are less activating.2 Among the

numerous PIK3CA-activating variants identified in cancer, three mutational hotspots are characterised by strong oncogenic

activity (p.His1047Arg, p.Glu542Lys and p.Glu545Lys) cumulatively accounting for 80% of cases.34 Somatic activating

variants in PIK3CA have more recently been linked also with the heterogeneous spectrum of rare congenital segmental
overgrowth phenotypes grouped under the term PROS (P/K3CA-related overgrowth spectrum, an acronym adopted in

2015).5% In the PROS, excessive PI3K signalling leads to excessive proliferation of mesodermic and/or ectodermal tissues

from embryogenesis onwards: the variable combination of different kind of overgrown tissues and diverse body regions

affected results in a wide phenotypic spectrum.> The latter include:
e  Fibroadipose (and bone) hyperplasia or overgrowth without (FAO) or with vascular anomalies;

Hemihyperplasia multiple lipomatosis (HHML);

Type | macrodactyly;

Muscle or fibrous hyperplasia (MH, FH);

Facial infiltrating lipomatosis (FIL);

Congenital lipomatous overgrowth, vascular malformations, epidermal nevi, scoliosis/skeletal and spinal

syndrome (CLOVES, OMIM #612918);

Klippel-Trenaunay syndrome (KTS, OMIM #149000);

e  Diffuse capillary malformation with overgrowth (DCMO);

o Megalencephaly-capillary malformation polymicrogyria syndrome (MCAP, OMIM #602501; previously/also
known as macrocephaly-capillary malformation (M-CM) or macrocephaly-cutis marmorata telangiectasia
congenita);

e  Hemimegalencephaly (H-MEG), dysplastic megalencephaly (D-MEG) and focal cortical dysplasia (FCD);

e  Capillary malformation of the lower lip, lymphatic malformation of the face and neck, asymmetry and
partial/generalised overgrowth (CLAPO, OMIM #613089).

Epidermal nevi, seborrheic keratoses, benign lichenoid keratosis and isolated vascular malformation (IVM, including
lymphatic, capillary and venous malformations) are considered part of the PROS spectrum as variants in PIK3CA have
sometimes been found, although these are conditions well known to have genetic heterogeneity.
As has been speculated by previous authors, an individual PROS disease phenotype is likely determined in embryonal life
based on three factors: the functional consequences of the mutation (strength, ie, degree of GoF), the timing of onset
during fetus development and, consequently, the degree of mosaicism and the tissues involved.>7 Tissue overgrowth
severity and evolution over time are connected with the degree of hyperactivation in PI3K signalling induced by the several
classes of PIK3CA variants, including strong, intermediate and weak mutants.8 Therefore, variant strength also likely affects
the phenotype in both embryonal and later life.
Ultradeep sequencing or alternative highly sensitive molecular techniques have allowed for the identification in PROS of a
plethora of PIK3CA pathogenetic variants spanning the entire coding sequence and with different levels of mosaicism. Even
these advanced and highly sensitive genetic techniques identify causal mutations in only a fraction of individuals with clear-
cut PROS or overlapping phenotypes: no pathogenic variants are found in 15%—60% in different case series of PIK3CA.%-
13 variants in genes of angiogenic signalling pathways, including GNAQ, GNA11, RASA1 and TEK have been shown to
contribute to some of these clinically typical but PIK3CA mutation negative cases.!
Prior studies have explored the wide spectrum of PIK3CA variants and the heterogeneity of related phenotypes in PROS.%-
32 The aim of this study was to describe genotypes and phenotypes of a previously unreported cohort of 150 patients with
overgrowth syndromes with clinical features in the PROS spectrum, which taken together provide the first comprehensive
systematic review of >1000 PIK3CA-mutated cases.

Materials and methods

Patient population

The cohort was set up including cases from 14 referral centres from Italy that submitted samples for genetic testing to a
central laboratory (Department of Biomedical Sciences and Human Oncology of the Medical Genetics of the University of
Bari ‘Aldo Moro’, NR). A total sample of 200 consecutive cases was collected between January 2010 and February 2021.
According to accepted diagnostic criteria, 150 individuals (76 females and 74 males) met the clinical criteria for PROS.532-39

Phenotype classification

According to literature, patients were classified based on clinical phenotype as following: MCAP/M-CM,33 D-MEG/H-
MEG/FCD,3* CLOVES,3>3¢ FAQ, FIL,>37 HHML,3’ KTS, DCMO,*® IVM, CLAPO,38 FH/MH,32 isolated macrodactyly3® and
epidermal naevus syndrome (ENS) (see online supplemental file 1 for definitions). In the statistical analysis, we grouped



together entities with overlapping clinical features in which a clear-cut differentiation was not always easy or possible: for
example, KTS+DCMO, MCAP+M-CM, FAO+FIL+HHML, IVM+CLAPO, FH+MH.

Based on the involvement of the central nervous system (CNS), the cohort was further divided into two subgroups: (a) CNS
phenotypes, when MRI study detected CNS abnormalities such as MCAP/M-CM, H-MEG, D-MEG or FCD and (b) non-CNS
phenotypes, if no CNS involvement was present. MRI study was performed in cases with macrocephaly, neurological
symptoms (neurodevelopmental disorders, epilepsy) and cases with skin lesions or tissue overgrowth localised to the head
or face (n=41).

A comprehensive literature review (updated in April 2021) was performed, searching for papers in PubMed using the
following keywords: PROS, PIK3CA-related overgrowth spectrum disorders, MCAP, M-CM syndrome, KTS, CLOVES
syndrome, CLAPO syndrome, fibrous hyperplasia, fibro adipose overgrowth, HHML, megalencephaly, dysplastic
megalencephaly, cortical dysplasia and ENS, and including papers in the references and with the ‘similarity’ attribute from
the PubMed search engine. The final revision included only papers providing sufficient clinical description for a diagnosis of
PROS and reporting the related variants in PIK3CA. Detailed clinical data of the final cohort were collected using a standard
spreadsheet completed by referring clinicians who were asked to update the clinical information of patients with the last
follow-up visit (online supplemental file 2). Photographic documentation was required by the laboratory in specific cases
(n=26), where the classification was not clear from the referring clinician description. All material was blindly reviewed by
the two expert clinicians (CL, AM). They independently provided a diagnosis and subsequently discussed and agreed on the
phenotypic allocation of these examined cases.

Clinical and molecular data of patients collected during the literature review were included in a database, and two expert
clinicians separately evaluated the clinical features to provide a final diagnosis. In case of no agreement about the clinical
description, a third expert opinion was required to make the final decision (n=18). Patients for which the clinical report
provided a molecular diagnosis without a recognisable, clear phenotype were classified as ‘other/undefined’ patients in the
present study.

Sample processing

Genomic DNA was extracted from peripheral venous blood, fresh or frozen biopsies and buccal swab samples using the
QlAamp Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions, and quantified on a Bio
Spectrometer Plus (Eppendorf, Hamburg, Germany). Genomic DNA samples extracted from skin biopsies of affected body
regions were analysed in 128 patients. In 80 cases with a PROS phenotype characterised by either vascular malformation or
naevi, the skin biopsy was performed in the affected body region. In 48 cases without an obvious vascular lesion or naevus
(ie, (H/D)-MEG/FCD, FIL, macrodactyly, FAO, FH/MH, HHML), the skin biopsy was performed over the overgrown body
region. Both blood and buccal swab DNA was available for 41 individuals; for 7 DNA was only available from blood, and in 1
from swabs only. For 21 patients, DNA samples extracted from skin biopsies were unavailable. Among these, 14 patients
were tested on DNA derived from blood and swab, and 7 on blood DNA only.u

Targeted next-generation sequencing

The next-generation sequencing (NGS) analysis was performed on genomic DNA from each sample type with two AmpliSeq
Illumina Custom DNA Panels (2021 Illumina). The first custom panel included 21 genes involved in the PI3K/AKT/mTOR
pathway (ie, PIK3R1, PIK3R2, PIK3CA, PTEN, PDK1, PDK2, KRAS, AKT1, AKT2, AKT3, RICTOR, MAPKAP1, MLST8, MTOR, IRS1,
GAB1, GAB2, THEM4, MAPK8I1, PTPN11, RAPTOR).18 Patients with a wild-type (wt) PIK3CA allele at first test underwent a
re-analysis by NGS using a custom panel including also RASA1, TEK, TSC2, GNAQ, TSC1, DEPDC5, CCND2, NPRL3 and GNA11.
Sequencing runs were carried out according to the manufacturer’s protocol on a MiSeq Instrument (lllumina, San Diego,
California, USA). Data analysis was performed using Local Run Manager software V.3 (lllumina). Reads were aligned to the
hg19 human reference genome, and alignments were visually verified with the software Alamut V.2.15 (Interactive
Biosoftware). NGS was performed to obtain an average, unique on-target read depths >1000x. Such coverage is the
minimum required in order to detect variants at very low levels (1% variant allele fraction (VAF) at a depth of 1000x). Our
analysis produced for each sample a mean coverage ranging from 2500x to 3000x. The quality of the sequence run was
monitored by Sequencing Analysis Viewer (lllumina, Hayward, USA), and BaseSpace, Variant Interpreter (lllumina) was
used to interpret variants. Based on our experience, the Illumina Platform included the Pisces algorithm delivering
confidence in discriminating variants from noise down to the VAF of 1%; only variants with a VAF >1% were considered and
studied according to different levels of evidence supporting pathogenicity in cases of somatic mosaicism, as previously
described.1841 |n brief, assessed criteria included variant type, location in protein domain, in silico impact to protein, VAF
and low allele frequency in the population. Variants with suggestive pathogenicity were further investigated, taking into
consideration functional data in the literature and four publicly available databases of human genomic variation

(Clinvar: https://www.ncbi.nlm.nih.gov/clinvar/, dbSNP: https://www.ncbi.nlm.nih.gov/snp/, dbSNP,

gnomAD: https://gnomad.broadinstitute.org and COSMIC: https://cancer.sanger.ac.uk/cosmic).

Statistical analysis

The x2 (or Fisher’s exact when the categories examined had >20% of cells with expected frequencies <5) test was used to
test for differences between phenotype groups. Differences were considered as significant at a p value <0.05. In order
reduce type | errors, multiple testing corrections were performed using verifying p values with both Benjamini-Hochberg
procedure post hoc Bonferroni test.



Results

Patient and level of mosaicism in PIK3CA by sample types

The study included a final sample of 150 unrelated patients (76 females and 74 males) aged 14.3+12.2 years (median 10.6
years, range 0.2—67.0 years). Patients’ phenotypes are summarised in table 1. Thirty-nine (26%) patients were included in
the CNS phenotype group and 111 (74%) patients in the non-CNS phenotype group. Overall, 93/150 patients (62%) were
found to harbour a pathogenic variant in PIK3CA, while PIK3CA variants were not detected in 57/150 (38%) patients.
Figure 1 and online supplemental table 1 detail the 81 pathogenic variants in PIK3CA described worldwide and the
corresponding phenotypes of 1007 patients with PROS, including our cohort (case ID 915-1007) and a further 914 PROS
cases from the literature review (case ID 1-914). Figure 2A displays the 10 most common variants in PIK3CA reported
among the 1007 patients with PROS, responsible for >70% of cases. Figure 2B shows the distribution of phenotypes
according to PIK3CA domains, and online supplemental table 2 details the distribution of the variants in the PROS
phenotypes.

DNA extracted from blood or buccal swab was accepted as the primary sample for all cases in which a tissue biopsy could
not be performed (n=22/146) and as secondary samples in cases first tested on tissue-extracted DNA (n=35 on blood and
n=20 on buccal swab). Ninety-five patients (63%) had a single sample tissue tested: 47 (49%) had a pathogenic variant

in PIK3CA, 9 (10%) in one of the angiogenic signalling pathways genes. Forty patients (27%) had two different tissues
samples tested, with 33 (82%) with pathogenic variant in PIK3CA. Fifteen (10%) patients had three different sample tissues
tested, of which 13 (87%) had a detected pathogenic variant in PIK3CA. Among the patients with a wt PIK3CA allele, this
was confirmed on skin or blood DNA in six cases and one case, respectively. Fourteen of the 21 patients (67%) who did not
have skin biopsy material available harboured a PIK3CA variant in blood (n=10, 5 on swab DNA as well) or in swab DNA
(n=4, wt on blood). Figure 2C displays the percentages of somatic mosaicism (VAF) found in cases with multiple tissues
tested (detailed in online supplemental table 3): 7/10 (70%) of cases with a variant detected in blood or swab DNA samples
were MCAP/M-CM. Patients with PIK3CA variants had on average 2.5+1.4 different tissues affected by overgrowth vs
1.8+1.1 of the patients with wt variants (p=0.008). PIK3CA variants were found in 45.6% of patients with one tissue
affected, 46.4% of those with two, 71.4% of those with three, 77.8% of those with four and 83.3% of those with more than
four tissues affected (p<0.001). With respect to skin biopsy site, of the 80 patients biopsied over a skin vascular
malformation or naevus we observed 53 cases with a positive molecular test (66.3%), whereas of the 48 biopsied on skin
overlying an overgrown tissue (eg, muscular/lipomatous overgrowth) but without vascular malformation or naevus we
reported 35 cases with a positive molecular test (72.9%, p=0.555).

Phenotype and correlations with the strength of activation and functional domains involved in PIK3CA variants

The distribution of the variants across the PIK3CA domains in the present study was different when compared with that
observed in cases from literature (p<0.001), as we found fewer cases with variants in the helical domain and more
spanning out over other PIK3CA domains (figure 2C). The distribution of CNS phenotypes (26/93, 30%) was similar to those
reported in literature (278/914; 30.3%, p=0.722) (figure 2D). Based on variant strength already reported,? we observed that
the p.His1047Arg variant,? established as the most common variant and known to have strong oncogenic activity, was
distributed throughout all PROS phenotypes. Similarly, the second most common strong variant, p.Glu542Lys,2 was
detected in all PROS phenotypes but was more common in CLAPO/IVM and CLOVES. Likewise, p.Glu545Lys was widely
spread out among phenotypes, with the exception of FH/MH.

MCAP/M-CM was associated with almost the entire mutational spectrum of the PIK3CA gene; conversely, some of the
recurrent pathogenetic variants seem to exclusively result in MCAP/M-CM, such as the p.Arg88GIn, p.Pro449Thr,
p.Pro471Leu, p.Gly1049Ser, in addition to other less frequent variants. Interestingly, we observed that some of

the PIK3CA variants previously reported were exclusively associated with (H/D)-MEG/FCD phenotypes, including
p.lle112Asn, p.Asn354Ser, p.Pro449Ser, p.Arg770GIn and p.Thr1025Asn. Similarly, some PIK3CA variants were identified
only among IVM/CLAPO: p.Phe83Ser, p.Glu109del and p.lle143Val. The p.Val346insLys, p.Pro539Arg and p.Asn1044Ser
variants were almost exclusively detected in KTS/DCMO cases, while the p.His450Arg, p.Cys901Phe and p.Gly914Ala
variants were detected in CLOVES cases. A clear difference comparing CNS and non-CNS phenotypes was evident in the
distribution of variants according to their strength: strong variants and hotspots? caused most of the non-CNS phenotypes
(79%) and a small fraction of the CNS phenotypes (12%, p<0.001, figure 2E). Intermediate variants were more frequently
found in the CNS subgroup than in non-CNS, weak variants were only present in non-CNS patients. However, this
observation has limited value given that for many of the variants found strength has not been formally established.

All remaining variants with unknown functional impact on PIK3CA activity were observed with the highest percentage in
CNS patients rather than in non-CNS patients (figure 2E).

In patients with detected PIK3CA-VAF <5% (ie, <10% of tissue involved), we did not observe a correspondence between
tissue extension and phenotype severity (figure 3A-K). In contrast, the strong variants p.His1047Arg, p.Glu542Lys and
p.Glu545Lys corresponded to severe phenotypes despite a very low VAF.

Based on functional studies addressing oncogenic activity classification from strong to weak,* we observed a skewed
distribution of such variants in CNS and non-CNS phenotypes (p<0.001): strong variants were more commonly detected in
the non-CNS-cohort compared with the CNS cohort (figure 2F).



Angiogenic signalling pathways genes variants and related phenotypes

Fifty-seven of the 150 patients had no detectable PIK3CA mutant alleles. Among 57 participants without a

detectable PIK3CA mutant allele, 31 were screened using an angiogenic signalling pathways gene panel and 11/31 had
detectable mutant alleles for one of the genes in the panel. This led to identification of a pathogenic variant in further 11
patients: 4/11 (36.3%) harboured a variant in GNA11, 3/11 (27.3%) in RASA1, 3/11 (27.3%) in GNAQ and 1/11 (9.1%)

in TEK (table 2).

Among these, nine were tested on skin DNA and one on genomic DNA from a blood sample. Within individuals carrying the
somatic p.Arg183Cys variant in the GNA11 gene, two were clinically classified as KTS, and two as MCAP/M-CM. Whereas
those patients harbouring variants in the RASA1 gene (p.Lys661llefsTerl8, p.Trp181Ter and p.Tyr256Ter, two germinal and
one somatic) were all clinically classified as KTS. Phenotypes of the patients with pathogenic variants in an angiogenic
signalling pathways genes overlapped with patients carrying PIK3CA variants, including the clinical diagnostic criteria by
Keppler-Noureil et al (figure 3L-0).5

Discussion

The wide phenotypic and molecular heterogeneity of PROS lends itself to an exploration of genotype/phenotype
correlations. These important correlations, already highlighted in some studies,® 1013 appear rather weak, probably due to
the somatic nature of PROS. Mirzaa et al first showed that several factors, such as tissue distribution, levels of mosaicism
and variant strength, together impact on the wide spectrum of phenotypes.1° FAO, HHML and macrodactyly were mostly
linked to variants within the catalytic domain of PIK3CA, while CLOVES mutations were mostly in the coiled

domain.® Variants in the PIK3CA cancer-related hotspots E542, E545 and H1047 were more often associated with CLOVES,
while G914R mutations were mostly associated with MCAP.? Moreover, weak variants were mainly reported in patients
with CNS involvement, while strong ones in cases without.1!

In this study, we combined multiple cohorts from literature with the first Italian multicentric cohort looking for correlations
on a large sample—>1000—patients with PROS. Based on clinical and molecular data review, we have drawn up a
comprehensive list of all the 81 pathogenic variants described so far, relating them to their respective phenotypes.

Our data confirm that PIK3CA variants in PROS are spread out across the entire gene: 10 variants account for >70% of the
total variant load, with the three most common mutational hotspots observed in cancer (p.His1047Arg, p.Glu542Lys and
p.Glu545Lys) representing nearly 50% of cases. These data support a mutation-specific tailored molecular approach for the
most frequent variants as a first-tier test, aiming at reducing analytic costs and turnaround time. In the small fraction (30%)
of negative cases, the analysis should then be expanded with the NGS approach.

We observed some PIK3CA variants to be exclusive to some clinical entities within the PROS, such as (H/D)-MEG/FCD,
IVM/CLAPO, KTS, MCAP and CLOVES. Conversely, some other variants are widely spread out across all the different
phenotypes, hampering the definition of clear genotype-phenotype correlations. When analysing the variants with
strength data available, we have replicated and confirmed previous observations3!: strongly activating variants mostly
clustered in the non-CNS phenotypes (79% vs 12% of the CNS group), while PIK3CA variants with moderate/intermediate
strength were more common in CNS ones (13% vs 5%). Similarly, variants with unknown functional impact were over-
represented in CNS phenotypes (75% vs 16% in the non-CNS ones, respectively). This skewed distribution might reflect a
selective influence of PIK3CA activation in cells during the important step for fate cell lineage decisions during
embryogenesis, implying that strong variants are not tolerated during CNS development.” 4243

In most somatic disorders, a higher degree of mosaicism usually contributes to more severe disease.** Nevertheless, we
observed some severe phenotypes with multiple tissue involvement and widespread overgrowth showing low VAFs

of PIK3CA variants (<3%; <6% of mutated cells): this may be due to the selection of tissue for analysis (sampling bias) and
underscores the importance of an optimal sample collection. The diagnostic yield increases using DNA directly from tissue
samples of the affected body region rather than extracted from blood.?°1! Qur results confirmed this observation and
suggests testing of multiple tissues and body sites improves the likelihood of finding variants.28 As an exception to this rule,
we confirm that in MCAP variants are frequently found in blood/swab-extracted DNA, as already reported.> 1011 The
observation of severe phenotypes with low VAFs is intriguing, and allows to hypothesise that mutant cells might exert
growth-promoting effects on unaffected cells near or far from them through cell-cell interactions and paracrine growth
factors/exosomes.” Based on non-cell-autonomous actions, it cannot be excluded that the PI3K signalling could also be
enhanced in non-mutated cells.”

By testing genes associated with vascular phenotypes in selected PIK3CA mutation negative cases, we obtained an increase
in the diagnostic rate of >10%; in several cases with phenotypes overlapping PROS, we identified germinal/postzygotic
pathogenic variants in GNAQ, GNA11, RASA1 and TEK, as previously reported.1445>-49 Specifically, in two patients with
KTS/DCMO and in two with MCAP, we detected a somatic p.Arg183Cys pathogenic variant in GNA11, previously associated
with DCMO, phakomatosis pigmentovascularis and congenital non-progressive hemangioma.* Also, three patients

with GNAQ:p.Arg183GIn variants presented with KTS/DCMO. Furthermore, protein truncating variants in RASA1, reported
in Parkes Weber syndrome,*650-53 were found in three patients (germline or somatic) with a phenotype partially
overlapping KTS/DCMO, two of which without typical arteriovenous malformations. In this respect, it seems relevant to
point out that the cases we studied have been accumulated over 10 years, a time period in which some clinical definitions
have changed, such as that between KTS and DCMO, and this might have impacted on our clinical classification.4?
Interestingly, PIK3R1 variants have been recently shown to activate the PI3K pathway leading to phenotypes overlapping
PROS.>* Remarkably, we found no variant in such gene: either they are very rare, or this could be due to ascertainment bias



or differences in methodology. It would also be appropriate, in the light of recent evidence, to test cases with overgrowth
and lymphatic/vascular anomalies for mosaic RASopathies using a NGS approach including genes of the RAS/MAPK
pathways.5556

Our observations underline that the clinical classification of PROS and overlapping disorders according to old nomenclature
and nosology in diverse syndromes is burdened by several limitations. On the one hand, the allocation of patient into a
diagnostic category is crucial to identify uniform medical implications and to help define phenotypes and facilitate support
groups of patients with similar needs and goals. On the other hand, there are many indeterminate cases difficult to classify
into a specific disorder, as well as cases with specific phenotypes that show genetic heterogeneity. In complex cases, it is
more important to provide specific molecular characterisation and deep phenotyping than to pigeonhole any given clinical
presentation into a specific syndrome. This has relevant clinical and patient implications: for example, for patient inclusion
in trials criteria may necessitate the detection of PIK3CA variants notwithstanding the clinical presentation.26 Over the past
decade, molecular classification of PROS has paved the way to several novel targeted treatment options derived from
oncology>? including direct PIK3CA inhibitors,85 such as the alpha-specific Alpelisib (BYL719) recently used in a
compassionate access scheme in PROS.266061 Also drugs reducing oversignalling through the PI3K pathway have been
successfully employed in PROS or related/overlapping conditions, such as miransertib (ARQ092), an oral, allosteric pan-AKT
inhibitor52-66 or rapamycin, the first identified mTOR inhibitor.2467-73

The retrospective design of this study is a limitation. Ascertainment bias for the previously published cases reviewed in the
paper is another limitation, in particular taking into consideration difficulties and heterogeneity in classifying phenotypes.
Additionally, there was no longitudinal evaluation or systematic evaluation and quantification of the severity of the
disease. This should be assessed in future studies and clarified to verify the evolution of the clinical picture over time and
relate this to the different variants, fully defining their oncogenic potential, as well as defining the oncologic risk in PROS.
In conclusion, this work provides a comprehensive systematic review of the genotypes and phenotypes within the PROS.
Clear-cut genotype/phenotype correlations for all PROS entities is not possible. Our analysis mostly confirmed previous
observations and the few genotype-phenotype correlations already evidenced?3274: (a) some variants/domains interested
seem to be exclusively associated with a specific phenotype; (b) strong variants are associated with non-CNS phenotypes,
while weak/intermediate are associated with CNS ones; (c) there is often no correspondence between the VAF and the
phenotype severity; (d) although in PROS PIK3CA variants are spread out across the entire gene, 10 hotspots are
responsible for >70% of cases, making feasible a tailored first-tier approach to reduce analytic costs; (e) a molecular
approach including testing for an angiogenic signalling pathways genes, than can be responsible for PROS-resembling
phenotypes, leads to an increase in the diagnostic yield.

These observations will help guide clinicians in the challenging process of patients’ diagnosis and stratification as well as in
the follow-up. Given the promising outcomes with targeted therapies in PROS, stronger efforts to reduce the fraction of
patients without a molecular diagnosis need to be made.

Data availability statement
All data relevant to the study are included in the article or uploaded as supplementary information. not applicable.

Ethics statements

Patient consent for publication

Consent obtained from parent(s)/guardian(s)

Ethics approval

Written informed consent was obtained from patients or guardians to perform the genetic tests for diagnostics and
research purposes on peripheral blood, tissue biopsy, or other samples, according to the local ethic committee’s policy
(approval code study: 6743 N°0020062/05/03/2021, Policlinico of Bari, Italy and 00086/2022, Citta della Salute e della
Scienza of Torino, Italy). Written informed consent to publish photographs for clinical and research purposes was also
collected for selected cases.

Acknowledgments
The authors thank the patient and their families for taking part in the study and the Italian Macrodactyly and PROS
Association for collaborating with the authors.



REFERENCES

1 Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, Yan H, Gazdar A, Powell SM, Riggins GJ, Willson JKV, Markowitz
S, Kinzler KW, Vogelstein B, Velculescu VE. High frequency of mutations of the PIK3CA gene in human cancers. Science
2004;304:554.

2 Dogruluk T, Tsang YH, Espitia M, Chen F, Chen T, Chong Z, Appadurai V, Dogruluk A, Eterovic AK, Bonnen PE, Creighton CJ,
Chen K, Mills GB, Scott KL. Identification of variant-specific functions of PIK3CA by rapid phenotyping of rare mutations.
Cancer Res 2015;75:5341-54.

3 Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M, Zhang Q, McMichael JF, Wyczalkowski MA, Leiserson MDM,
Miller CA, Welch JS, Walter MJ, Wendl MC, Ley TJ, Wilson RK, Raphael BJ, Ding L. Mutational landscape and significance
across 12 major cancer types. Nature 2013;502:333-9.

4 Hoadley KA, Yau C, Wolf DM, Cherniack AD, Tamborero D, Ng S, Leiserson MDM, Niu B, McLellan MD, Uzunangelov V,
Zhang J, Kandoth C, Akbani R, Shen H, Omberg L, Chu A, Margolin AA, Van’t Veer LJ, Lopez-Bigas N, Laird PW, Raphael BJ,
Ding L, Robertson AG, Byers LA, Mills GB, Weinstein JN, Van Waes C, Chen Z, Collisson EA, Benz CC, Perou CM, Stuart JM,
Cancer Genome Atlas Research Network. Multiplatform analysis of 12 cancer types reveals molecular classification within
and across tissues of origin. Cell 2014;158:929-44.

5 Keppler-Noreuil KM, Rios JJ, Parker VER, Semple RK, Lindhurst MJ, Sapp JC, Alomari A, Ezaki M, Dobyns W, Biesecker LG.
Pik3Ca-Related overgrowth spectrum (pros): diagnostic and testing eligibility criteria, differential diagnosis, and evaluation.
Am J Med Genet A 2015;167A:287-95.

6 Zollino M, Ranieri C, Grossi V, Leoni C, Lattante S, Mazza D, Simone C, Resta N. Germline pathogenic variant in PIK3CA
leading to symmetrical overgrowth with marked macrocephaly and mild global developmental delay. Mol Genet Genomic
Med 2019;7:e845.

7 Madsen RR, Vanhaesebroeck B, Semple RK. Cancer-Associated PIK3CA mutations in overgrowth disorders. Trends Mol
Med 2018;24:856-70.

8 Gymnopoulos M, Elsliger M-A, Vogt PK. Rare cancer-specific mutations in PIK3CA show gain of function. Proc Natl Acad
Sci US A 2007;104:5569-74.

9 ChangF, Liu L, Fang E, Zhang G, Chen T, Cao K, Li Y, Li MM. Molecular diagnosis of mosaic overgrowth syndromes using a
custom-designed next-generation sequencing panel. J Mol Diagn 2017;19:613-24.

10 Mirzaa G, Timms AE, Conti V, Boyle EA, Girisha KM, Martin B, Kircher M, Olds C, Juusola J, Collins S, Park K, Carter M,
Glass |, Krageloh-Mann |, Chitayat D, Parikh AS, Bradshaw R, Torti E, Braddock S, Burke L, Ghedia S, Stephan M, Stewart F,
Prasad C, Napier M, Saitta S, Straussberg R, Gabbett M, O’Connor BC, Keegan CE, Yin LJ, Lai AHM, Martin N, McKinnon M,
Addor M-C, Boccuto L, Schwartz CE, Lanoel A, Conway RL, Devriendt K, Tatton-Brown K, Pierpont ME, Painter M, Worgan L,
Reggin J, Hennekam R, Tsuchiya K, Pritchard CC, Aracena M, Gripp KW, Cordisco M, Van Esch H, Garavelli L, Curry C, Goriely
A, Kayserilli H, Shendure J, Graham J, Guerrini R, Dobyns WB. PIK3CA-associated developmental disorders exhibit distinct
classes of mutations with variable expression and tissue distribution. JCI Insight 2016;1:e87623.

11 Kuentz P, St-Onge J, Duffourd Y, Courcet J-B, Carmignac V, Jouan T, Sorlin A, AbasgThomas C, Albuisson J, Amiel J,
Amram D, Arpin S, Attie-Bitach T, Bahi-Buisson N, Barbarot S, Baujat G, Bessis D, Boccara O, Bonniére M, Boute O, Bursztejn
A-C, Chiaverini C, Cormier-Daire V, Coubes C, Delobel B, Edery P, Chehadeh SE, Francannet C, Genevieve D, Goldenberg A,
Haye D, Isidor B, Jacquemont M-L, Khau Van Kien P, Lacombe D, Martin L, Martinovic J, Maruani A, Mathieu-Dramard M,
MazereeuwHautier J, Michot C, Mignot C, Miquel J, Morice-Picard F, Petit F, Phan A, Rossi M, Touraine R, Verloes A,
Vincent M, Vincent-Delorme C, Whalen S, Willems M, Marle N, Lehalle D, Thevenon J, Thauvin-Robinet C, Hadj-Rabia S,
Faivre L, Vabres P, Riviere J-B. Molecular diagnosis of PIK3CA-related overgrowth spectrum (pros) in 162 patients and
recommendations for genetic testing. Genet Med 2017;19:989-97.

12 Luks VL, Kamitaki N, Vivero MP, Uller W, Rab R, Bovée JVMG, Rialon KL, Guevara CJ, Alomari Al, Greene AK, Fishman SJ,
Kozakewich HPW, Maclellan RA, Mulliken JB, Rahbar R, Spencer SA, Trenor CC, Upton J, Zurakowski D, Perkins JA, Kirsh A,
Bennett JT, Dobyns WB, Kurek KC, Warman ML, McCarroll SA, Murillo R. Lymphatic and other vascular
malformative/overgrowth disorders are caused by somatic mutations in PIK3CA. J Pediatr 2015;166:1048-54.

13 Riviere J-B, Mirzaa GM, O’Roak BJ, Beddaoui M, Alcantara D, Conway RL, St-Onge J, Schwartzentruber JA, Gripp KW,
Nikkel SM, Worthylake T, Sullivan CT, Ward TR, Butler HE, Kramer NA, Albrecht B, Armour CM, Armstrong L, Caluseriu O,
Cytrynbaum C, Drolet BA, Innes AM, Lauzon JL, Lin AE, Mancini GMS, Meschino WS, Reggin JD, Saggar AK, Lerman-Sagie T,
Uyanik G, Weksberg R, Zirn B, Beaulieu CL, Majewski J, Bulman DE, O’Driscoll M, Shendure J, Graham JM, Boycott KM,
Dobyns WB, Finding of Rare Disease Genes (FORGE) Canada Consortium. De novo germline and postzygotic mutations in
Akt3, PIK3R2 and PIK3CA cause a spectrum of related megalencephaly syndromes. Nat Genet 2012;44:934-40.

14 Siegel DH, Cottrell CE, Streicher JL, Schilter KF, Basel DG, Baselga E, Burrows PE, Ciliberto HM, Vigh-Conrad KA,
Eichenfield LF, Holland KE, Hogeling M, Jensen JN, Kelly ME, Kim W, King DM, McCuaig C, Mueller KA, Pope E, Powell J,
Price H, Steiner JE, Frieden 1J, Tollefson MM, Drolet BA. Analyzing the Genetic Spectrum of Vascular Anomalies with
Overgrowth via Cancer Genomics. J Invest Dermatol 2018;138:957-67.

15 Wu J, Tian W, Tian G, Sumner K, Hutchinson DT, Ji Y. An investigation of PIK3CA mutations in isolated macrodactyly. J
Hand Surg Eur Vol 2018;43:756-60.

16 Keppler-Noreuil KM, Sapp JC, Lindhurst MJ, Parker VER, Blumhorst C, Darling T, Tosi LL, Huson SM, Whitehouse RW,
Jakkula E, Grant |, Balasubramanian M, Chandler KE, Fraser JL, Gucev Z, Crow YJ, Brennan LM, Clark R, Sellars EA, Pena
LDM, Krishnamurty V, Shuen A, Braverman N, Cunningham ML, Sutton VR, Tasic V, Graham JM, Geer J, Henderson A,

8



Semple RK, Biesecker LG. Clinical delineation and natural history of the PIK3CA-related overgrowth spectrum. Am J Med
Genet A 2014;164A:1713-33.

17 Rios JJ, Paria N, Burns DK, Israel BA, Cornelia R, Wise CA, Ezaki M. Somatic gainof-function mutations in
PIK3CA in patients with macrodactyly. Hum Mol Genet 2013;22:444-51.

18 Hucthagowder V, Shenoy A, Corliss M, Vigh-Conrad KA, Storer C, Grange DK, Cottrell CE. Utility of clinical
high-depth next generation sequencing for somatic variant detection in the PIK3CA-related overgrowth
spectrum. Clin Genet 2017;91:79-85.

19 Davis S, Ware MA, Zeiger J, Deardorff MA, Grand K, Grimberg A, Hsu S, Kelsey M, Majidi S, Matthew RP,
Napier M, Nokoff N, Prasad C, Riggs AC, McKinnon ML, Mirzaa G. Growth hormone deficiency in
megalencephaly-capillary malformation syndrome: an association with activating mutations in PIK3CA. Am J
Med Genet A 2020;182:162-8.

20 Maclellan RA, Luks VL, Vivero MP, Mulliken JB, Zurakowski D, Padwa BL, Warman ML, Greene AK, Kurek KC.
Pik3Ca activating mutations in facial infiltrating lipomatosis. Plast Reconstr Surg 2014;133:12e-19.

21 Blackburn PR, Milosevic D, Marek T, Folpe AL, Howe BM, Spinner RJ, Carter JM. PIK3CA mutations in
lipomatosis of nerve with or without nerve Territory overgrowth. Mod Pathol 2020;33:420-30.

22 Piacitelli AM, Jensen DM, Brandling-Bennett H, Gray MM, Batra M, Gust J, Thaker A, Paschal C, Tsuchiya K,
Pritchard CC, Perkins J, Mirzaa GM, Bennett JT. Characterization of a severe case of PIK3CA-related overgrowth
at autopsy by droplet digital polymerase chain reaction and report of PIK3CA sequencing in 22 patients. Am J
Med Genet A 2018;176:2301-8.

23 Michel ME, Konczyk DJ, Yeung KS, Murillo R, Vivero MP, Hall AM, Zurakowski D, Adams D, Gupta A, Huang
AY, Chung BHY, Warman ML. Causal somatic mutations in urine DNA from persons with the cloves subgroup of
the PIK3CA-related overgrowth spectrum. Clin Genet 2018;93:1075-80.

24 Parker VER, Keppler-Noreuil KM, Faivre L, Luu M, Oden NL, De Silva L, Sapp JC, Andrews K, Bardou M, Chen
KY, Darling TN, Gautier E, Goldspiel BR, Hadj-Rabia S, Harris J, Kounidas G, Kumar P, Lindhurst MJ, Loffroy R,
Martin L, Phan A, Rother KI, Widemann BC, Wolters PL, Coubes C, Pinson L, Willems M, Vincent-Delorme C,
Vabres P, Semple RK, Biesecker LG, PROMISE Working Group. Safety and efficacy of low-dose sirolimus in the
PIK3CA-related overgrowth spectrum. Genet Med 2019;21:1189-98.

25 Garde A, Guibaud L, Goldenberg A, Petit F, Dard R, Roume J, Mazereeuw-Hautier J, Chassaing N, Lacombe
D, Morice-Picard F, Toutain A, Arpin S, Boccara O, Touraine R, Blanchet P, Coubes C, Willems M, Pinson L, Van
Kien PK, Chiaverini C, Giuliano F, Alessandri J-L, Mathieu-Dramard M, Morin G, Bursztejn A-C, Mignot C,
Doummar D, Di Rocco F, Cornaton J, Nicolas C, Gautier E, Luu M, Bardou M, Sorlin A, Philippe C, Edery P, Rossi
M, Carmignac V, Thauvin-Robinet C, Vabres P, Faivre L. Clinical and neuroimaging findings in 33 patients with
MCAP syndrome: a survey to evaluate relevant endpoints for future clinical trials. Clin Genet 2021;99:650-61.
26 Venot Q, Blanc T, Rabia SH, Berteloot L, Ladraa S, Duong J-P, Blanc E, Johnson SC, Hoguin C, Boccara O,
Sarnacki S, Boddaert N, Pannier S, Martinez F, Magassa S, Yamaguchi J, Knebelmann B, Merville P, Grenier N,
Joly D, Cormier-Daire V, Michot C, Bole-Feysot C, Picard A, Soupre V, Lyonnet S, Sadoine J, Slimani L, Chaussain
C, Laroche-Raynaud C, Guibaud L, Broissand C, Amiel J, Legendre C, Terzi F, Canaud G. Targeted therapy in
patients with PIK3CA-related overgrowth syndrome. Nature 2018;558:540-6.

27 Tian W, Huang Y, Sun L, Guo Y, Zhao S, Lin M, Dong X, Zhong W, Yin Y, Chen Z, Zhang N, Zhang Y, Wang L, Lin
J,Yan Z, Yang X, Zhao J, Qiu G, Zhang J, Wu Z, Wu N. Deciphering disorders involving scoliosis, comorbidities)
Study Group. phenotypic and genetic spectrum of isolated macrodactyly: somatic mosaicism of PIK3CA and
Akt1 oncogenic variants. Orphanet J Rare Dis 2020;15:288.

28 Zenner K, Cheng CV, Jensen DM, Timms AE, Shivaram G, Bly R, Ganti S, Whitlock KB, Dobyns WB, Perkins J,
Bennett JT. Genotype correlates with clinical severity in PIK3CAassociated lymphatic malformations. JCI Insight
2019;4:€129884.

29 Leiter SM, Parker VER, Welters A, Knox R, Rocha N, Clark G, Payne F, Lotta L, Harris J, Guerrero-Fernandez J,
Gonzalez-Casado |, Garcia-Minaur S, Gordo G, Wareham N, Martinez-Glez V, Allison M, O’Rahilly S, Barroso |,
Meissner T, Davies S, Hussain K, Temple K, Barreda-Bonis A-C, Kummer S, Semple RK. Hypoinsulinaemic,
hypoketotic hypoglycaemia due to mosaic genetic activation of PI3-kinase. Eur J Endocrinol 2017;177:175-86.
30 Limaye N, Kangas J, Mendola A, Godfraind C, Schlégel MJ, Helaers R, Eklund L, Boon LM, Vikkula M. Somatic
activating PIK3CA mutations cause venous malformation. Am J Hum Genet 2015;97:914-21.

31 Mirzaa GM, Riviere J-B, Dobyns WB. Megalencephaly syndromes and activating mutations in the PI3K-Akt
pathway: MPPH and MCAP. Am J Med Genet C Semin Med Genet 2013;163C:122-30.

32 Lindhurst MJ, Parker VER, Payne F, Sapp JC, Rudge S, Harris J, Witkowski AM, Zhang Q, Groeneveld MP,
Scott CE, Daly A, Huson SM, Tosi LL, Cunningham ML, Darling TN, Geer J, Gucev Z, Sutton VR, Tziotzios C, Dixon
AK, Helliwell T, O’Rahilly S, Savage DB, Wakelam MJO, Barroso |, Biesecker LG, Semple RK. Mosaic overgrowth
with fibroadipose hyperplasia is caused by somatic activating mutations in PIK3CA. Nat Genet 2012;44:928-33.

9



33 Mirzaa GM, Conway RL, Gripp KW, Lerman-Sagie T, Siegel DH, deVries LS, Lev D, Kramer N, Hopkins E,
Graham JM, Dobyns WB. Megalencephaly-capillary malformation (MCAP) and megalencephaly-polydactyly-
polymicrogyria-hydrocephalus (MPPH) syndromes: two closely related disorders of brain overgrowth and
abnormal brain and body morphogenesis. Am J Med Genet A 2012;158A:269-91.

34 Dobyns WB, Mirzaa GM. Megalencephaly syndromes associated with mutations of core components of the
PI3K-AKT-mTOR pathway: PIK3CA, PIK3R2, Akt3, and mTOR. Am J Med Genet C Semin Med Genet
2019;181:582—-90.

35 Sapp JC, Turner JT, van de Kamp JM, van Dijk FS, Lowry RB, Biesecker LG. Newly delineated syndrome of
congenital lipomatous overgrowth, vascular malformations, and epidermal nevi (clove syndrome) in seven
patients. Am J Med Genet A 2007;143A:2944-58.

36 Alomari Al. Characterization of a distinct syndrome that associates complex truncal overgrowth, vascular,
and acral anomalies: a descriptive study of 18 cases of cloves syndrome. Clin Dysmorphol 2009;18:1-7.

37 Biesecker LG, Peters KF, Darling TN, Choyke P, Hill S, Schimke N, Cunningham M, Meltzer P, Cohen MM.
Clinical differentiation between Proteus syndrome and hemihyperplasia: description of a distinct form of
hemihyperplasia. Am J Med Genet 1998;79:311-8.

38 Lépez-Gutiérrez JC, Lapunzina P. Capillary malformation of the lower lip, lymphatic malformation of the
face and neck, asymmetry and partial/generalized overgrowth (CLAPO): report of six cases of a new
syndrome/association. Am J Med Genet A 2008;146A:2583-8.

39 Labow BI, Pike CM, Upton J. Overgrowth of the hand and upper extremity and associated syndromes. J
Hand Surg Am 2016;41:473-82.

40 Lee MS, Liang MG, Mulliken JB. Diffuse capillary malformation with overgrowth: a clinical subtype of
vascular anomalies with hypertrophy. J Am Acad Dermatol 2013;69:589-94.

41 Dunn T, Berry G, Emig-Agius D, Jiang Y, Lei S, lyer A, Udar N, Chuang H-Y, Hegarty J, Dickover M, Klotzle B,
Robbins J, Bibikova M, Peeters M, Stromberg M. Pisces: an accurate and versatile variant caller for somatic and
germline next-generation sequencing data. Bioinformatics 2019;35:1579-81.

42 Kim J-S, Lee C, Bonifant CL, Ressom H, Waldman T. Activation of p53-dependent growth suppression in
human cells by mutations in PTEN or PIK3CA. Mol Cell Biol 2007;27:662-77.

43 Baumgartner C, Toifl S, Farlik M, Halbritter F, Scheicher R, Fischer I, Sexl V, Bock C, Baccarini M. An ERK-
dependent feedback mechanism prevents hematopoietic stem cell exhaustion. Cell Stem Cell 2018;22:879-92.
44 Martinez-Glez V, Tenorio J, Nevado J, Gordo G, Rodriguez-Laguna L, Feito M, de Lucas R, Pérez-Jurado LA,
Ruiz Pérez VL, Torrelo A, Spinner NB, Happle R, Biesecker LG, Lapunzina P. A six-attribute classification of
genetic mosaicism. Genet Med 2020;22:1743-57.

45 Goss JA, Konczyk DJ, Smits P, Sudduth CL, Bischoff J, Liang MG, Greene AK. Diffuse capillary malformation
with overgrowth contains somatic PIK3CA variants. Clin Genet 2020;97:736-40.

46 Revencu N, Fastre E, Ravoet M, Helaers R, Brouillard P, Bisdorff-Bresson A, Chung CWT, Gerard M,
Dvorakova V, Irvine AD, Boon LM, Vikkula M. RASA1 mosaic mutations in patients with capillary malformation-
arteriovenous malformation. ] Med Genet 2020;57:48-52.

47 Revencu N, Boon LM, Mulliken JB, Enjolras O, Cordisco MR, Burrows PE, Clapuyt P, Hammer F, Dubois J,
Baselga E, Brancati F, Carder R, Quintal JIMC, Dallapiccola B, Fischer G, Frieden lJ, Garzon M, Harper J, Johnson-
Patel J, Labréze C, Martorell L, Paltiel HJ, Pohl A, Prendiville J, Quere |, Siegel DH, Valente EM, Van Hagen A,
Van Hest L, Vaux KK, Vicente A, Weibel L, Chitayat D, Vikkula M. Parkes Weber syndrome, vein of Galen
aneurysmal malformation, and other fast-flow vascular anomalies are caused by RASA1 mutations. Hum Mutat
2008;29:959-65.

48 Sudarsanam A, Ardern-Holmes SL. Sturge-Weber syndrome: from the past to the present. Eur J Paediatr
Neurol 2014;18:257-66.

49 Funk T, Lim Y, Kulungowski AM, Prok L, Crombleholme TM, Choate K, Bruckner AL. Symptomatic congenital
hemangioma and congenital hemangiomatosis associated with a somatic activating mutation in GNA11. JAMA
Dermatol 2016;152:1015-20.

50 Gordo G, Rodriguez-Laguna L, Agra N, Mendez P, Feito M, Lapunzina P, LopezGutierrez JC, Martinez-Glez V.
Constitutional mosaicism in RASA1-related capillary malformation-arteriovenous malformation. Clin Genet
2019;95:516-9.

51 Moteki Y, Akagawa H, Niimi Y, Okada Y, Kawamata T. Novel RASA1 mutations in Japanese pedigrees with
capillary malformation-arteriovenous malformation. Brain Dev 2019;41:812-6.

52 Alluhaibi R, Alkhayat LN, Aqgeeli W. Capillary Malformation-Arteriovenous malformation syndrome. Cureus
2021;13:e12562.

10



53 Flores Daboub JA, Grimmer JF, Frigerio A, Wooderchak-Donahue W, Arnold R, Szymanski J, Longo N, Bayrak-
Toydemir P. Parkes Weber syndrome associated with two somatic pathogenic variants in RASA1. Cold Spring
Harb Mol Case Stud 2020;6. doi:10.1101/mcs.a005256. [Epub ahead of print: 25 08 2020].

54 Cottrell CE, Bender NR, Zimmermann MT, Heusel JW, Corliss M, Evenson MJ, Magrini V, Corsmeier DJ,
Avenarius M, Dudley JN, Johnston JJ, Lindhurst MJ, Vigh-Conrad K, Davies OMT, Coughlin CC, Frieden 1J,
Tollefson M, Zaenglein AL, Ciliberto H, Tosi LL, Semple RK, Biesecker LG, Drolet BA. Somatic PIK3R1 variation as
a cause of vascular malformations and overgrowth. Genet Med 2021;23:1882-8.

55 Chang CA, Perrier R, Kurek KC, Estrada-Veras J, Lehman A, Yip S, Hendson G, Diamond C, Pinchot JW, Tran
JM, Arkin LM, Drolet BA, Napier MP, O’Neill SA, Balci TB, Keppler-Noreuil KM. Novel findings and expansion of
phenotype in a mosaic RASopathy caused by somatic KRAS variants. Am J Med Genet A 2021;185:2829-45.
56 Al-Olabi L, Polubothu S, Dowsett K, Andrews KA, Stadnik P, Joseph AP, Knox R, Pittman A, Clark G, Baird W,
Bulstrode N, Glover M, Gordon K, Hargrave D, Huson SM, Jacques TS, James G, Kondolf H, Kangesu L, Keppler-
Noreuil KM, Khan A, Lindhurst MJ, Lipson M, Mansour S, O’Hara J, Mahon C, Mosica A, Moss C, Murthy A, Ong
J, Parker VE, Riviere J-B, Sapp JC, Sebire NJ, Shah R, Sivakumar B, Thomas A, Virasami A, Waelchli R, Zeng Z,
Biesecker LG, Barnacle A, Topf M, Semple RK, Patton EE, Kinsler VA. Mosaic Ras/MAPK variants cause sporadic
vascular malformations which respond to targeted therapy. J Clin Invest 2018;128:5185.

57 Loconte DC, Grossi V, Bozzao C, Forte G, Bagnulo R, Stella A, Lastella P, Cutrone M, Benedicenti F, Susca FC,
Patruno M, Varvara D, Germani A, Chessa L, Laforgia N, Tenconi R, Simone C, Resta N. Molecular and
functional characterization of three different postzygotic mutations in PIK3CA-related overgrowth spectrum
(pros) patients: effects on PI3K/Akt/mTOR signaling and sensitivity to PIK3 inhibitors. PLoS One
2015;10:e0123092.

58 Manning BD, Toker A. AKT/PKB signaling: Navigating the network. Cell 2017;169:381-405.

59 Alzahrani AS. PI3K/Akt/mTOR inhibitors in cancer: at the bench and bedside. Semin Cancer Biol
2019;59:125-32.

60 Garneau AP, Haydock L, Tremblay LE, Isenring P. Somatic non-cancerous PIK3CArelated overgrowth
syndrome treated with alpelisib in North America. J Mol Med 2021;99:311-3.

61 Lopez Gutiérrez JC, Lizarraga R, Delgado C, Martinez Urrutia MJ, Diaz M, Miguel M, Triana P. Alpelisib
treatment for genital vascular malformation in a patient with congenital lipomatous overgrowth, vascular
malformations, epidermal nevi, and Spinal/Skeletal anomalies and/or scoliosis (cloves) syndrome. J Pediatr
Adolesc Gynecol 2019;32:648-50.

62 Ranieri C, Di Tommaso S, Loconte DC, Grossi V, Sanese P, Bagnulo R, Susca FC, Forte G, Peserico A, De Luisi
A, Bartuli A, Selicorni A, Melis D, Lerone M, Pratico AD, Abbadessa G, Yu Y, Schwartz B, Ruggieri M, Simone C,
Resta N. In vitro efficacy of ARQ 092, an allosteric Akt inhibitor, on primary fibroblast cells derived from
patients with PIK3CA-related overgrowth spectrum (pros). Neurogenetics 2018;19:77-91.

63 Lindhurst MJ, Yourick MR, Yu Y, Savage RE, Ferrari D, Biesecker LG. Repression of Akt signaling by ARQ 092
in cells and tissues from patients with Proteus syndrome. Sci Rep 2015;5:17162.

64 Leoni C, Gullo G, Resta N, Fagotti A, Onesimo R, Schwartz B, Kazakin J, Abbadessa G, Crown J, Collins CD,
Ranieri C, Scambia G, Zampino G. First evidence of a therapeutic effect of miransertib in a teenager with
Proteus syndrome and ovarian carcinoma. Am J Med Genet A 2019;179:1319-24.

65 Biesecker LG, Edwards M, O’Donnell S, Doherty P, MacDougall T, Tith K, Kazakin J, Schwartz B. Clinical
report: one year of treatment of Proteus syndrome with miransertib (ARQ 092). Molecular Case Studies
2020;6.

66 Forde K, Resta N, Ranieri C, Rea D, Kubassova O, Hinton M, Andrews KA, Semple R, Irvine AD, Dvorakova V.
Clinical experience with the Aktl inhibitor miransertib in two children with PIK3CA-related overgrowth
syndrome. Orphanet J Rare Dis 2021;16:109.

67 Hammill AM, Wentzel M, Gupta A, Nelson S, Lucky A, Elluru R, Dasgupta R, Azizkhan RG, Adams DM.
Sirolimus for the treatment of complicated vascular anomalies in children. Pediatr Blood Cancer
2011;57:1018-24.

68 Ricci KW, Hammill AM, Mobberley-Schuman P, Nelson SC, Blatt J, Bender JLG, McCuaig CC, Synakiewicz A,
Frieden 1J, Adams DM. Efficacy of systemic sirolimus in the treatment of generalized lymphatic anomaly and
Gorham-Stout disease. Pediatr Blood Cancer 2019;66:e27614.

69 Leoni C, Onesimo R, Resta N, Patti ML, De Santis R, Bagnulo R, Russo L, Manfredi R, Genuardi M, Zampino G.
Old treatments for new genetic conditions: sirolimus therapy in a child affected by mosaic overgrowth with
fibroadipose hyperplasia. Clin Genet 2019;96:102-3.

70 Hughes M, Hao M, Luu M. PIK3CA vascular overgrowth syndromes: an update. Curr Opin Pediatr
2020;32:539-46.

11



71 Gonzalez-Hermosa MR, Guerra E, Tuduri |, Vicente |, Ldpez-Almaraz R. CLAPO syndrome: effective response
to treatment with oral rapamycin. Dermatol Ther 2019;32:e12991.

72 Bessis D, Vernhet H, Bigorre M, Quéré |, Rdssler J. Life-Threatening cutaneous bleeding in childhood Klippel-
Trenaunay syndrome treated with oral sirolimus. JAMA Dermatol 2016;152:1058-9.

73 Adams DM, Trenor CC, Hammill AM, Vinks AA, Patel MN, Chaudry G, Wentzel MS, Mobberley-Schuman PS,
Campbell LM, Brookbank C, Gupta A, Chute C, Eile J, McKenna J, Merrow AC, Fei L, Hornung L, Seid M,
Dasgupta AR, Dickie BH, Elluru RG, Lucky AW, Weiss B, Azizkhan RG. Efficacy and safety of sirolimus in the
treatment of complicated vascular anomalies. Pediatrics 2016;137:€20153257.

74 Park HJ, Shin CH, Yoo WJ, Cho T-J, Kim MJ, Seong M-W, Park SS, Lee JH, Sim NS, Ko JM. Detailed analysis of
phenotypes and genotypes in megalencephaly-capillary malformation-polymicrogyria syndrome caused by
somatic mosaicism of PIK3CA mutations. Orphanet J Rare Dis 2020;15:205.

12



Table 1
Phenotypes and mutated genes in our cohort of PROS patients

Positive samples/total

Phenotype N PIK3CA-mut Vascular genes Wild-type Skin biopsies Swab
MCAP/M-CM 34 26 2 6 17/20 12/20
(H/D)-MEG/FCD 5 3 - 2 2/2 0/1
CLOVES 5 5 - - 5/5 0/2
KTS/DCMO 40 17 8 15 25/40 1/4
IVM 10 4 1 5 4/8 2/3
FIL 2 2 - - 2/2 0/1
CLAPO 3 1 - 2 1/3 -
Macrodactyly 24 21 - 3 21/24 0/3
FAO 8 4 - 4 4/8 0/1
FH/MH 15 9 - 6 8/14 0/3
HHML 2 1 - 1 1/2 -
Epidermal naevus 2 - - 2 0/2 -
Total 150 93 11 47 93/130 15/38

CLAPOQ, capillary malformation of the lower lip, lymphatic malformation of the face and neck,
asymmetry and partial/generalised overgrowth; CLOVES, congenital lipomatous overgrowth,
vascular malformations, epidermal nevi, scoliosis/skeletal and spinal syndrome; DCMO, diffuse
capillary malformation with overgrowth; D-MEG, dysplastic megalencephaly; FAO, fibroadipose
overgrowth; FCD, focal cortical dysplasia; FH, fibrous hyperplasia; FIL, facial infiltrating lipomatosis ;
HHML, hemihyperplasia multiple lipomatosis; H-MEG, hemimegalencephaly; IVM, isolated vascular
malformation; KTS, Klippel-Trenaunay syndrome; MCAP, megalencephaly-capillary malformation
polymicrogyria syndrome; M-CM, macrocephaly-capillary malformation; MH, muscle hyperplasia;
PROS, PIK3CA-related overgrowth spectrum.
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Table 2

Phenotypes and genotypes of the 10 presumptive PROS patients harbouring pathogenetic variants in

‘vascular’ genes

ID Gene Variant

88 RASA1 p.Lys661lllefsTerl8

96 GNAQ p.Argl83Gin

108 GNA11 p.Arg183Cys

126 GNA11 p.Arg183Cys

130 GNAQ p.Arg183Gin

131 GNA11 p.Arg183Cys

145 GNAQ p.Argl83GIn

146 GNA11 p.Argl83Cys

147 TEK p.Leu914Phe

148 RASA1 p.Trpl81Ter

149 RASA1 p.Tyr256Ter

Variant allele

frequency % (tissue) Phenotype Details

7.6% (skin)

9.0% (skin)

17.0% (skin)

4.0% (skin)

2.0%

3.4% (skin)

3.2% (skin)

1.8% (skin)

4.8% (skin)
7.6% (vascular
malformation)

46.5% (swab)

50.0% (blood)

KTS

KTS

KTS

MCAP

KTS

KTS

KTS

MCAP

IVM(V)

KTS

KTS

14

Left lower limb hypertrophy, with ipsilateral
superficial skin and muscular angiomas

Complete hemi-hyperplasia with overlapping
diffuse capillary malformation and venous
malformation of the leg

Limb overgrowth with bone hyperplasia and
capillary malformation

Macrocephaly, syndactyly, overgrown limbs,
diffuse capillary-venous malformation,
congenital glaucoma with megalocornea

Entire right body overgrowth with overlapping
diffuse capillary malformation

Meningeal vascular malformation,
macrocephaly, hemi-hyperplasia, diffuse
capillary malformation of the trunk and leg

Mild right lower limb hyperplasia with
corresponding capillary malformation, dyspraxia

Macrocephaly, diffuse capillary-venous
malformation of the skin and pia mater

Isolated large capillary-venous malformation of
the knee

Left upper limb hypertrophy with ipsilateral skin
angioma also involving the left side of the trunk

Valscular malformation of the trunk and arm,
deep artero-venous fistula, bone overgrowth
with arm hyperplasia



IVM(V), isolated vascular malformation (venous); KTS, Klippel-Trenaunay syndrome; MCAP,
megalencephaly-capillary malformation polymicrogyria syndrome; PROS, PIK3CA-related overgrowth
spectrum.
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Figure 1

Distribution of the PIK3CA variants by functional domains and by frequencies in the

respective PIK3CA-related overgrowth spectrum (PROS) phenotypes in the present study and in
literature. Mutational hotspots (arbitrarily defined as variants with a frequency >2%) are displayed in
bold. *Cases from literature with poor clinical characterisation or undefined phenotype were
classified as ‘other/undefined’. CLAPO, capillary malformation of the lower lip, lymphatic
malformation of the face and neck, asymmetry and partial/generalised overgrowth; CLOVES,
congenital lipomatous overgrowth, vascular malformations, epidermal nevi, scoliosis/skeletal and
spinal syndrome; DCMO, diffuse capillary malformation with overgrowth; D-MEG, dysplastic
megalencephaly; FAO, fibroadipose overgrowth; FCD, focal cortical dysplasia; FH, fibrous
hyperplasia; FIL, facial infiltrating lipomatosis; HHML, hemihyperplasia multiple lipomatosis; H-MEG,
hemimegalencephaly; IVM, isolated vascular malformation; KTS, Klippel-Trenaunay syndrome;
MCAP, megalencephaly-capillary malformation polymicrogyria syndrome; M-CM, macrocephaly-
capillary malformation; MH, muscle hyperplasia.
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Figure 2

Frequency, oncogenic potential, and variant allele fraction (VAF) of PIK3CA variants and correlations
with phenotypes. (A) The 10 most common PIK3CA pathogenic variants observed in the whole 1007
patient cohort (71.7% of total). (B) Enrichment of the PIK3CA domain mutated in the PIK3CA-related

overgrowth spectrum (PROS) phenotypes (1007 patients). (C) Degree of mosaicism (VAF) of

the PIK3CA variants by sample types (skin, blood and buccal swab) in the phenotypes.

(D) PIK3CA functional domain mutated in the PROS clinical entities in our cohort (n=93) and in the
1007 cases from literature (p<0.001). (E) PIK3CA domain mutated in central nervous system (CNS)
(30.1%) and non-CNS (69.9%) phenotypes (p<0.001). (F) Classification of the variant according to

oncogenic potential (unknown, weak, intermediate, strong and strong hotspot) in CNS and non-CNS

phenotypes (p<0.001). CLAPO, capillary malformation of the lower lip, lymphatic malformation of
the face and neck, asymmetry and partial/generalised overgrowth; CLOVES, congenital lipomatous

overgrowth, vascular malformations, epidermal nevi, scoliosis/skeletal and spinal syndrome; DCMO,
diffuse capillary malformation with overgrowth; D-MEG, dysplastic megalencephaly; ENS, epidermal

naevus syndrome; FAO, fibroadipose overgrowth; FCD, focal cortical dysplasia; FH, fibrous

hyperplasia; FIL, facial infiltrating lipomatosis; HHML, hemihyperplasia multiple lipomatosis; H-MEG,

hemimegalencephaly; IVM, isolated vascular malformation; KTS, Klippel-Trenaunay syndrome;
MCAP, megalencephaly-capillary malformation polymicrogyria syndrome; M-CM, macrocephaly-

capillary malformation; MH, muscle hyperplasia.
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Figure 3

Low variant allele fraction (VAF) and related phenotypes. Patients with VAF <5% show a clinical
disease expression largely overlapping that of patients with higher VAFs: (A, B) p.Argl15Pro at 4.6%
on tissue DNA (blood DNA wild-type) in a girl aged 2 years with macrocephaly-capillary malformation
syndrome (M-CM); (C) feet X-ray of a woman with Klippel-Trenaunay syndrome (KTS) and severe
fibroadipose overgrowth (FAQ) at the left side with a p.Met1043Val variant at 2.6% VAF on skin DNA;
(D, E) a boy aged 11 years with congenital lipomatous overgrowth epidermal naevus syndrome
(CLOVES) with a large adipo-lymphangioma of the trunk under the port-wine stain and with fibrous
hyperplasia (FH) of the lower limbs with a p.Glu545Lys variant at 3.0% VAF on tissue DNA; (F) facial
infiltrating lipomatosis in a girl aged 12 months with p.His1047Arg at 3.0% VAF on tissue DNA; (G, H)
a boy aged 15 years with left KTS and syndactyly and a p.Glu453Lys variant at 3.0% VAF on tissue
DNA; (1, J) a girl aged 7 years with right hemihyperplasia and a large vascular marformation and KTS
with a p.Glu542Lys at 4.0% VAF on tissue DNA); (K) a boy aged 10 years with KTS and p.Cys378Tyr at
4.5% on tissue DNA. Patients with ‘vascular’ genes and phenotype overlapping PIK3CA-related
overgrowth spectrum (PROS) (table 2): patient #130 (L), #149 (M) and #131 (N, O).
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