o-Ho
O>0n
>0
—HO0-4

genes

Perspective

Work-Up and Treatment Strategies for Individuals with
PIK3CA-Related Disorders: A Consensus of Experts from the
Scientific Committee of the Italian Macrodactyly and

PROS Association

Andrea Gazzin 12

, Chiara Leoni 3*, Germana Viscogliosi
Matteo Iacoviello 5, Marilidia Piglionica >, Maurizio De Pellegrin ®7, Giovanni Battista Ferrero 8,

3(, Federica Borgini 4, Lucrezia Perri 3,

8

Andrea Bartuli °, Giuseppe Zampino 10, Paola Sabrina Buonuomo % ¥, Nicoletta Resta > *

and Alessandro Mussa 1t

check for
updates

Citation: Gazzin, A.; Leoni, C.;
Viscogliosi, G.; Borgini, F; Perri, L.;
Tacoviello, M.; Piglionica, M.; De
Pellegrin, M.; Ferrero, G.B.; Bartuli,
A_; et al. Work-Up and Treatment
Strategies for Individuals with
PIK3CA-Related Disorders: A
Consensus of Experts from the
Scientific Committee of the Italian
Macrodactyly and PROS Association.
Genes 2023, 14,2134. https://
doi.org/10.3390/ genes14122134

Academic Editors: Zhao-Qian Teng
and Xingguang Luo

Received: 5 November 2023
Revised: 23 November 2023
Accepted: 25 November 2023
Published: 27 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

on behalf of the Italian Macrodactyly and PROS Association

Clinical Pediatric Genetics Unit, Department of Public Health and Pediatrics, University of Torino,

Regina Margherita Children’s Hospital, 10126 Torino, Italy; andrea.gazzin@unito.it (A.G.);

alessandro.mussa@unito.it (A.M.)

Postgraduate School of Pediatrics, University of Torino, 10126 Torino, Italy

3 Center for Rare Diseases and Birth Defects, Department of Woman and Child Health and Public Health,
Fondazione Policlinico Universitario A. Gemelli, IRCCS, 00168 Rome, Italy;
germana.viscogliosi0l@icatt.it (G.V.); lucrezia.perri@guest.policlinicogemelli.it (L.P.);
giuseppe.zampino@policlinicogemelli.it (G.Z.)

4 Ttalian Macrodactyly and PROS Association, 27010 San Genesio ed Uniti (PV), Italy;

areascientifica@associazione-nazionale-macrodattilia.org

Medical Genetics Unit, Department of Precision and Regenerative Medicine and Ionian Area (DiMePRe-J),

University of Bari “Aldo Moro”, 70124 Bari, Italy; m.iacoviello3@gmail.com (M.1.);

marilidia.piglionica@uniba.it (M.P.); nicoletta.resta@uniba.it (N.R.)

6 Pediatric Orthopedic Unit, Piccole Figlie Hospital, 43125 Parma, Italy

7 Department of Orthopedics, ASST Ospedale Papa Giovanni XXIII, 24127 Bergamo, Italy

Department of Clinical and Biological Sciences, University of Torino, 10126 Torino, Italy;

giovannibattista.ferrero@unito.it

9 Rare Disease and Medical Genetics Unit, Bambino Gesti Children’s Hospital, IRCCS, 00168 Rome, Italy;

andrea.bartuli@opbg.net (A.B.); psabrina.buonuomo@opbg.net (P.S.B.)

Faculty of Medicine and Surgery, Universita Cattolica del Sacro Cuore, 00168 Rome, Italy

*  Correspondence: chiara.leoni@policlinicogemelli.it; Tel.: +39-063381344; Fax: +39-063383211

These authors contributed equally to this work.

Abstract: PIK3CA-related disorders encompass many rare and ultra-rare conditions caused by so-
matic genetic variants that hyperactivate the PI3K-AKT-mTOR signaling pathway, which is essential
for cell cycle control. PIK3CA-related disorders include PIK3CA-related overgrowth spectrum (PROS),
PIK3CA-related vascular malformations and PIK3CA-related non-vascular lesions. Phenotypes are
extremely heterogeneous and overlapping. Therefore, diagnosis and management frequently involve
various health specialists. Given the rarity of these disorders and the limited number of centers
offering optimal care, the Scientific Committee of the Italian Macrodactyly and PROS Association
has proposed a revision of the most recent recommendations for the diagnosis, molecular testing,
clinical management, follow-up, and treatment strategies. These recommendations give insight on
molecular diagnosis, eligible samples, preferable sequencing, and validation methods and manage-
ment of negative results. The purpose of this paper is to promote collaboration between health care
centers and clinicians with a joint shared approach. Finally, we suggest the direction of present and
future research studies, including new systemic target therapies, which are currently under evalua-
tion in several clinical trials, such as specific inhibitors that can be employed to downregulate the
signaling pathway.

Keywords: PIK3CA; PIBK/AKT/mTOR; overgrowth; PIK3CA-related overgrowth spectrum;
personalized medicine; repurposed drugs; target therapy
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1. Introduction

PIK3CA-related disorders encompass several rare and ultra-rare genetic conditions
caused by somatic activating pathogenic variants in the PIK3CA gene. The epidemiology
of such disorders has been poorly studied and is likely largely underestimated worldwide:
a recent study estimated the prevalence of such conditions at 1 case in approximately
22,000 live births [1].

PIK3CA-related disorders result from the overactivation of the intracellular PI3K-
AKT-mTOR pathway consequent to gain-of-function variants in PIK3CA, a key player
that is vital for the regulation of the cellular cycle and other major cellular functions [2].
Typically, PIK3CA-related disorders are caused by postzygotic variants resulting in a
selective growth advantage and higher replication rate of the involved cell line. The clinical
consequences of a variant depend on several factors: the gestational age when the variant
occurs, the specific anatomical site affected and the type of tissue experiencing cellular
overgrowth including intrinsic factors such as cell lineage susceptibility and extrinsic
factors (environmental modifiers). The severity of the disease tends to be greater when the
mutational event happens earlier in gestation, leading to a higher level of mosaicism [3].
The rate of overgrowth is mainly influenced by the type of variant, as different variants can
have diverse activating effects. The extent and type of tissues or organs involved, along
with the activating capacity (referred to as “strength” or “oncogenicity”) of the variant,
ultimately determine the severity of the clinical manifestations [4]. In this context, PIK3CA-
related disorder phenotypes are extremely heterogeneous, and it is not always easy to
associate clinical findings with a specific condition. Moreover, since most of these conditions
are rare, multiple medical assessments by various specialists are often required to make
a proper diagnosis. A late diagnosis may be tremendously troublesome for the patient
and their family/caregivers, as it delays the establishment of an appropriate care plan.
Since the clinical follow-up and management strategies may significantly vary according to
different countries, health care systems and specialists, the creation of common guidelines
is essential to warrant the same diagnostic and therapeutic strategies as standard of care at
a national level.

With the aim of promoting collaboration between health care centers and clinicians
in a shared health care management setting and to reach a national uniform approach
with a joint shared approach, a careful revision of the most recent literature on PIK3CA-
related disorders was conducted and is summarized in this paper in the form of practice
recommendations. The nominal group technique was used to structure the participants’
interaction and group discussion in this review, with the aims of reaching a consensus,
problem-solving, determining priorities, and generating agreement upon suggestions and
recommendations provided [5].

2. Clinical Diagnosis

Given the complexity and heterogeneity of the phenotypes, in recent years, many au-
thors have focused on making effort to provide a clinical classification to correctly identify
the conditions belonging to PROS [2,3,6,7]. In 2021, Canaud and collaborators suggested a
reclassification of the conditions caused by pathogenetic variants in PIK3CA [2], supersed-
ing the previous classification published in 2013 [6]. The authors defined three categories
of PIK3CA-related conditions: (A) PIK3CA-realted overgrowth spectrum disorders (PROS),
characterized by overgrowth of the affected tissues; (B) exclusive vascular proliferation,
named PIK3CA-related vascular malformations; (C) exclusive non-vascular proliferation,
named PIK3CA-related non-vascular lesions [2]. Nevertheless, given the many possible
combinations of tissues and body districts affected by overgrowth, not every patient’s
phenotype fits neatly into this classification. In the latter case, they may be broadly defined
as “patients affected by PROS” or “patients affected by PIK3CA-related disorders” and have
their phenotype and functional status described in detail, to plan a correct individualized
follow-up strategy over time.
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Overgrowth, usually asymmetric, is the most evident clinical feature, and it may
involve various parts of the body (mainly the brain, limbs, trunk, and face) and more than
one type of tissue (nervous, vascular, lymphatic, skeletal, or adipose). It is usually present
at birth, or it develops early in infancy.

Multiple lipomas may be present, most commonly involving the trunk, and often
infiltrating the surrounding structures. They are a common cause of pain. Their more
severe consequences occur when they compress the spinal cord and nerve roots or when
they invade visceral organs or muscle. Typical findings in patients with variants in PIK3CA
include limb anomalies such as leg-length discrepancy [8], sandal gap, macro-/poly-/syn-
dactyly, finger and toe deformities, wide toes, and stiff fingers. Sternum and vertebrae
abnormalities, joint hypermobility and laxity, scoliosis, and spina bifida are also described.
Cutaneous abnormalities are another evident feature at clinical examination. In detail,
epidermal nevi are often—but not always—present, as are café-au-lait spots, seborrheic
keratoses, hypo-/hyperpigmented areas, benign lichenoid keratoses, acrochordons, pig-
mented nevi, etc. [9] Vascular anomalies are also involved in the PIK3CA spectrum, with
capillary, lymphatic, venous, arteriovenous, and combined malformations. They can be
located superficially (e.g., on a limb in association with overgrowth) or in deeper tissues.
Capillary malformations may appear as well as demarcated dark red /purple patches of
irregular shape, defined as “capillary malformation with geographic borders”, or as retic-
ulated patches with poorly-defined edges, pink to light red in color, named “reticulated
capillary malformations”. The former are typical of congenital, lipomatous overgrowth,
vascular malformations, epidermal nevi and scoliosis/skeletal/spinal anomalies (CLOVES)
syndrome and of Klippel-Trenaunay Syndrome (KTS), while the latter are characteristic of
megalencephaly—capillary malformation (MCAP) and diffuse capillary malformation with
overgrowth (DCMO). However, overlap of both morphologies is possible. Other vascular
malformations, typical of certain phenotypes, are the persistence of marginal embryonic
veins in Klippel-Trenaunay syndrome or spinal/paraspinal arteriovenous malformations
in CLOVES phenotypes. Finally, the localization and type of certain vascular malformations
are specific to a particular medical condition or entity, such as the persistent midfacial
capillary malformation in MCAP or the capillary malformation with geographic borders
of the lower lip in the capillary malformation of the lower lip, lymphatic malformation of
the face and neck, asymmetry of the face and limbs, and partial or generalized overgrowth
(CLAPO) syndrome. A more detailed description of vascular anomalies can be found in
the SISAV (Societa Italiana per lo Studio delle Anomalie Vascolari) guidelines [10] and the
ISSVA (International Society for the Study of Vascular Anomalies) classification [11]. Vascu-
lar malformations may be associated with bleeding diathesis, lymphedema, cellulitis and
other infections, pain, increased risk of superficial thrombophlebitis, deep vein thrombosis,
and pulmonary embolism. The risk is higher after surgery, sclerotherapy, or other chronic
causes of venous congestion such as reduced mobility and vascular endothelial disorders
due to the pathogenic variant.

Overgrowth and other anomalies may also involve the central nervous system (CNS) with
macrocephaly, megalencephaly, hemimegalencephaly, ventriculomegaly, hydrocephalus, thick
corpus callosum, herniation of the cerebellar tonsils (Chiari malformation), syringomyelia,
cortical dysplasia, polymicrogyria, and hypophyseal hypoplasia or pituitary stalk inter-
ruption (with or without hormonal deficiencies) being most commonly reported. When
CNS involvement occurs, neurological functional impairment of variable degree is possible,
such as delayed psychomotor development, intellectual disability /developmental delay
(ID/DD), motor delay, behavioral and mood disorders, epilepsy (sometimes drug-resistant),
respiratory symptoms, hearing loss, feeding difficulties, headache, sensory disturbances,
hypotonia, muscle weakness, posture and gait disorders, vertigo, and neck pain. Patients
may also present with other manifestations such as renal abnormalities (hydronephrosis,
hydroureter, renal hypoplasia/aplasia, cysts), hypotonia, and ocular issues.

Some individuals may also present segmental undergrowth in association with the
overgrowth component: hypoplasia of one limb has been described as a variant of classical
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phenotypes, accompanied by cutaneous signs [12]. Cases of undergrowth associated
with lymphatic, venous or venous-capillary malformations, accompanied by variants in
the PIK3CA gene, have been identified, highlighting this less-explored aspect alongside
overgrowth in such conditions [13].

Less common manifestations are fetal macrosomia, growth retardation, feeding dif-
ficulties in infancy, facial asymmetry, dental crowding and other anomalies of dental
eruption, epididymal cysts, and heart malformations. Laboratory abnormalities have
also been reported. These include adrenal insufficiency, central hypothyroidism, growth
hormone deficiency, hypoglycemia, coagulopathy (elevated D-dimer concentration, hy-
pofibrinogenemia, and thrombocytopenia) (Figure 1).
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Figure 1. “Personalized follow-up strategy to be tailored according to the clinical and radiological
features of patients with PIK3CA-related disorders. When the clinician is involved in the care of a
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patient showing an asymmetric overgrowth involving more than one body segment, they need to
accurately check the following body district in order to speculate about a diagnosis of syndromic
PROS: head and neck, trunk, four limbs [14]. The present flowchart provides general information
about the different tissues and organs (see letters (A-E)) that can be affected and other possible
issues (F) in a syndromic PROS. Moreover, in the boxes below, clinicians can find a detailed checklist
of manifestations involving organs and tissues affected. According to the major clinical findings,
different specialists may be included in the multidisciplinary evaluation and they may require further
instrumental examination to support their diagnosis. PROS: PIK3CA-related Overgrowth syndrome;
CNS: central nervous system; PNS: Peripheral nervous system. EEG: Electroencephalography; CT:
computed tomography; MRI: magnetic resonance imaging; US: ultrasound; MR-A /V: magnetic
resonance arteriography/venography. The Nominal Group Technique was used to generate the
suggested strategy [5]”.

Despite recent revisions, the phenotypic classifications fail to cover all individuals due
to the extreme variability of affected tissues (Figure 2). Therefore, the primary goal for clini-
cians dealing with PIK3CA-related disorders is to provide a patient-centered management
and treatment plan, based on their specific needs.

Figure 2. (A) Infiltrating fibro-lipomatous hyperplasia of right cheek and hemiface; (B-D) lipomatous
malformation of the back (B) with seborrheic keratosis (C) and muscular hypertrophy of the left
hemibody in the same patient (C); (E) Klippel-Trenaunay syndrome (KTS) with fibrose hyperplasia
and vascular malformation of the left leg with splayed aspect and syndactyly of the second and third
toes of the left foot; vascular malformation with macrodactyly of the fourth toe of the right foot;
(F) Klippel-Trenaunay syndrome (KTS); (G,H) infiltrating fibro-lipomatosis of the face (G) with
gingival hypertrophy, precocious tooth eruption and bilateral macrodontia (H); (I) congenital lipoma-
tous overgrowth, vascular malformations, epidermal nevi and scoliosis/skeletal /spinal anomalies
(CLOVES) with lipomatosis and vascular malformation of the trunk; (J) macrodactyly of the thumb
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and fibroadipose hyperplasia (FH) of the thumb and palm of the left hand; (K) diffuse capillary
malformation with overgrowth (DCMO); (L) fibroadipose hyperplasia of the feet with splayed appear-
ance in a patient with megalencephaly—capillary malformation (MCAP); (M) vascular malformation
and FH of the sole of the right foot; (N) macrodactyly and syndactyly of the second and third toe and
FH of the sole of the left foot; (O) fibrous hyperplasia with associated vascular malformation of the
left foot; (P) CLOVES with lipomatosis and vascular malformation; (Q) X-ray of the feet showing
bone and fibrous hyperplasia of the first toe of the left foot; (R) magnetic resonance imaging of the
brain showing hemimegalencephaly and lissencephaly of the right hemisphere.

3. Molecular Diagnosis

PIK3CA pathogenic variants are generally somatic, i.e., not present in all cells but
detectable in DNA extracted from the affected tissue, so a biopsy of the affected site is often
required for molecular diagnosis [7]. For this reason, molecular confirmation of the clinical
diagnosis can be technically difficult in most cases. Molecular diagnosis requires (1) careful
selection of the area of tissue to be biopsied (ideally a punch skin biopsy above the body
area affected by overgrowth) and (2) high sensitivity of the analytical method to detecting
variants even with a low degree of tissue mosaicism. The following guidelines may help to
minimize the possibility of a false negative result.

3.1. Sampling

Analysis should preferably be performed on recently obtained and untreated sample
rather than on cultured tissue. In clinical practice, it is commonly performed on tissue ob-
tained during surgery or from an elective skin biopsy. The use of biopsy-derived fibroblast
cultures should be avoided or limited to cases in which it is not possible to obtain a new
biopsy sample since the presence of a pathogenic variant in PIK3CA may confer a selective
advantage in vitro or vice versa; its absence could also be the result of a negative selec-
tion [7,15]. Therefore, the degree of mosaicism, if detected, or failure to identify the PIK3CA
variant in cultured fibroblasts needs to be interpreted with caution. The use of pooled
sampling (e.g., blood and a previous biopsy, or fibroblast from a scratch test) from the same
subject may also be useful in detecting somatic genetic defects without the necessity for
further confirmation. It is possible to screen for pathogenic variants in PIK3CA as well as in
DNA extracted from blood or saliva, taking into account the rare cases of variants present at
high levels of mosaicism or hypothetically germline. For example, in patients with MCAP,
the use of this type of sample could represent the first step of a two-step strategy (biopsy
only if blood and/or saliva are negative).

3.2. Methods

It is preferable to use methods with high sensitivity in terms of limit of detection
(LOD), which is the lowest variant allele frequency (VAF) that can be reliably detected.
For NGS sequencing, LOD can vary depending on several factors, including the specific
NGS platform, the depth of sequencing coverage, and the bioinformatics pipeline used for
variant calling. Generally, NGS (next-generation sequencing) platforms utilizing targeted
exomic multi-gene panels are capable of detecting variants with a limit of detection (LOD)
as low as 5%, and this sensitivity can be further enhanced to even lower levels with a mini-
mum read coverage of 1000X. Sanger sequencing is usually not able to detect variants with
a VAF lower than 15-20% and has a low sensitivity compared to NGS methods [16]. This
was recently highlighted in a review of more than 1000 PROS cases, as 10 hot-spot variants
cover 70% of PROS cases [4]; therefore, a rapid screening of recurrent hotspot variants
may be a reasonable initial diagnostic approach particularly in cases such as macrodactyly,
CLOVES syndrome and KTS. However, since such restricted choice potentially leaves out
(a) thirty percent of subjects (1 out of 3) potentially bearing different genetic defects, and
(b) a number of identifiable gene defects directly involved in cellular and tissue growth
control and involved in the PI3K upstream/downstream pathway, a targeted exome se-
quencing panel including the following genes is strongly suggested: PIK3CA, CCND2,
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AKT1, AKT2, AKT3, PTEN, GNA11, GNAQ, RACE1, MTOR, PI3KCAa/d, PIK3R1, PIK3R2,
PDK1, S6K1, TSC1, TSC2, UBF, TIF-IA, RPTOR, RICTOR, PI3KCD, TEK, CBL, RASA1, HRAS,
KRAS, NRAS, SOS1, ARAF, CBL, RASA1, BRAF, MAP2K1, MEK, and PTPN11 [17,18].

3.3. Variants Validation

Variant identification should be followed, whenever possible, by validation using
orthogonal methods such as Sanger sequencing for VAF > 10%, pyrosequencing for VAF
> 5%, or ddPCR for VAF < 5%. Repeating the NGS test with a read coverage of at least
1000X on the same sample could be a solution in all instances where an alternative method
is unavailable or in cases of ambiguous variants with low VAF and suboptimal data quality.
If multiple tissues of the same patient are tested, validation may not be necessary. If a
pathogenic or probably pathogenic variant is identified, the description, interpretation of
the variant and the bibliographic references should be included in the molecular report,
whereas benign or probably benign variants should not be reported.

3.4. Negative Results and Further Considerations

A negative result is expected in a variable proportion of cases, ranging from 15 to 60%,
as reported in recent papers on PROS cases [4]. This could be secondary to undetectable
low level of mosaicism, the quality of the sample (especially in formalin-fixed paraffin-
embedded tissue), the type and site of sampling, and the sensitivity of the analytical method
used. Furthermore, a negative test does not exclude the clinical diagnosis, since it could
be due to the presence of variants in genes that have not yet been identified. Finally, it is
possible that a variant may be identified via whole exome or whole genome sequencing in
patients in whom PIK3CA-related disorder has not been considered.

4. Follow-Up Strategies
4.1. Clinical Follow-Up

At first evaluation, patients with PIK3CA-related disorders should receive complete
clinical and imaging assessment, with the aim of developing a proper personalized follow-
up strategy according to their unique characteristics (Figure 1).

A personalized approach is mandatory, basing the follow-up protocol on the spe-
cific features of each individual than on the phenotypic sub-category they belong to [19].
At every medical evaluation, it is important that the patient undergo complete clinical
evaluation, with particular attention to growth parameters. Besides height, weight, and
cranial circumference (whose rapid increase may indicate some underlying brain anomaly),
upper and lower extremities” length and circumference should be measured, and if any
limb length discrepancy is present, patients should be addressed to orthopedic evaluation
to avoid functional consequences for gait, posture and the spinal column. In addition,
scoliosis should always be clinically assessed. The clinician should also be careful when
evaluating the abdomen, since masses and/or organomegaly may be detected. The trunk
and the limbs should be checked thoroughly for the presence of lipomas; referral to derma-
tologists is important in case of skin lesions and vascular malformations (such as capillary
malformations or venous ectasia); and mild hand and foot anomalies such as sandal gap or
syndactyly can be also present. During childhood, routine neurodevelopmental assessment
is suggested, focusing on psychomotor development and behavior. Furthermore, in case
of onset of any kind of neurological disturbance (e.g., new onset seizures), the individ-
ual should be shortly referred to a neurologist [7]. Eye evaluation should follow regular
monitoring as performed in the general population.

4.2. Radiological/Instrumental/Laboratory Follow-Up

The choice of imaging or laboratory tests should be determined on a case-by-case basis,
taking into consideration factors such as the extent of the disease, its type, and its localiza-
tion. In patients with neurological findings and/or overgrowth or CNS dysplasia, or in the
presence of facial malformations, magnetic resonance imaging (MRI) of the brain and/or
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spine is recommended, as well as in case of rapid increase of cranial circumference; the pro-
cedure usually requires sedation in young children. The frequency of subsequent imaging
will be scheduled case by case according to neurologists” and neurosurgeons’ opinions. A
magnetic resonance arteriography/venography (MR-A /V) of the chest, abdomen, pelvis,
and limbs is suggested at diagnosis to check for deep vascular anomalies in specific districts
affected by overgrowth. Doppler ultrasound (US) may be easily performed to check for and
monitor the evolution of vascular anomalies in upper and lower limbs over time. In patients
with extensive venous malformations (e.g., CLOVES syndrome, KTS), hematological or
pediatric consultation is recommended to assess the risk of thrombosis and coagulopathy
and for possible anticoagulant prophylaxis. In patients with overgrowth /undergrowth of a
limited body area (e.g., a limb or a portion thereof), MRI at diagnosis is recommended to
check what tissue is affected (muscle, bone, or others). As a general rule, more complex
cases require periodic comprehensive reassessment every 6—-12 months, depending on the
rate of progression. A baseline screening for endocrinopathies is also suggested at first
evaluation [7].

4.3. Tumor Surveillance

It is known that the PI3K-AKT-mTOR pathway has a key role in both physiological
and malignant cell processes [20]. In detail, PIK3CA mutations are described in >10% of
cancer patients and have been recognized as pathogenetic in many solid tumors such as
breast, endometrial, bladder, colorectal, and head and neck squamous cell carcinoma, as
well as in other benign skin lesions (e.g., epidermal nevi) [17,21]. It has recently been
reported that pathogenic PIK3CA variants causing PROS are spread along the entire gene,
but that the three hotspots most commonly mutated in cancer are involved in >50%
of cases [4]. Given this proven relationship between PIK3CA mutations and cancer, a
higher risk for malignancy would be expected in individuals with PROS. Nevertheless, in
spite of this observation, cancer cases are neither consistently reported nor observed in
clinical practice.

Most tumors identified in patients with PIK3CA-associated diseases are benign or
locally invasive (e.g., kaposiform hemangioendothelioma [22]). Wilms’ tumors, or nephrob-
lastoma, have been found with a frequency of 1.4-3.3%, in patients with CLOVES syn-
drome, MCAP, and KTS [23], as well as some anecdotal cases of leukemia, vestibular
schwannoma [24], retinoblastoma, meningioma [25], and papillary intra-lymphatic an-
gioendothelioma [26]. Data that clearly define an association between PIK3CA-related
disorders and cancer development are limited; therefore, there is no international consen-
sus on the appropriateness of oncological surveillance, particularly for Wilms’ tumors,
in PROS patients. Some experts suggest following a schedule similar to that used for
Beckwith-Wiedemann syndrome (every 3—4 months up to 8 years) [27], even though the
risk is much lower. Others indicate surveillance every 5-6 months, believing that a timing
of surveillance every 3 months is quite demanding for families in relation to the above-
mentioned limited oncological risk. It should however be taken into account that the time
to tumor duplication in a Wilms’ tumor is approximately 30 days (ranging from 17 to
40 days) [28], and this longer interval may not translate into a real diagnostic gain. It seems
reasonable to apply more stringent surveillance in situations where extensive involvement
of mosaic tissue in the abdomen is suspected. It is advisable to define the surveillance
strategy taking into account the needs and sensitivities of the family.

Anecdotally, tumors have not been observed in clinical practice. Based on these
considerations, data are not sufficient to hypothesize a clear timing for surveillance protocol
about this topic.

5. Therapeutic Approaches
5.1. Conventional Therapies

With the development of new diagnostic technologies, more and more overgrowth
disorders are being classified as PROS, giving rise to a wide and clinically heterogeneous
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family of conditions. Due to the variable manifestations, multidisciplinary care is es-
sential, possibly in a tertiary medical center where specialists have developed specific
skills and experience in managing such complex conditions. Usually, a pediatric expert
in the field of rare genetic conditions coordinates the management of these patients, in
which many specialists are involved: geneticist, psychologist, orthopedic surgeon, derma-
tologist, neurologist, neurosurgeon, neuropsychiatrist, plastic surgeon, otolaryngologist,
maxillofacial surgeon, vascular surgeon, physiatrist, physiotherapist, psychologist, speech
therapist, pathologist, ophthalmologist, occupational therapist, neuro-psychomotor ther-
apist, audiologist, dentist/orthodontist, prosthodontist, nutritionist, pulmonologist, and
endocrinologist. Unfortunately, to date there is no resolutive treatment for these conditions,
and there are still some aspects of care for which there is currently no shared indication
from the scientific community [7]. As far as overgrowths/fibro-lipomatous masses are
concerned, debulking surgery is usually the first choice in cases of functional limitations
and/or pain. Many patients with PIK3CA-realted conditions in fact often complain about
pain of variable intensity in multiple locations [29]. Huge demolitive procedures are often
necessary, and depending on the involved area, sometimes more specialists need to be in-
volved. The aim of the surgical treatment is to gain a good functional status in combination
with the most aesthetically pleasing outcome possible. More than one procedure is often
required, especially in the most severe cases with fast growing/recurrent masses or when
there is vascular involvement [17]. An orthopedic surgeon should always be involved,
given the high prevalence of skeletal anomalies in individuals with PROS, as lower limb
length discrepancy, severe scoliosis, and progressive hand /foot macrodactyly may benefit
from surgical treatment. Arthrodesis, debulking, epiphysiodesis, shortening osteotomy;
resection of the phalanges, resection of the entire radius, and angular correction are some of
the possible approaches with the aim of restoring or improving the patient’s functionality
and appearance. Macrodactyly is a condition for which surgery can significantly enhance
appearance; surgical interventions included debulking, ray resection, epiphysiodesis, and
phalangeal resection. Multiple surgeries are often performed, especially for progressive
overgrowth cases, with generally better outcomes observed for static macrodactyly [30].
However, individuals who undergo surgical treatment for macrodactyly might encounter a
progression of tissue overgrowth later on in life, potentially leading to deformities such as
joint ankyloses, new bone formation, and bony spurs [31]. Disagreement exists over the
effectiveness of surgical methods for FIL treatment. Usually, partial resection is performed
due to tumor infiltration in nearby tissues and its risky location for facial nerve function [32].
Early reports suggest prompt and wide excision, while others propose delayed resection
to minimize nerve damage, procedures, and achieve balanced contours. Incomplete exci-
sion, especially in younger patients, poses the highest risk of re-growth [33,34]. Guided
growth (i.e., a minimally invasive procedure for the selective temporary and reversible
blockage of the growth plate of the affected bones) is the procedure of choice for cases
with leg length discrepancy when shoe lift and /or insoles cannot be resolutive, as well as
recommended for other genetic conditions such as Beckwith-Wiedemann syndrome [35].
Two studies involving patients with KTS examined the use of epiphysiodesis to treat LLD.
Most patients showed improvement in LLD after surgery. Complications included issues
such as loosening of epiphyseal staples, difficulties with wound healing, and instances
of overcorrection leading to subsequent undergrowth in the treated leg. In general, the
authors stated that operation surgery is warranted for LLD over 2.0 cm. Slight discrepancies
(<2.0 cm) can be addressed by placing a lift in the opposite shoe if needed for symptoms.
The timing of epiphysiodesis is crucial so that the affected and the unaffected extremi-
ties attain a similar length at skeletal maturity. Minor leg length discrepancies (less than
2.0 cm) can be managed via insertion of a lift in the contralateral shoe [30,36,37]. In the same
way, it is of utmost importance that orthopedic surgeons and interventional radiologists
refer patients with overgrowth to geneticists before performing surgery, in order to make a
correct diagnosis and save tissue samples for molecular tests.
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Neurosurgery might be considered in drug-resistant epilepsy, Chiari malformation
and hydrocephalus.

In cases of vascular malformations, sclerotherapy, laser therapy, and oral medica-
tions are the treatments of choice. When lymphatic malformations are present, the main
available treatment options are sclero-embolization and/or surgical excision. It is com-
mon agreement that the aim of the surgical procedure should be the morphological and
functional maintenance of the affected body district [38]. Less invasive treatment op-
tions, such as sclerotherapy, are also available, with OK-432, doxycycline, bleomycin,
bleomycin A5, ethanol, and sodio-tetradecyl-sulfate being some of the most used sclero-
tizing agents [39,40]. Its major complications are the deposits of scar tissue and swelling,
with subsequent mass effect on closer structures. Other therapeutic possibilities are skin
lasers of different wavelengths (depending on the type of lesion), endovascular lasers,
manual lymphatic drainage, compression therapy, and cryotherapy. However, they can be
accompanied by side effects and/or even important complications, therefore it is necessary
to carry out a careful assessment, case by case, to stratify the risk/benefit ratio of any
therapeutic strategy.

The presence of vascular malformations has been related to an increased risk of deep
vein thrombosis and pulmonary embolism, especially in cases where there are combined
capillary-lymphatic venous malformations, or in syndromes such as KTS and CLOVES.
Additionally, anticoagulation is usually evaluated in high-risk situations or in case of prior
DVT and not recommended routinely [41].

Finally, surgery is burdened by the recurrence of excessive growth in the operated
areas and repeated surgery is common [7,42—44].

5.2. The Role of Rehabilitation Programs

A common complaint due to the involvement of the musculoskeletal system is the
mobility impairment experienced by many patients, who may often require walking aids
and struggle in autonomous ambulation for longer distances. That is why habilitative
therapies such as physical therapy are fundamental to ensuring the well-being of patients
during their adult years, to prevent deterioration of functional status and to improve quality
of life. They should be started as early as possible with the aim of maintaining/improving
muscle trophism and range of movement (especially when massive overgrowth affects the
limbs). Orthopedics aids are generally useful together with habilitative therapies before
and after surgical intervention to improve posture and gait pattern.

Exercises to maintain fine motor abilities, which may be jeopardized in case of macro-
dactyly, should also be included. Grip, handling, and writing impairment should be
prevented or promptly treated.

5.3. Psychological Support

Given the extensive psychological burden that a PROS diagnosis—with all its
consequences—implies, a psychologist/psychotherapist should most certainly be included
in the multidisciplinary team taking care of the patient and also be involved in the eval-
uation of the family/support system. A complete psychological assessment should be
performed on the affected individual and their family members/caregivers as soon as a
diagnosis is confirmed with subsequent re-evaluation according to the situation.

Therapists can modulate their interventions according to the level of distress reported
by the patient/their family.

Especially during the first few years of life and during childhood, interviews are
directed towards the entire family system. During the transition to adulthood and es-
pecially in the teenage years, individual sessions should also be implemented to ensure
the need for privacy and individualization is met according to the requirements of the
involved individuals.
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5.4. Pharmacological Therapies

In recent years, growing bodies of scientific data encompass the pathogenic role of the
PI3K/AKT/mTOR pathway in human cancer. In detail, mutations in PIK3CA (especially
affecting the p110c subunit) have been shown to be involved in the development of
endometrial, breast, cervical, anal, head and neck, bladder, and colorectal cancer [45].
Consequently, small-molecule inhibitors of the pathway have been developed with the
aim of treating the abovementioned and other malignancies. Such new drugs target the
pathway at different levels, with inhibitors of PI3K, AKT, and mTOR [46].

Idelalisib, which targets the 6 subunit of PI3K, was the first approved PI3K inhibitor
developed for the treatment of relapsed hematological malignancies [47]. Subsequently,
alpelisib (BYL719), a selective PI3K« inhibitor, was approved for the treatment of ad-
vanced breast cancer [48]. Given the common genetic background, several molecules
have been repurposed for individuals affected by PROS as new treatment opportuni-
ties [30]. A phase 1 (EPIK-P1) study of alpelisib for PROS patient has been completed
(NCT04285723), while phase 2 and 3 trials are currently ongoing (NCT04589650 and
NCT04980833 respectively). Venot et al. demonstrated the effectiveness of alpelisib in
treating 17 patients with PROS, achieving a 100% response rate to treatment with 50 to
250 mg once daily with mild side effects (29.4% of cases, mostly hyperglycemia and gas-
trointestinal issues) and no serious adverse events [49]. Raghavendran et al. reported
soft tissue and extremity bulk reduction, pain improvement, enhanced quality of life
and functional abilities, with manageable side effects and favorable safety profile [50].
Alpelisib in children with PIK3CA-associated head and neck lymphatic malformations or
FIL resulted in reduced lesion size, improved symptoms and function, led to avoidance
of invasive procedures, and decreased facial volume [51]. A number of other reports
on patients treated at various ages and with different phenotypes have been published
thereon, with consistent results [43,52,53]. Alpelisib was also administered to patients
with hemimegaloencephaly and West syndrome, showing partial beneficial effects on
epilepsy [54].

Taselisib, a selective inhibitor of class I PI3K developed for breast cancer therapy [55],
was investigated in the TOTEM study (NCT03290092) a phase 1/2 multicenter trial con-
ducted on patients aged 16 to 65 years with PROS. In this study, although 76.4% of the
participants reported clinical improvements, such as reduced pain, resolution of chronic
bleeding, and functional enhancement, no significant reduction in affected tissue volume
was observed. The reported side effects (mainly enteritis and pachymeningitis) were
common, leading to the early termination of the trial for 2 out of the 19 patients enrolled.
Therefore, despite the functional improvements, the safety profile of low-dose taselisib has
prevented its long-term utilization [56].

Inhibitors targeting other key players have been investigated. For instance, the effect
on PROS of miransertib administration, which targets AKT, has been reported in anecdotal
cases. Notably, successful treatment was reported for a patient with Proteus syndrome and
relapsed low-grade serous ovarian carcinoma, resulting in a significant improvement in
their quality of life with miransertib [57]. It was administered to two patients with CLOVES
and FIL with hemimegaloencephaly, with initial improvements and no significant toxicities;
however, the treatment was discontinued due to a lack of sustained response and poor
compliance [58]. Miransertib phase 1-2 clinical trial to assess the safety and tolerability
of miransertib to participants aged at least 2 years with PROS or Proteus syndrome was
terminated due to business reasons (NCT03094832).

Leoni et al. reported that low-dose oral treatment using the mTOR inhibitor sirolimus
had positive effects on a child with fibroadipose hyperplasia (FAO) [59]. Sandbank et al.
aimed to assess the effectiveness and safety of sirolimus for children and young adults
with complicated vascular anomalies, finding that sirolimus led to clinical improvement
in the majority of cases, making it a potentially successful and safe option for managing
such cases. However, sirolimus led to several toxicities (including hypercholesterolemia,
hypertriglyceridemia, elevated liver enzymes, mouth sores, thrombocytopenia, bacterial
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and opportunistic infections, and gastrointestinal issues), with a few patients experiencing
interruptions in therapy due to adverse events [60]. A phase 2 clinical trial (NCT02428296)
assessed the potential efficacy of low-dose sirolimus in patients with molecularly proven
PROS, showing a moderate reduction in overgrown tissue volume after 26 weeks: this study,
however, emphasizes that the side-effect profile is noteworthy, as nearly three-quarters of
participants encountered at least one adverse event linked to sirolimus, of which roughly
one-third reached grade 3 or 4 in severity requiring hospitalization and including infections,
neutropenia, interstitial pneumonitis, and sirolimus hypersensitivity syndrome. This
resulted in a substantial number of patients choosing to withdraw from the study [44]. Also,
Wiegand et al. observed that sirolimus ameliorated symptoms and decreased the size of
lymphatic malformations in children with extensive head and neck involvement (91% of
exhibited positive responses), but noted that such side effects were frequently observed,
suggesting that the decision to administer sirolimus should be multidisciplinary and
weighed on each case [38].

Unfortunately, to date no pharmacological treatment has been officially approved in
Europe, whereas in the US, after EPIK-P1 trial (NCT04285723), only alpelisib has been
approved by the FDA for individuals > 2 years old with severe PROS [49,50]. Moreover,
in other countries, managed access programs are available to provide expanded access
to individuals or groups of patients with disabling symptoms due to PROS who do not
have any other chance of treatment. Although these drugs represent an interesting oppor-
tunity, there are still many concerns and unanswered questions about their use. Whilst
therapies have shown some promise in regards to tissue regression and cessation of growth,
these drugs are not always well tolerated. Therefore, further studies will be necessary to
determine which patients may benefit most from such therapies according to a careful indi-
vidualized risk-benefit assessment, to define optimal dosing and the appropriate timing
of treatment.

6. Functional Assessment

As for many other multisystem disorders, patients with PROS conditions require
highly complex care, especially in the cases with the most severe phenotypes. An integrated
approach is often required, including home paramedical support and close collaboration
between the reference center and the local medical services.

It is of utmost importance to maintain and, whenever possible, to improve the physical,
mental, and social status of the patient, with the aim to reach the best possible quality
of life for the individuals and their support systems. A comprehensive functional as-
sessment should always be obtained, to create an integrated system involving school,
habilitative centers, and other local medical/assistance services. The early initiation of
appropriate, meaningful, and effective teaching and learning activities, the development
of an individualized education plan in collaboration with special needs teachers and
pediatric neurologists, are important support tools for patients” development. Psycholo-
gists/psychotherapists also represent an important aid for families to guide habilitative and
therapeutic decisions [61].

7. Transition to Adulthood

Transition to adulthood is a great challenge for most individuals affected by rare
genetic conditions, as well as for people with PROS. The lack of a specialized care manager
figure (such as a pediatrician with expertise in the field of rare disorders is during childhood)
is a common complaint among patients reaching the age of majority. In fact, primary care
physicians do not usually have the capacity to manage such complex conditions only in the
setting of local health services. This shortfall may be partly explained by the fact that rare
and ultra-rare disorders are a relative novelty for adult medicine due to the improvement of
care and treatment protocols for these conditions and to the increase of children surviving
into adulthood.
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Currently, pediatric centers provide, as far as possible, the necessary support during
the transition to adulthood, often taking care of individuals far beyond pediatric age.

However, the adult patient has specific clinical characteristics and care needs that are
very different from those of children. It is therefore necessary to invest in the training of
adult physicians and primary care physicians so that, in the coming years, they can develop
specific skills in this area and become care managers of the multidisciplinary assessment
for adults with rare disorders and complex care needs.

8. Italian Law—Conclusions

As set out in the provisions of the Decree of the President of the Council of Min-
isters of 12 January 2017, in Italy, individuals with PIK3CA-related conditions (as well
as people living with other rare/disabling disorders) receive free medical assistance via
the NHS for any procedure (diagnostic/treatment/follow-up protocols) related to their
rare disease.

They can also be granted free access to pharmacological therapies before their mar-
keting authorization from the Italian Medicines Agency (AIFA) or to off-label treatments
via various early-access tools besides the expanded access/compassionate use programs.
Moreover, especially in the most disabling cases, patients have specific law-warranted
rights, having access to various benefits and allowances. Parallelly, similar facilitations
have been instituted in many countries.

Despite the available resources, patients with PROS often encounter many challenges
in everyday life besides disease-related issues. The risk of receiving a delayed diagno-
sis and the difficult task of finding the right care team are only some of the first issues
to arise, followed by the difficult management of symptoms and the lack of effective
therapeutic options [61]. Furthermore, sporadic case reports of patients with germline
variants in PIK3CA are not sufficient to obtain enough evidence to justify surveillance
protocols [62,63].

It is indeed essential that these individuals be referred to expert physicians as soon
as possible, so that personalized diagnostic and follow-up strategies according to the
individual’s needs can be promptly developed. In this context, a network of specialists is
essential to expedite the diagnosis and to provide the most complete multidisciplinary care
aimed at avoiding delayed/incorrect diagnosis, inappropriate treatments, and unnecessary
mobility for patients looking for second opinions and alternative treatment possibilities.
Furthermore, given the large phenotypic variability of PIK3CA-related conditions, an
individualized approach should be offered to any patient. Moreover, patients and their
family members need to be sufficiently empowered, and communication from their care
team should be as effective and empathetic as possible, so that they can be actively involved
in the decision-making process and their preferences can be valued, aimed at developing
a patient-clinician partnership and trusting relationship, thus improving adherence to
medical and lifestyle recommendations, and maximizing the health outcomes.

Nevertheless, managing these patients remains challenging because patients’ needs
and health issues are enormously fragmented and the natural history of this group of
conditions is still largely unknown. International networking and collaboration between
various stakeholders, including advocacy groups, is therefore key in recognizing unmet
needs and research priorities to improve the quality of life and care of those living with
PIK3CA-related conditions.
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