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A B S T R A C T

Purpose: Variants in PIK3CA (encoding p110α; the catalytic subunit of PI3K) characterize some
disorders of somatic mosaicism (DoSM) conditions with clinical features, including sporadic
overgrowth and vascular malformations. Here, we profile PIK3CA variants in DoSM.
Methods: We applied a next-generation, sequencing-based, laboratory-developed test, using an
average coverage of approximately 2000× for up to 37 genes associated with DoSM, on a cohort
of 1197 patients with DoSM referred for clinical genomics services between 2013 and 2022.
Results: We identified clinically reportable variants in 747 (62.4%) individuals in this cohort.
Notably, 371 clinically reportable variants in PIK3CAwere identified in 368 patients, constituting
approximately 49.2% of all patients with reportable findings. Variants in the C2 domain of p110α
are enriched in DoSM (this cohort) compared with those of cancer (Catalogue of Somatic Muta-
tions in Cancer [COSMIC] database), highlighting the role of the C2 domain in driving uncon-
trolled cell proliferation inDoSM. Furthermore, we report 17 novel variants inPIK3CA that are not
previously reported in DoSM and describe clinical presentation correlation for 4 novel variants.
Conclusion: Our findings from the largest single-center cohort of patients with DoSM expand
the spectrum of variants in PIK3CA and shed light on the less-studied role of the C2 domain
in the pathogenesis of DoSM.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

PIK3CA is one of the most frequently mutated genes across
all human cancers.1 PIK3CA encodes p110α, the catalytic
subunit of the Class I phosphatidylinositol-3-kinase (PI3K)
enzyme, which catalyzes the conversion of membrane lipid
phosphatidylinositol-4,5-bisphosphate1 to the second
messenger PI(3,4,5)P3 or PIP3.

2 p110α heterodimerizes
with p85α regulatory subunit, encoded by PIK3R1.3 Acti-
vation of p110α results in an increase of PIP3, which
stimulates the recruitment of effector proteins, including
protein kinase B serine/threonine kinases (AKT), and acti-
vates the AKT/mechanistic target of rapamycin (mTOR)
signaling pathways, inducing cell growth, metabolism,
survival, and proliferation.4,5

The p110α subunit of PI3K comprises 5 domains: an N-
terminal adaptor-binding domain (ABD) that binds to the
p85α regulatory subunit, a RAS-binding domain, a C2
domain, a helical domain, and a kinase catalytic domain.
The C2 domain mediates the interaction between p110α and
p85α subunits.6 Variants disrupting the tightly constrained
activity of the PI3K enzyme promote uncontrolled cell
survival, proliferation, and migration, as seen in cancer and
other disorders of uncontrolled cell proliferation. Such
variants have been identified across the entire length of the
p110α protein, with variants at 3 codons (Glu542 and
Glu545 in the helical domain and His1047 in the kinase
domain) as hotspots, constituting the majority of the onco-
genic variants in different cancer types reported to date.1,7

Disorders of somatic mosaicism (DoSM) typically pre-
sent at birth and are caused by spontaneous variants
occurring postzygotically.8 Although germline variants are
present in every cell of the body, somatic variants happen
after conception and are not inherited. Variants that occur
early during development may affect multiple organs and
spread throughout the body. In contrast, variants occurring
at later stages during development or after birth are typically
confined to smaller regions. Given the pivotal role of the
PI3K pathway in cell proliferation and survival, it is not
surprising that variants in genes encoding its regulatory and
kinase subunits (PIK3R1 and PIK3CA) are also implicated
in DoSM. Rare, postzygotic activating variants in PIK3CA
cause generally benign overgrowth syndromes, collectively
termed PIK3CA-related overgrowth spectrum (PROS).9

PROS is an umbrella term for clinical presentations asso-
ciated with somatic variants in PIK3CA, previously defined
as separate entities, for example, congenital lipomatous
overgrowth, vascular malformations, epidermal nevi, scoli-
osis syndrome (CLOVES); Klippel-Trenaunay syndrome
(KTS); megalencephaly-capillary malformation syndrome
(MCAP); megalencephaly-cutis marmorata telangiectatica
congenita.7 These somatic variants are found in the affected
tissues; therefore, choosing the appropriate specimen is
fundamental in the genetic diagnosis of DoSM.

Detection of causal variants in DoSM can be challenging
because of the somatic nature of the variants and their
relatively low abundance in the affected area.10 The advent
of next-generation sequencing technology (NGS) and the
ability to deeply sequence each DNA nucleotide at >1000×
coverage allows for the reliable identification of these low-
level mosaic variants and has made high-depth sequencing a
core step in genetic diagnosis of DoSM.11,12

Similar to cancer, codons Glu542, Glu545, and His1047
are also hotspots in PROS, constituting >80% of cases re-
ported to date.7,12,13 Functional studies have demonstrated
the activating effect of these gain-of-function variants
in vitro and in vivo.14-18 The application of NGS facilitates
the detection of variants at these hotspots, while interro-
gating the entire length of PIK3CA gene (full exonic
coverage with flanking intronic regions), permitting the
discovery of novel variants in a single assay. Currently, >80
unique variants in PIK3CA have been identified in patients
with PROS.12

Given the implication of altered PI3K activity in cancer,
efforts have been made to develop effective treatments tar-
geting this enzyme or other components of the AKT/mTOR
pathway.19,20 Recent studies have demonstrated the efficacy
of these therapies in inhibiting PI3K activity in patients with
noncancerous overgrowth syndromes, that is, PROS, caused
by pathogenic variants in PIK3CA. Alpelisib (PIQRAY) is
one such drug that the Food and Drug Administration
recently approved for administration in adult and pediatric
patients with severe PROS who require systemic ther-
apy.21,22 Thus, the identification of pathogenic somatic
variants in these patients may lead to more effective treat-
ment of their overgrowth.

In this study, we performed a review of the variants
identified in the PIK3CA gene in patients with DoSM who
were referred to our laboratory between 2013 and 2022. We
sought to compare the frequencies of clinically reportable
variants across the PIK3CA gene in our cohort and in pa-
tients diagnosed with cancer using the COSMIC database.
We report novel variants in PIK3CA and describe the clin-
ical presentation of patients with PROS with such variants.
Materials and Methods

Cohort and DNA sequencing

A total of 1197 individuals with DoSM were referred to our
clinical genetics laboratory for NGS analysis between
February 2013 and May 2022. DNA extraction and
sequence analysis were performed on affected tissue sam-
ples, including fresh biopsy tissues, formalin-fixed paraffin-
embedded tissue, fibroblast cultures, or buccal specimens.
Target enrichment was performed using oligonucleotide-
based targeted capture of exonic regions for up to 37
genes known to cause DoSM, including PIK3CA. Enriched
libraries were sequenced using Illumina instrumentation
(HiSeq 2500 and NovaSeq 6000) according to the manu-
facturer’s recommended protocol to generate paired-end
reads with an average unique on-target coverage depth of



Figure 1 Overview of the cohort. A. Genetic results in 1197 patients with DoSM referred to our laboratory. B. Distribution of clinically
reportable variants by gene. C. Various classes of clinically reportable variants identified in PIK3CA. D. Breakdown of variants in PIK3CA
by classification. DoSM, disorders of somatic mosaicism; Indel, insertions and deletions; P/LP, pathogenic or likely pathogenic; VUS, variant
of uncertain significance.
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approximately 2000× to reliably detect variants of low-level
mosaicism. Single-nucleotide variants with variant allele
fraction (VAF) greater than 3% and small insertions and
deletions (indels, <21 bp) were identified for further anal-
ysis. Variants with VAF between 1% and 3% were manually
inspected for quality verification. The detailed descriptions
of DNA isolation, library preparation, sequencing, bio-
informatic analyses, and variant interpretation have been
previously described.11 When a peripheral blood specimen
was available, follow-up Sanger sequencing was performed
to help determine the mosaic vs germline status of variants.
Informed consent to publish patients’ photographs was ob-
tained from the legal guardians of patients.

Variant interpretation

Annotated variants were subjected to expert classification
using the American College of Medical Genetics and Ge-
nomics/Association for Molecular Pathology standards and
guidelines for constitutional variant interpretation,23 taking
into consideration professional guidelines provided by
ClinGen brain malformation variant curation expert panel,24

literature review and functional data, and representation
within available databases of human genomic variation (eg,
ClinVar or gnomAD). Clinically reportable variants were
defined as those classified as pathogenic or likely patho-
genic and of uncertain significance.
Results

Cohort overview

We received samples from 1197 patients with clinical in-
dications of DoSM from clinics across the United States and
Canada. In total, we identified at least 1 pathogenic or likely
pathogenic variant in 747 patients (diagnostic yield =
62.4%) (Figure 1A), with 39 patients in this cohort having 2
clinically reportable variants detected. The co-occurrence of
these variants in patients with DoSM is discussed in a
separate study.25 A significant proportion of the patients
with reportable findings had a variant identified in PIK3CA
(n = 368, 30.7%), followed by GNAQ (n = 55), TEK (n =
50), KRAS (n = 38), GNA11 (n = 34), and HRAS (n = 22)
(Figure 1B). Of the 368 patients with clinically reportable
variants in PIK3CA (Supplemental Table 1), 3 individuals
had 2 reportable variants, with 2 individuals having 1
variant with a VAF near a heterozygous state in this gene. A
significant proportion of the variants identified by our assay
were localized to the well-established hotspots of this gene
at codons 1047 (n = 80, 21.6%), 542 (n = 40, 10.8%) and
545 (n = 38, 10.2%), collectively comprising approximately
42.6% of the variants identified in PIK3CA in our cohort.
The majority of the variants in this gene were missense (n =
348, 93.8%); in-frame indels comprised 5.7% of the vari-
ants, with only 2 indel variants predicted to result in
frameshift identified (~0.5%) (Figure 1C). Among the 371
reported PIK3CA variants, 336 were classified as patho-
genic, 31 were likely pathogenic, and only 4 were variants
of unknown significance (Figure 1D). Among the 368 pa-
tients referred to our laboratory, the top indication for testing
was MCAP (n = 54), followed by CLOVES (n = 21), and
KTS (n = 15), with the rest of the patients with phenotypes
related to DoSM, of no particular category. Analysis of
these major categories by different domains/regions of
p110α revealed no major differences in the frequency of
these phenotypes, except for the decreased proportion of
variants in the helical domain in patients with MCAP,
relative to KTS, CLOVES, and other phenotypes
(Supplemental Figure 1, Supplemental Table 1).
Distribution of PIK3CA variants in PROS patients vs
COSMIC database

We sought to compare our findings with those reported in
the COSMIC database (v96) for PIK3CA (https://cancer.
sanger.ac.uk/cosmic). Synonymous variants reported in the
COSMIC database were removed for this analysis, given
that these variants are not likely to affect the function of
p110α. In total, we included 10,202 variants in the PIK3CA

https://cancer.sanger.ac.uk/cosmic
https://cancer.sanger.ac.uk/cosmic


Figure 2 Distribution of PIK3CA variants in cancer vs DoSM. A. Variants identified across the PIK3CA gene in the COSMIC database
(top, blue) and DoSM (bottom, red). Variants with frequency >2% are labeled. B. Distribution of variants with frequency >1% identified in
the COSMIC database (blue) and DoSM (red) by p110α domains and regions. COSMIC, Catalogue of Somatic Mutations in Cancer; DoSM,
disorders of somatic mosaicism.
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gene from the COSMIC database (Figure 2A). Variants in
the hotspot codons constitute the majority of the variants in
both cancer and PROS (70% and 42.6%, respectively). We
identified 77 variants in the C2 domain (approximately 21%
of the variants in the cohort), suggesting an enrichment of
variants in the C2 domain in patients with PROS compared
with cancer (Figure 2). Variants in codons Cys378 (n = 11,
2.9%), Cys420 (n = 10, 2.7%), and Glu453 (n = 23, 6.2%)
each contribute to >2% of total variants in our cohort
(Supplemental Table 1). Notably, we identified 10 patients



Table 1 Novel variants in PIK3CA identified in this cohort

Patient ID Clinical Indication Variant Domain VAF
Variant

Classification

271 CM with overgrowth c.6_50del, p.(Pro5_Pro19del) N terminus 0.09 VUS
367 Macrocephaly, cutis marmorata c.91A>C, p.(Ile31Leu)a ABD 0.47 VUS
308 Klippel-Trenaunay syndrome c.314_316delTAG, p.(Val105del) ABD 0.02 LP
306 Hemihypertrophy and extensive

port wine stain
c.331A>G, p.(Lys111Glu) ABD-RBD linker 0.07 P

263 VM and LM c.1031T>G, p.(Val344Gly) C2 0.06 LP
183 Macrocephaly, CM, asymmetric

overgrowth
c.1053_1054insTACATTCGA,
p.(Ile351_Asp352insTyrIleArg)

C2 0.04 LP

87 Macroglossia and AVM c.1097C>G, p.(Pro366Arg) C2 0.27 LP
326 Epidermal nevus c.1253_1261del, p.(Glu418_

Pro421delinsAla)
C2 0.16 LP

200 Vascular anomaly c.1253_1262delinsT, p.(Glu418_
Pro421delinsVal)

C2 0.02 LP

302 Macrodactyly of toes, CMTC,
pyogenic granulomas

c.1324G>C, p.(Ala442Pro)b C2 0.47 VUS

358 CM and leg length discrepancy c.1346C>T, p.(Pro449Leu) C2 0.05 LP
277 CM and hemihypertrophy c.1358A>G, p.(Glu453Gly) C2 0.08 LP
234 Somatic asymmetry and CM c.1636C>G, p.(Gln546Glu) Helical 0.03 P
182 LM, microcephaly, cardiac defects c.2080G>T, p.(Ala694Ser)a Helical 0.49 VUS
287 CM c.3012G>T, p.(Met1004Ile) Kinase 0.14 LP
92 LM c.3193delinsTT,

p.(His1065LeufsTer8)
C terminus 0.01 LP

20 Congenital lipoma c.3194_3202delinsT,
p.(His1065LeufsTer5)

C terminus 0.02 LP

Transcript NM_006218.4 was used to describe all variants. Variants are in order of the position of the variant in the reference sequence (Supplemental
Table 1 and Supplemental Information).

ABD, adaptor-binding domain; AVM, arteriovenous malformation; CM, capillary malformation; CMTC, cutis marmorata telangiectatica congenita; LM,
lymphatic malformation; LP, likely pathogenic; P, pathogenic; RBD, RAS-binding domain; VAF, variant allele fraction; VM, venous malformation; VUS, variant of
uncertain significance.

aIdentified at a near-heterozygous VAF and present in the peripheral blood.
bIdentified at a near-heterozygous VAF in a patient with a pathogenic somatic PIK3CA c.1324G>C p.(Glu545Asp) variant.
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(2.7%) with a pathogenic in-frame deletion of codon Glu110
in our cohort, whereas this variant is present in only 2 cases
(0.02%) of the COSMIC database (Figure 2A). Similarly,
variants in codons Glu726 (n = 17, 4.6%) in the linker re-
gion between the helical and kinase domains (Figure 2B)
and Gly914 (n = 19, 5.1%) were more enriched in our
cohort compared with COSMIC, with Glu726 and Gly914
representing 0.7% and 0.004% of the variants identified in
patients with cancer, respectively (Figure 2A). We did not
identify any variants in the RAS-binding domain in patients
with DoSM in our cohort, and variants in this domain were
present in approximately 0.3% of the variants in the COS-
MIC database.

We identified 17 novel variants in PIK3CA that were not
previously reported in DoSM (Supplemental Material).
Notably, 6 novel variants, including c.6_50del p.(Pro5_-
Pro19del), c.91A>C p.(Ile31Leu), c.1053_1054insTA-
CATTCGAp.(Ile351_Asp352insTyrIleArg), c.1253_1261del
p.(Glu418_Pro421delinsAla), c.1253_1262delinsT
p.(Glu418_P421delinsVal), and c.1324G>C p.(Ala442Pro),
are not reported in the COSMIC database. Of the 17 novel
variants, 8 (47%) are located in the C2 domain (Table 1).
Fourteen variants were identified at a VAF consistent with
somatic origin, and 3 were detected at a near-heterozygous
VAF, 2 of which, c.91A>C p.(Ile31Leu) and c.2080G>T
p.(Ala694Ser), were also present in the peripheral blood sam-
ples of the patients using follow-up Sanger sequencing, sug-
gestive of a germline origin; however, multitissue, high-level
mosaicism cannot be ruled out using this method. Peripheral
blood specimenwas not available for further testing of the third
variant c.1324G>C p.(Ala442Pro) with a VAF of 47%.

Clinical correlation of the PIK3CA novel variants

To clinically characterize the novel variants identified in this
cohort, we performed a detailed review of the clinical pre-
sentation of 4 patients for whom clinical information was
available. Clinical information of 3 additional patients with
novel variants are provided in the Supplemental Material.

Patient 271 was a 7-year-old girl with congenital vascular
patches on the right face, scalp (Figure 3B) and lower lip,
and reticulated vascular lesions extensively distributed
bilaterally over much of the trunk and extremities
(Figure 3A-E). In infancy, the right arm was subtly larger in
girth than the left. Over time, deeper vascular malformations
in the chest and back became apparent, as well as more



Figure 3 Patients’ clinical presentation. Representative photographs of patients 271 (A-E), 306 (F, G), 92 (H, I), and 358 (J, K). A. Left
trunk at 3 months of age. B. Head and trunk 3 months of age. C. Feet at 5 years of age. D. Back at 3 years of age. E. Upper body at 5 years of
age. F. Left leg hemihypertrophy and extensive port wine stain. G. Bilateral larger second toes. H. Ptosis of the right eye. I. Lymphatic
malformation of the hard palate. J and K. Capillary malformation of the right forearm.
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generalized asymmetric overgrowth, including large feet
with widened first interdigital space and long second toes
bilaterally (Figure 3C), with the right leg being longer than
the left requiring use of a heel lift. Genetic testing performed
on fresh tissue biopsied from the vascular lesion on the
upper right chest identified a novel somatic variant
NM_006218.4:c.6_50del p.(Pro5_Arg19del) at 9% VAF,
resulting in an in-frame deletion of 15 amino acids in the N
terminus of p110α. This variant has not been reported in the
general population databases (gnomAD v2.1.1). Sanger
sequencing performed on a peripheral blood specimen from
the patient did not identify this variant in PIK3CA, indi-
cating somatic origin. The presence of this variant in a pa-
tient with vascular malformation and overgrowth supports a
PROS diagnosis. In light of the patient’s overall excellent
functionality and lack of organ system compromise, sys-
temic therapy with alpelisib has not been pursued to date.

Patient 306 was born term to nonconsanguineous parents,
with congenital widespread capillary malformation, noted to
be darker and more homogeneous on both feet, lighter and
more reticulated on both legs, abdomen, back, and groin
(Figure 3F). Bilateral second toes were longer and slightly
larger than the great toes, with a subtle overgrowth of the
left leg suggestive of hemihypertrophy. Genetic testing was
performed at 6.5 years of age on a fresh tissue specimen
from the patient’s left leg and identified a novel clinically
significant NM_006218.4:c.331A>G p.(Lys111Glu) variant
in the PIK3CA gene at 7% VAF. This variant is reported in
multiple patients with breast carcinoma and other cancer
types in the COSMIC database (COSM13570) but not in
patients with DoSM. Subsequently, Sanger sequencing
performed on the peripheral blood specimen of this patient
did not identify this variant, confirming the somatic origin of
this variant in PIK3CA.

Patient 92 was a 6-year-old girl with congenital ptosis of
the right eye (Figure 3H). Magnetic resonance imaging
performed at the age of 2 months showed a prenasal mass
with no intracranial or retro-orbital extension, which might
result in right eye vision impairment per ophthalmological
examination. Given these findings, she was initially treated
for presumptive infantile hemangioma with propranolol
without improvement. At the age of 2 years, lesions on the
hard palate were noticed, consistent with a lymphatic mal-
formation on pathology examination (Figure 3I). Genetic
testing performed on a formalin-fixed paraffin-embedded
sample from this specimen identified a frameshift
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NM_006218.4:c.3193delinsTT p.(His1065LeufsTer8)
variant in PIK3CA at 1% VAF. Given these findings, the
patient was diagnosed with PROS.

Patient 358 was an 8-year-old boy with a diffuse capil-
lary malformation on the right arm and leg (Figure 3J and K)
with ipsilateral undergrowth of both affected extremities.
Orthopedics is managing his leg length discrepancy with an
orthotic incorporating a lift. Genetic testing was performed
on a punch biopsy specimen from the right forearm and
identified a novel NM_006218.4:c.1346C>T p.(Pro449Leu)
variant in PIK3CA at 5% VAF. This variant has been re-
ported in only 2 patients with skin and endometrium car-
cinoma in the COSMIC database (COSM1041482). Sanger
sequencing for comparative analysis performed on a pe-
ripheral blood sample did not detect PIK3CA c.1346C>T
p.(Pro449Leu), consistent with a somatic origin for this
variant. Given these findings, the clinical team decided on
continued vigilance for secondary cancer and clotting risks
associated with PROS.26
Discussion

Gain-of-function pathogenic variants in PIK3CA result in
the constitutive activation of the AKT/mTOR signaling
pathway. This effect has been well established using in vitro
and in vivo studies,14-18 particularly for the variants occur-
ring in the hotspot codons, which account for most variation
detected in PIK3CA to date. Although the functional and
clinical impact and the frequency of the hotspot variants in
PIK3CA are well understood in the context of cancer and
DoSM, less is known about the noncanonical or rare vari-
ants in this gene causing DoSM. Efforts have been made to
characterize some of these variants, particularly in the
setting of cancer.27-29 Still, lack of this information for the
majority of these low-abundance variants is one of the
significant challenges in interpreting their clinical relevance
in patients with DoSM.

High-depth NGS provides a powerful tool for identifying
mosaic variants in DoSM, which are typically of at a low
fraction in the affected tissues. Furthermore, this method
allows for the sequencing of the entire length of the PIK3CA
gene, encompassing exons and exon-flanking regions, pro-
moter and untranslated regions, permitting the identification
of novel variants in this gene that are not otherwise
detectable by targeted sequencing of only hotspot codons.
Using a high-depth NGS assay on the largest single-center
study of 1197 patients with DoSM, we identified 747 in-
dividuals (62.4%) with clinically reportable variants. A total
of 371 clinically reportable variants in PIK3CA were iden-
tified in 368 (30.7%) patients, making PIK3CA variants the
most common cause of DoSM in our cohort.

High coverage of approximately 2000× enabled us to
detect low-abundance somatic variants (as low as VAF ≈
1%) in PIK3CA that helped confirm a diagnosis of PROS in
some of the patients in this cohort. We report 17 novel
variants in PIK3CA not previously reported in DoSM, 7 of
which have not been reported in patients with cancer in the
COSMIC database. In one of the patients with a presumed
diagnosis of hemangioma, follow-up histopathological
studies confirmed the presence of a lymphatic malformation,
prompting genetic testing. Our NGS assay identified
a low VAF novel NM_006218.4:c.3193delinsTT
p.(His1065LeufsTer8) variant, which established a diag-
nosis of PROS and guided the course of the treatment for
this patient.

Clinically reportable variants in the C2 domain were
disproportionally enriched in our cohort of patients with
DoSM compared with patients with cancer in the COSMIC
database. The C2 domain was initially proposed to play a
role in facilitating the binding of PI3K to the cellular
membranes30; however, later studies revealed its role in
mediating the binding of p110α to the p85α regulatory
subunit.6 Therefore, it is plausible that damaging variants in
the C2 domain of p110α would disrupt its interaction with
p85α, resulting in the pathological hyperactivation of the
PI3K enzyme. Our findings demonstrate the higher fre-
quency of the C2-domain variants in patients with PROS
than previously thought31 and underscore the importance of
this relatively underexamined domain in the function of
p110α. These results will help the future interpretation of
variants in this domain identified in patients with DoSM,
guiding their diagnosis and management. The differential
enrichment of variants in the C2-domain could be due to
differences in the underlying activation mechanisms in
PROS vs cancer, which warrants future studies on this
domain focusing on genotype-phenotype correlations and
the development of targeted therapies.

We identified 2 patients with variants in PIK3CA present
at a near-heterozygous state, which were also detected in the
peripheral blood specimens of the patients: a
NM_006218.4:c.91A>C, p.(Ile31Leu) variant in a 1-year-
old girl (patient 367) with macrocephaly and cutis mar-
morata, and an NM_006218.4:c.2080G>T p.(Ala694Ser)
variant in a 2-year-old girl (patient 182), who presented with
lymphatic malformation of the right anterolateral chest and
right arm, microcephaly, and left ventricular and atrial
dilation. Germline PIK3CA variants are described in patients
with Cowden syndrome, which is characterized by uncon-
trolled cell growth with broad phenotypic presentations
including macrocephaly and developmental delay with an
increased risk for various cancer types, particularly breast,
thyroid, endometrial, and colorectal cancer.32 Although rare,
germline variants in PIK3CA have also been reported in
patients presenting with clinical features of DoSM,
including macrocephaly, overgrowth, and developmental
delay.33 Given the relatively mild phenotype, more consis-
tent with the diagnosis of PROS, of these patients, it is
unlikely that the identified variants would cause classical
Cowden syndrome. Nevertheless, the identification of
germline variants in patients with DoSM may warrant sur-
veillance to monitor benign and malignant neoplasms.

Our assay enables us to robustly detect indels in addition
to single-nucleotide variants. In fact, indels resulting in in-
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frame deletions/insertions or frameshift variants were iden-
tified in 23 of 368 patients with PROS (6.2%), constituting 8
of 17 novel variants identified in PIK3CA (Table 1). These
findings highlight the importance of careful examination of
indels when developing bioinformatics pipelines for genetic
testing of patients with DoSM and may partially explain the
lack of a molecular diagnosis in patients with PROS when
only interrogating single-nucleotide missense variants.

Our results should be interpreted in the context of a few
important limitations. Although our panel allows for the
accurate and sensitive detection of single-nucleotide variants
and indels, somatic variants of very low abundance (<0.5%)
and larger (>50 bp) structural variants cannot be detected
using this method. The latter may play a role in the patho-
genesis of DoSM in a subset of patients, and future studies
using other assays, including genome sequencing, may
identify a molecular diagnosis for patients with no clinically
reportable variants in gene panels. Another limitation of
current studies on identification and interpretation of vari-
ants in DoSM comes from the lack of knowledge about the
noncoding variants in genes implicated in DoSM, which
makes interpreting these types of variants challenging.

In the era of precision medicine and with the develop-
ment of molecular-guided therapies for specific genes and
variants, sequencing and bioinformatics tools applied in
genetic diagnosis play a central role in identifying the un-
derlying genetic cause that in some diseases, including
PROS, are instrumental in the diagnosis and subsequent
therapies. Disease severity and clinical presentation are
determined by tissue distribution, abundance, and the type
of the activating variant in PIK3CA, significantly compli-
cating genotype-phenotype correlation studies in PROS.
Nevertheless, with the increasing accessibility to NGS, we
are identifying novel variants in this gene to better under-
stand the spectrum of the variants, and through genotype-
phenotype as well as pharmacogenetics studies, we are
more accurately predicting the progression of the pheno-
types and treatment responsiveness for newly diagnosed
patients.
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