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Purpose: Postzygotic activating mutations of PIK3CA cause a wide
range of mosaic disorders collectively referred to as PIK3CA-related
overgrowth spectrum (PROS). We describe the diagnostic yield and
characteristics of PIK3CA sequencing in PROS.

Methods: We performed ultradeep next-generation sequencing
(NGS) of PIK3CA in various tissues from 162 patients referred to our
clinical laboratory and assessed diagnostic yield by phenotype and
tissue tested.

Results: We identified disease-causing mutations in 66.7% (108/162)
of patients, with mutant allele levels as low as 1%. The diagnostic
rate was higher (74%) in syndromic than in isolated cases (35.5%;
P = 9.03x107°). We identified 40 different mutations and found
strong oncogenic mutations more frequently in patients without brain

INTRODUCTION
Several developmental disorders are caused by mutations that
occur early during embryogenesis (called “postzygotic” muta-
tions) and result in a mosaic organism composed of geneti-
cally different cell populations despite their common origin."?
Although various mosaic syndromes have been recognized for

overgrowth (50.6%) than in those with brain overgrowth (15.2%;
P =0.00055). Mutant allele levels were higher in skin and overgrown
tissues than in blood and buccal samples (P = 3.9 x 10-%), regardless
of the phenotype.

Conclusion: Our data demonstrate the value of ultradeep NGS for
molecular diagnosis of PROS, highlight its substantial allelic hetero-
geneity, and confirm that optimal diagnosis requires fresh skin or
surgical samples from affected regions. Our findings may be of value
in guiding future recommendations for genetic testing in PROS and
other mosaic conditions.
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many years, most of their underlying genetic causes have been
identified only recently, with the advent of next-generation
sequencing (NGS). Following identification of a postzygotic
gain-of-function mutation in AKTI as the cause of Proteus
syndrome,’ several mosaic overgrowth conditions have been
associated with postzygotic mutations in other members of the
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PI3K-AKT-mTOR pathway."* We and others reported postzy-
gotic activating mutations of PIK3CA in a wide spectrum of
developmental phenotypes previously recognized as distinct
clinical entities, such as megalencephaly-capillary malforma-
tion (MCAP) syndrome,* congenital lipomatous overgrowth,
vascular malformations, epidermal nevi, scoliosis/skeletal and
spinal (CLOVES) syndrome,” and fibroadipose overgrowth
(FAO).’ It was also proposed that at least some cases of Klippel-
Trenaunay syndrome (KTS), a poorly defined umbrella term for
disorders combining vascular malformation and mosaic limb
overgrowth, may be caused by PIK3CA mutations.”'*!" Key fea-
tures of these distinct but overlapping PIK3CA-related disorders
comprise congenital (or early childhood) and sporadic segmen-
tal overgrowth of varied body parts and tissues combined with
vascular malformations, mosaic skin lesions such as epidermal
nevi, and acral anomalies.’>"* In addition to these specific syn-
dromes, postzygotic PIK3CA mutations were described in vari-
ous isolated segmental or focal forms of overgrowth, including
hemimegalencephaly (HMEG),® megalencephaly (MEG),"
focal cortical dysplasia (FCD),">'® hemihypertrophy, and mac-
rodactyly.”” These genetic findings have significantly challenged
the historical clinical classification of PIK3CA-related disor-
ders. To avoid any further confusion in the field, the umbrella
term of PIK3CA-related overgrowth spectrum (PROS) was
proposed to designate known and emerging phenotypes caused
by postzygotic PIK3CA mutations."

PIK3CA encodes the pl110a catalytic subunit of the phos-
phatidylinositol 3-kinase and is the most commonly mutated
proto-oncogene in human somatic cancer.'”® Although dozens
of activating PIK3CA mutations have been reported in tumors,
three mutational hot spots with strong oncogenic activity
(encoding p.Glu542Lys, p.Glu545Lys, and p.His1047Arg)
account for ~80% of all somatic driver mutations in PIK3CA.'$2
Most identified mutations in patients with PROS have been
reported in multiple unique somatic cancer samples,” and the
three aforementioned cancer hot-spot mutations have been
found in a majority of patients with CLOVES, KTS, FAO,
HMEG, and macrodactyly.>'>'” A broader spectrum of rare
(and possibly milder) PIK3CA mutations has been reported
in patients with MCAP, along with some instances of de novo
germ-line mutations.*!

Molecular diagnosis of PROS poses several challenges in
terms of both biological samples and methodology. PIK3CA
mutations can be found at greatly varying levels depending on
the tissue tested and require sensitive methods for detecting
low levels of mosaicism (<5%).*!* Several research studies have
described PIK3CA mutations in various disorders of PROS,
and preliminary recommendations for clinical and molecu-
lar diagnosis have emerged from these fragmented results.”
However, our knowledge of the molecular basis of PIK3CA-
related disorders remains limited, and no studies of NGS-based
PIK3CA sequencing in clinical settings have been reported.
Here, we describe our experience with 162 patients referred
for PIK3CA testing at a clinical diagnostic laboratory, thus pro-
viding data regarding indications for testing, diagnostic yield,
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tissues assayed, levels of mosaicism, and spectrum of patho-
genic mutations.

MATERIALS AND METHODS

Study subjects

Our patient population consisted of 162 consecutive individu-
als with presumptive PROS referred to the molecular diagnos-
tic laboratory of Dijon University Hospital for PIK3CA testing
between October 2012 and June 2015. Referring physicians
provided indication for testing as well as additional clinical
information regarding brain and/or body overgrowth, vascu-
lar malformations, epidermal nevus, and acral anomalies (i.e.,
macrodactyly, syndactyly, polydactyly, and sandal-gap toes).
Photographs of patients were also provided when available.
Consistent with preliminary recommendations,”” minimum
clinical criteria for testing included congenital, sporadic, and
segmental overgrowth of adipose, muscle, skeletal, and/or
cerebral tissue combined with at least one other key feature
suggestive of PROS (“syndromic” category, Table 1). As pre-
viously proposed, individuals with isolated focal or segmental
overgrowth were also considered to have presumptive PROS
and were tested for PIK3CA mutations (“isolated” category;
Table 1). Finally, we subdivided patients based on the pres-
ence or absence of brain overgrowth (i.e., megalencephaly or
hemimegalencephaly (MEG/HMEG)). A list of all 162 affected
individuals with clinical information, identified PIK3CA muta-
tions, tissues tested, and mutant allele levels is provided in
Supplementary Table S1 online. We obtained written informed
consent from all patients or their legal representatives, and the
ethics committee of Dijon University Hospital approved the
study.

Samples

PIK3CA testing for the diagnosis of PROS usually requires
specimens from an affected region, such as a skin biopsy or a
surgical sample from an overgrown tissue. Previous reports
have shown that postzygotic PIK3CA mutations are generally
not detectable in blood samples of affected individuals, except
in patients with MCAP syndrome.**"* We therefore strongly
encouraged referring physicians to provide freshly obtained
affected tissue samples such as skin biopsy specimens or sur-
gical specimens from debulking procedures. Blood samples
were accepted as primary samples for PIK3CA screening only
for individuals with MEG/HMEG. We extracted genomic DNA
from fresh skin, cultured skin fibroblasts, blood, saliva, cheek
swabs, and surgical specimens from overgrown regions using
the Gentra Puregene Blood and Tissue Extraction Kit (Qiagen,
Courtaboeuf, France). We assessed genomic DNA integrity
and quantity using agarose gel electrophoresis, NanoDrop
spectrophotometry, and Qubit fluorometry (Thermo Fischer
Scientific, Courtaboeuf, France).

Ultradeep sequencing of PIK3CA

We screened all PIK3CA coding exons (RefSeq accession
number NM_006218.2) for mutations in one sample from
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Table 1 Testing criteria and clinical categorization for
PIK3CA-related overgrowth spectrum

Molecular diagnosis testing eligibility criteria:

Required:

e Segmental/focal overgrowth (syndromic or isolated)

e Sporadic occurrence

e Congenital or early childhood onset

Recommended:

e Availability of fresh, uncultured affected tissue (skin or other tissues)

Clinical categorization-syndromic forms (at least two features, including
overgrowth):

e Overgrowth (adipose, muscle, skeletal, cerebral)
e Vascular malformations (capillary, venous, lymphatic)
e Epidermal nevus

e Acral anomalies (macrodactyly, syndactyly, polydactyly,
sandal-gap toe)

Clinical categorization—isolated forms:

e Hemihypertrophy

e Hemifacial overgrowth

e Hemimegalencephaly or dysplastic megalencephaly
e Truncal adipose overgrowth

e Macrodactyly or acral overgrowth (foot or hand)

Adapted from ref. 13.

each affected individual (referred to as the “primary sample
tested”; Supplementary Table S1 online). When available,
fresh skin biopsy samples and surgical specimens were pre-
ferred over cultured skin fibroblast, buccal, and blood samples.
We amplified regions of interest using custom intronic primers
(Supplementary Table S2 online) and long-range polymerase
chain reactions with the PrimeSTAR GXL DNA Polymerase
(Takara Bio, Saint-Germain-en-Laye, France). We pooled,
purified, and quantified polymerase chain reaction amplicons
from each affected individual. We prepared libraries using
the Nextera XT DNA Sample Preparation kit (Illumina, Paris,
France), which involves simultaneous fragmentation and tag-
ging of DNA fragments by in vitro transposition.” We per-
formed paired-end sequencing reactions of 150-bp reads on
a MiSeq platform using 300-cycle reagent kits (v2; Illumina,
Paris, France).

Sequencing data analysis

We assessed the quality of sequencing reads with FastQC
(v0.11.14)* and removed sequencing adapters and low-quality
bases using Trimmomatic (v0.35).** We aligned reads to the
human genome reference sequence GRCh37/hgl9 with the
Burrows-Wheeler Aligner (v0.7.12).> We performed realign-
ment around insertions and deletions using the Genome
Analysis Toolkit (GATK, v2.8-1).2 Picard” and the GATK
were used to collect quality-control, sequencing depth, and
coverage metrics. As previously described,* we identified can-
didate single-nucleotide variants and small insertions/dele-
tions by recording all sites of PIK3CA coding exons and splice
junctions with at least four reads not matching the reference
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sequence and by using a stringent base quality threshold of
30 and a mapping quality threshold of 20. Variants were then
hard-filtered to achieve minimum coverage at a site of 400
reads or more, with a mutant allele fraction of at least 0.01 (i.e.,
10-fold higher than the average of 0.0010 errors per targeted
base of our ultradeep sequencing assay). We annotated variants
with SeattleSeq Annotation” and focused on protein-altering
and splice-site changes present at a frequency less than 0.1%
in the Exome Aggregation Consortium (ExAC).” Finally, we
classified the remaining PIK3CA candidate variants according
to the American College of Medical Genetics and Genomics
guidelines.”

Statistical analysis

Fisher’s exact tests were used to test for significant differences
in numbers of molecular diagnoses and numbers of PIK3CA
mutations with strong oncogenic activity between phenotype
groups. Mann-Whitney U tests were used to assess statistical
differences in mutant allele fractions between tissue types.

RESULTS

Patients and samples

The study comprised a total of 162 unrelated patients (82
females and 80 males), including 38 (23.5%) adults (defined as
individuals 18 years of age and older), 118 (72.8%) minors, and
6 (3.7%) fetuses (Supplementary Table S1 online). One hun-
dred thirty-one (81%) were in the “syndromic” category and 31
(19%) were in the “isolated” category. Brain overgrowth (MEG/
HMEG) was reported for 31% (50/162) of subjects, includ-
ing 40 with a clinical diagnosis of MCAP syndrome (Figure
1a). Six patients, including four with brain overgrowth, were
fetuses. Indications for testing, as provided by referring physi-
cians, and patient counts are listed in Supplementary Table
$3 online. Of note, 14 patients (including one fetus) had an
initial clinical diagnosis of Proteus syndrome. However, none
met published diagnostic criteria for Proteus syndrome.”
Fresh skin biopsy specimens and surgical specimens com-
prised 82.7% (134/162) of all primary samples tested, and cul-
tured skin fibroblasts accounted for 6.8% (11/162) of samples.
Blood and buccal specimens were the primary samples tested
for 17 affected individuals (Figure 1b). Consistent with testing
eligibility criteria, all 11 blood samples screened for PIK3CA
mutations were from individuals with MEG/HMEG, including
eight with a clinical diagnosis of MCAP syndrome, two with
isolated HMEG, and one with isolated MEG (Supplementary
Table S1 online).

Ultradeep sequencing of PIK3CA

NGS-based ultradeep sequencing of PIK3CA achieved a mean
coverage of 6424.9-fold at coding bases and splice junctions,
with 100 and 98.6% of bases covered by at least 100 and 1,000
reads, respectively. All candidate PIK3CA variants identified by
our first screening were confirmed by a second, independent
amplification reaction and sequencing experiment in the pri-
mary sample tested, confirming the high specificity of our assay.
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Figure 1 Diagnostic rate of PIK3CA sequencing. (a) Total number of syndromic (dark gray) and isolated cases (light gray) by phenotype (with and without
MEG/HMEG). (b) Primary tissues tested for all patients and by phenotype. (c) Molecular diagnostic rate as percentage of total cases in all patients and by
phenotype. Numbers of cases with and without disease-causing PIK3CA mutations are shown in dark and light gray, respectively. *P < 0.05 for significant
differences in diagnostic rates between syndromic and isolated cases. (d) Molecular diagnostic rate by primary tissue tested.

Molecular diagnostic yield
We identified and confirmed a pathogenic or likely pathogenic
variant of PIK3CA in 66.7% (108/162) of patients (Figure 1c).
The molecular diagnostic rate was similar between patients with
(66%) and without brain overgrowth (67%). Overall, we found
a significantly lower diagnostic rate in isolated cases than in
syndromic cases (35.5 vs. 74%; two-tailed P = 9.03 x 10, Fisher
exact test); this difference remained when considering only
cases without brain overgrowth (33.3 vs. 74.7%; P = 0.00057).
Although we observed the same tendency in the MEG/HMEG
group (40 vs. 72.5%), the difference did not reach statistical sig-
nificance (P = 0.070), probably due to the small sample size.
Clinical indications with the highest diagnostic yield com-
prised CLOVES syndrome (48/59, 81.4%), FAO (3/3, 100%),
hemifacial overgrowth with or without HMEG (5/6, 83.3%),
and MCAP syndrome (29/40, 72.5%) (Supplementary Table
S$3 online). Of interest, 78.6% (11/14) of cases with a clinical
diagnosis of Proteus syndrome had a disease-causing PIK3CA
mutation, further illustrating the high frequency of misdiagno-
sis of Proteus syndrome.”> We found disease-causing PIK3CA
mutations in 46.2% (6/13) of patients with a clinical diagnosis
of KTS, further supporting the idea that at least some patients
with KTS should be included in the PROS. " Indications with the
lowest diagnostic yield were isolated focal or segmental forms of
overgrowth with difficult access to overgrown specimens. These
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included isolated hemihypertrophy or overgrown legs (2/12,
16.7%), macrodactyly (2/7, 28.6%), and HMEG (1/7, 14.3%).
The only molecular diagnosis of isolated HMEG reported here
was from a fetal brain sample. Brain tissues were not available
for the remaining six HMEG patients (Supplementary Table
S1 online).

Among the 54 patients with no PIK3CA mutation, sub-
sequent molecular investigations identified the underlying
genetic cause in two. A mosaic duplication of the 11p15.5 chro-
mosomal region was found in a patient with an overgrown leg,
and a postzygotic GNAQ mutation (NM_002072.3:¢.548G>A,
p-Argl83GlIn) was identified in a patient with an initial clinical
diagnosis of KTS, which was later revised to phakomatosis pig-
mentovascularis (Supplementary Table S1 online).*?

As anticipated, DNA derived from fresh skin and surgi-
cal specimens provided the highest diagnostic yield (92/134,
68.7%) (Figure 2d). The relatively high diagnostic rate in blood
and buccal samples (10/17, 58.8%) is likely due to the bias in
our testing eligibility criteria (see the Materials and Methods
section for details).

Sample type and mosaicism

To investigate levels of mosaicism by tissue, we performed
ultradeep sequencing of mutations of interest in all avail-
able samples from the 108 patients with identified PIK3CA
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mutations. We screened a total of 201 specimens, most of which
were fresh skin or overgrown tissues (1 = 99) and blood sam-
ples (n = 83) (Figure 2a). The mutant allele fraction for each
patient and tissue is provided in Supplementary Figure S1
online. PIK3CA mutations were detected in all fresh skin and
overgrown tissues tested, with a median mutant allele frac-
tion of 0.14 (range, 0.01 to 0.47) (Figure 2a); 32.3 and 73.7%
of these samples had a mutant allele fraction less than 0.1
and 0.2, respectively, thus highlighting the need for sensi-
tive PIK3CA screening methods. Among the 13 cultured skin
fibroblasts tested, the mutation was absent in three (23.1%),
suggesting that cultured samples may not be ideal for PIK3CA
mutation testing. As expected, we found that mutant allele
levels were significantly higher in fresh skin and overgrown
tissues than in blood and buccal samples when consider-
ing all patients (two-tailed P = 3.9x107%, Mann-Whitney
U test); this observation was also true for cases without (P =
3.0x107**) and with MEG/HMEG (P = 5.6 x107) (Figure 2b).
Consistent with this observation, mutant allele levels were
found to be systematically lower in blood and buccal samples
than in fresh skin and overgrown tissues for any given patient,
regardless of the phenotype (Supplementary Figure S1 online).
Mutant allele levels were significantly higher in blood and buc-
cal samples of patients with than in those without MEG/HMEG
(P =1.5x107) (Figure 2b), further supporting previous obser-
vations that PIK3CA mutations are generally not detectable
in blood or buccal samples of individuals with PROS, except
in patients with MCAP syndrome.*">'* We found no such dif-
ference in mutant allele levels for skin and overgrown tissues
between patients with and those without brain overgrowth (P =
0.070). We detected disease-causing PIK3CA mutations in 8.3%
(5/60) of blood or buccal samples from individuals with no
brain overgrowth. Mutant allele levels were generally low, with
the highest peaking at 11.5% of total alleles. By comparison,
PIK3CA mutations were detected in 58.6% (17/29) of blood or
buccal samples from patients with MEG/HMEG, with mutant
allele levels ranging from 1.4 to 50%. The only mutation present
in 50% of alleles (NM_006218.2:c.3074C>A, p.Thr1025Asn)
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was presumed to be germ-line and confirmed as de novo given
its absence in parental blood samples. The patient (P1931) had
isolated MEG with no signs of body overgrowth, vascular mal-
formation, skin mosaicism, or acral anomalies.

Distribution and oncogenic activity of PIK3CA mutations
Overall, we identified 40 distinct nucleotide changes leading to
39 different amino acid changes in 108 patients (Table 2). All but
one mutation were postzygotic. Twenty-two (55%) were seen
in more than one patient (Table 2 and Figure 3a). Although
most mutations were missense changes, we identified two in-
frame insertions/deletions encoding p.Gly106_Argl08delinsIle
and p.Glul10del in four patients. Fifteen mutations (38.5%)
had not been previously identified in patients with PROS, but
most (37/40, 92.5%) were present in the Catalogue of Somatic
Mutations in Cancer (COSMIC) at varying frequencies.” Three
(encoding p.Glu545Lys, p.His1047Arg, and p.His1047Leu)
were present in ExAC,” with each being reported in only one
of ~120,000 alleles (Table 2). It is unknown whether these
ExAC variants are true (yet extremely rare) variants in the
general population, false positives, or somatic mutations from
cancer samples or patients. Of note, the only AKTI mutation
known to cause Proteus syndrome (NM_005163.2:c.49G>A,
p-Glul7Lys)’ is also reported in one ExAC allele, despite being
thought to be incompatible with life in a germ-line state.
Among the 39 amino acid changes identified in the present
study, 17 were found only in patients without MEG/HMEG, 9
were found in patients with MEG/HMEG, and 13 were shared
by both groups (Figure 3a). To explore genotype—phenotype
correlations based on the mutation effect, we used results from
a recent study that aimed to characterize the oncogenic poten-
tial of somatic PIK3CA mutations found in cancer. The authors
performed in vitro and in vivo cell growth and oncogenic trans-
formation experiments to characterize the functional impact
of 27 PIK3CA mutations.* Oncogenic activity, classified from
weak to strong, was available for 13 of the PIK3CA mutations
identified in the present study, including the three strong onco-
genic hot spots p.Glu542Lys, p.Glu545Lys, and p.His1047Arg
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Figure 2 Levels of PIK3CA mutations by sample type. (a) Swarm plot showing mutant allele fractions in samples from patients with (light gray) and without
(dark gray) MEG/HMEG. Tested samples included skin and overgrown tissues (n = 99), cultured skin fibroblasts (n = 13), saliva and buccal swabs (n = 6), and blood
(n =83). (b) Box and whisker plots showing mutant allele fractions in affected (skin and overgrown tissues) and surrogate samples (buccal and blood samples).
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Table 2 Summary of PIK3CA mutations identified in 108 cases

Previously
Oncogenic No MEG/ MEG/ reported

gDNA change cDNA change*  Amino acid change COSMIC® ExACc activity? HMEG HMEG inPROS
chr3:9.178916854G>A Cc.241G>A p.Glu81Lys 45 0 Unknown 1 1 Yes
chr3:9.178916924C>T c.311C>T p.Pro104Leu 7 0 Unknown 2 1 Yes
chr3:9.178916929_178916936 €.316_323delinsAT p.Gly106_ 0¢ 0 Unknown 1 0 No
delinsAT Arg108delinslle

chr3:9.178916930G>T c.317G>T p.Gly106Val 17 0 Unknown 1 0 Yes
chr3:9.178916941_178916943del €.328_330del p.Glu110del 1 0 Unknown 1 2 No
chr3:9.178916957G>C €.344G>C p.Arg115Pro 1 0 Unknown 1 0 Yes
chr3:9.178917478G>A C.353G>A p.Gly118Asp 39 0 Unknown 2 1 Yes
chr3:9.178921553T>A c.1035T>A p.Asn345Lys 82 0 Strong 1 0 No
chr3:9.178922321G>A c.1090G>A p.Gly364Arg 3 0 Unknown 1 0 Yes
chr3:9.178922324G>A c.1093G>A p.Glu365Lys 11 0 Unknown 2 0 Yes
chr3:9.178922364G>A c.1133G>A p.Cys378Tyr 2 0 Unknown 1 3 Yes
chr3:9.178927974G>A Cc.1252G>A p.Glu4d18Lys 12 0 Unknown 0 2 No
chr3:9.178927980T>C €.1258T>C p.Cys420Arg 73 0 Strong 3 0 Yes
chr3:9.178928067C>A C.1345C>A p.Pro449Thr 4 0 Unknown 0 1 Yes
chr3:9.178928079G>A c.1357G>A p.Glu453Lys 25 0 Intermediate 8 2 Yes
chr3:9.178928226C>T c.1412C>T p.Pro471Leu 10 0 Unknown 0 1 No
chr3:9.178936082G>A c.1624G>A p.Glu542Lys 908 0 Strong (hot spot) 5 1 Yes
chr3:9.178936083A>G c.1625A>G p.Glu542Gly 6 0 Unknown 0 1 No
chr3:9.178936091G>A c.1633G>A p.Glu545Lys 1444 1 Strong (hot spot) 7 1 Yes
chr3:9.178936094C>A c.1636C>A p.GIn546Lys 158 0 Strong 1 0 Yes
chr3:9.178936095A>G c.1637A>G p.GIn546Arg 56 0 Strong 2 0 No
chr3:9.178936096G>C €.1638G>C p.GIn546His 0f 0 Unknown 1 0 Yes
chr3:9.178938934G>A c.2176G>A p.Glu726Lys 36 0 Unknown 4 2 Yes
chr3:9.178947827G>T €.2702G>T p.Cys901Phe 10 0 Unknown 1 0 No
chr3:9.178947852C>A C.2727C>A p.Phe909Leu 1 0 Unknown 1 1 No
chr3:9.178947865G>A C.2740G>A p.Gly914Arg 1 0 Unknown 3 0 Yes
chr3:9.178947866G>C €.2741G>C p.Gly914Ala 0 0 Unknown 1 0 No
chr3:9.178952006T>C €.3061T>C p.Tyr1021His 4 0 Unknown 1 0 Yes
chr3:9.178952007A>G ¢.3062A>G p.Tyr1021Cys 40 0 Unknown 0 1 Yes
chr3:9.178952019C>A €.3074C>A p.Thr1025Asn 4 0 Unknown 0 1 No
chr3:9.178952049C>T €.3104C>T p.Ala1035Val 4 0 Unknown 1 1 Yes
chr3:9.178952072A>G c.3127A>G p.Met1043Val 31 0 Strong 2 0 No
chr3:9.178952074G>A C€.3129G>A p.-Met1043lle 28 0 Intermediate 0 2 Yes
chr3:9.178952074G>T €.3129G>T p.Met1043lle 69 0 Intermediate 0 1 Yes
chr3:9.178952077T>G c.3132T>G p.Asn1044Lys 6 0 Weak 1 0 No
chr3:9.178952084C>T c.3139C>T p.His1047Tyr 72 0 Intermediate 2 1 Yes
chr3:9.178952085A>G c.3140A>G p.His1047Arg 1951 1 Strong (hot spot) 13 B Yes
chr3:9.178952085A>T ¢.3140A>T p.His1047Leu 285 1 Strong 4 0 Yes
chr3:9.178952086T>A C.3141T>A p.His1047GIn 3 0 Unknown 0 1 No
chr3:9.178952093G>A c.3148G>A p.Gly1050Ser 1 0 Unknown 0 2 No

cDNA, complementary DNA; COSMIC, Catalogue of Somatic Mutations in Cancer; EXAC, Exome Aggregation Consortium; gDNA, genomic DNA; MEG/HMEG,
megalencephaly/hemimegalencephaly; PROS, PIK3CA-related overgrowth spectrum.

aThe RefSeq accession number used for variant nomenclature is NM_006218.2. ®Number of cancer samples with the identified PIK3CA mutation in COSMIC (http:/
cancer.sanger.ac.uk/; accessed August 2016). ‘Number of alleles reported by EXAC;(http://exac.broadinstitute.org/; accessed August 2016). YAccording to Dogruluk et al.>*
°p Gly106_Arg108del was reported in 3 samples in COSMIC. fA different nucleotide change (c.1638G>T) leading to the same amino acid change (p.GIn546His) was reported
in 10 samples in COSMIC.

(Table 2). Consistent with previous findings,*'**® we found P = 0.00055, Fisher exact test) (Figure 3b). Nevertheless, only
strong oncogenic mutations more frequently in patients without ~ 33.3% of our patients without brain overgrowth had one of
(50.6%) than in those with brain overgrowth (15.2%; two-tailed  the three PIK3CA hot-spot mutations, which is in striking
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Figure 3 Distribution and oncogenic activity of PIK3CA mutations. (a) Distribution of the mutations identified in cases without (dark gray) and with
MEG/HMEG (light gray). (b) Oncogenic activity of the identified PIK3CA mutations in cases without (left pane) and with MEG/HMEG (right pane). Oncogenic
activity, from weak to strong effect, is illustrated by a gray scale. Mutations with unknown effects are shown in light gray.

contrast with previous reports that such mutations were the
cause of CLOVES, KTS, FAO, and other focal forms of body
overgrowth in a majority of patients.'>'* Interestingly, among
the five patients with MEG/HMEG caused by one of the three
cancer hot-spot mutations, two were fetuses with severe brain
overgrowth, two had severe hemifacial overgrowth and HMEG,
and only one had a postnatal clinical diagnosis of MCAP syn-
drome, further supporting the idea that MCAP is rarely caused
by strong oncogenic PIK3CA hot-spot mutations.'

DISCUSSION
To our knowledge, this is the first report of the use of NGS
for molecular diagnosis of disorders of the PROS in a clini-
cal setting. Ultradeep sequencing of PIK3CA had a diagnos-
tic rate of 66.7% in our series, with a significantly better yield
for syndromic than for isolated forms. We showed that freshly
obtained skin biopsy specimens and other surgical specimens
from affected regions are the most suitable samples for opti-
mal molecular diagnosis of PROS, regardless of the phenotype.
Our findings also highlight the substantial allelic heterogeneity
of PROS, illustrate the absence of strong genotype—phenotype
correlations between clinical subgroups, underline the limita-
tions of the historical sub-classification of these disorders into
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distinct syndromes, and confirm the relevance and utility of
the preliminary recommendations for clinical assessment and
molecular diagnosis of PROS."

Identifying postzygotic mutations commonly present at lev-
els below the detection threshold of capillary-based Sanger
sequencing poses significant challenges to conventional molec-
ular diagnosis. We showed that extremely deep (>1,000-fold)
NGS-based sequencing of PIK3CA can readily detect levels of
mutations as low as 1%. In addition to detecting single-nucle-
otide changes, our approach was able to identify postzygotic
insertions and deletions, including a complex indel present in
7.8% of alleles and characterized by a deletion of eight and an
insertion of two nucleotides. The substantial number of differ-
ent disease-causing mutations (40 identified in this study alone,
including 15 previously unreported) entails sequencing all
coding exons of PIK3CA. Given the well-known limitations of
Sanger sequencing for detecting mosaic variants,* NGS-based
ultradeep sequencing of PIK3CA appears to be the best avail-
able method for molecular diagnosis of PROS.

We observed a significantly higher number of molecular
diagnoses in syndromic than in isolated forms of presumptive
PROS. One reason could be that collecting affected specimens
from patients with isolated anomalies may prove challenging,
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especially if no debulking or epilepsy surgery is planned. Our
findings indicate that skin biopsy specimens from nonlesional
regions and other surrogate samples are of little help for molec-
ular diagnosis of isolated forms of PROS and emphasize the
need for affected samples. Another reason could be that some
of these phenotypes may be less specific than syndromic forms
and due to other genetic causes, such as mutations in other
members of the PI3K-AKT-mTOR pathway or mosaic forms
of autosomal-dominant overgrowth syndromes, as illustrated
by our patient with a mosaic duplication of the 11p15.5 region,
which is a rare cause of Beckwith-Wiedemann syndrome.*

Considerations regarding which tissues to test are crucial for
the optimal molecular diagnosis of mosaic disorders. Our data
show that freshly obtained skin biopsy specimens and other sur-
gical specimens from affected regions provide the best results in
terms of diagnostic yield and mutant allele levels. Standard pro-
cedures of clinical laboratories for skin biopsies often involve
isolating and culturing skin fibroblasts. Although based on a
limited number of samples, our data suggest that fresh skin
samples should be preferred over cultured cells for PIK3CA
mutation screening. In addition to missing mutations that
might have been detected in the original skin biopsy, cultured
cells are prone to genetic alterations and drift. This may lead to
false-positive results (i.e., cell culture artifacts), especially with
methods meant to detect very low mutant allele levels.?”

We confirmed previous observations that PIK3CA mutations
are detectable in blood or buccal samples of a significant frac-
tion of patients with MCAP syndrome.*'* Nonetheless, our data
show that blood and buccal samples lead to lower diagnostic
rates and mutant allele levels than skin and other affected tis-
sues. We therefore recommend a uniform approach based on
affected skin and overgrown tissues as primary samples for
molecular diagnosis of all disorders of PROS.

It has been proposed that disorders of PROS with no brain
overgrowth such as CLOVES, FAO, or KTS are mostly caused
by PIK3CA cancer hot-spot mutations, whereas MCAP is
usually associated with rarer and milder gain-of-function
mutations." Although we found a higher number of cancer
hot-spot mutations in patients without brain overgrowth, the
majority were caused by rare PIK3CA mutations, thus demon-
strating that both MCAP and non-MCAP phenotypes have a
broad mutational spectrum. We also found various mutations
in more than one distinct clinical entity, further strengthening
the idea that PIK3CA-associated phenotypes should be con-
sidered as a single spectrum. Our data confirm the advantage
of using the umbrella term of PROS over historical clinical
classifications for assessment of overgrowth and molecular
diagnostic testing."

In conclusion, our findings may help to define future best
practices for molecular diagnosis of PROS in particular and
mosaic developmental disorders in general. Along with the
emergence of specific inhibitors of the PI3K-AKT-mTOR path-
way,*® accurate molecular diagnoses of PROS will be crucial for
paving the way toward effective treatments for patients with
these disorders.
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Supplementary material is linked to the online version of the paper
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