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Abstract

Objectives—To test the hypothesis that somatic PIK3CA mutations would be found in patients
with more common disorders including isolated lymphatic malformation (LM) and Klippel-
Trenaunay syndrome (KTS).

Study design—We used next generation sequencing, droplet digital PCR (ddPCR), and single
molecule molecular inversion probes (smMIPs) to search for somatic PIK3CA mutations in
affected tissue from patients seen at Boston Children’s Hospital who had an isolated LM (n=17),
KTS (n=21), fibro-adipose vascular anomaly (FAVA; n=8), or congenital lipomatous overgrowth
with vascular, epidermal, and skeletal anomalies syndrome (CLOVES; n = 33), the disorder for
which we first identified somatic PIK3CA mutations. We also screened 5 of the more common
PIK3CA mutations in a second cohort of patients with LM (n=31) from Seattle Children’s
Hospital.

Results—Most individuals from Boston Children’s Hospital who had isolated LM (16/17) or LM
as part of a syndrome, such as KTS (19/21), FAVA (4/8), and CLOVES (30/32) were somatic
mosaic for PIK3CA mutations, with 5 specific PIK3CA mutations accounting for ~ 80% of cases.
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Seventy-four percent of patients with LM from Seattle Children’s Hospital also were somatic
mosaic for 1 of 5 specific PIK3CA mutations. Many affected tissue specimens from both cohorts
contained fewer than 10% mutant cells.

Conclusions—Somatic PIK3CA mutations are the most common cause of isolated lymphatic
malformations and disorders in which lymphatic malformation is a component feature. Five
PIK3CA mutations account for most cases. The search for causal mutations requires sampling of
affected tissues and techniques that are capable of detecting low-level somatic mosaicism, because
the abundance of mutant cells in a malformed tissue can be low.
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lymphatic malformation; PIK3CA; somatic mutation; Klippel-Trenaunay syndrome

Somatic mutations in PIK3CA, which encodes the catalytic subunit of the enzyme
phosphatidylinositol 3-kinase (P13K), occur frequently in human cancer 1. These activating
mutations increase the enzyme’s baseline catalytic activity 2. The mutations may be
insufficient to cause cancer on their own, but they enhance tumor growth in combination
with other oncogenic mutations 3. Recently, several patients with malformative/overgrowth
syndromes have been shown to contain the same somatic hypermorphic PIK3CA mutations
found in tumors 4-°. The mechanism by which a PIK3CA mutation that arises during
embryogenesis produces malformation and overgrowth is not understood, but is likely due to
the key intermediate role that phosphatidylinositol 3-kinase plays in multiple signaling
pathways, including the vascular endothelial growth factor, fibroblast growth factor, and
insulin-like growth factor pathways 19,

Individuals with malformative syndromes resulting from somatic PIK3CA mutations have a
spectrum of phenotypes, often non-overlapping (e.g., hemimegalencaphy versus
macrodactyly) 4-2. Lymphatic malformations (LM), which arise most frequently as an
isolated vascular anomaly, are a major component feature in patients that have CLOVES
syndrome 1 and Klippel-Trenaunay syndrome (KTS) 12. Fatty-fibrous infiltration with
adjacent venous-lymphatic malformation occurs in CLOVES syndrome and within skeletal
muscles of patients with fibro-adipose vascular anomaly (FAVA) 13. Therefore, we
hypothesized that patients with isolated LM and FAVA, in addition to patients with
CLOVES and KTS, are somatic mosaic for PIK3CA mutations. Here, we report that most
patients with these diseases have somatic PIK3CA mutations, and that 5 recurrent mutations
account for the majority of cases.

METHODS

The Committee on Clinical Investigation at Boston Children’s Hospital approved this study.
Participants were seen in the Vascular Anomalies Center and had a clinical diagnosis of LM,
CLOVES, KTS, or FAVA. LM was diagnosed based on the presence of microcystic and/or
macrocystic features by imaging and the absence of cutaneous or skeletal abnormalities 14,
CLOVES syndrome was diagnosed based upon the presence of lipomatous overgrowth
involving the torso, face, and/or extremity, cutaneous capillary-lymphatic malformation, and
skeletal anomalies such as sandal gap toe, scoliosis, syndactyly, or polydactyly 1. 15, KTS
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was diagnosed based upon the presence of cutaneous capillary-lymphatic malformation,
enlarged veins, and overgrowth of the affected extremity 12. Fibro-adipose vascular anomaly
was diagnosed based upon a localized intramuscular fibrous and fatty infiltration with
adjacent venous and lymphatic malformation 13,

Patients from an independent cohort with head and neck lymphatic malformations followed
in the pediatric vascular malformation clinic at Seattle Children’s Hospital were also
studied.

Prospectively, affected tissue was collected from participants during a clinically-indicated
surgical procedure and stored frozen. Retrospectively, affected tissue was retrieved from
archived formalin fixed paraffin embedded (FFPE) tissue blocks. DNA was extracted from
fresh frozen or FFPE tissue using the QlAamp DNA Mini or QlAamp DNA FFPE Tissue
Kit (Qiagen, Germantown, MD), respectively. We first performed whole-exome sequencing
(WES) of DNA from affected tissue obtained from individuals with LM (n=7) and FAVA
(n=8), and targeted capture sequencing (TCS) of DNA from affected tissue from individuals
with CLOVES (n=22) and KTS (n=15). Next, we designed a low-cost, high throughput,
droplet digital PCR (ddPCR) assay and used this assay to screen for 5 recurrent PIK3CA
missense mutations in affected tissue samples from larger cohorts of individuals with LM,
CLOVES, KTS, and FAVA. Finally, in samples for which a mutation was not identified, we
used single molecule molecular inversion probes (SmMIPS) to screen the entire PIK3CA
coding sequence for novel mutations.

Whole Exome and Targeted Capture Sequencing

Genomic libraries, WES, and TCS were performed as previously described 4, using
SureSelectXT Human All Exon V5 (Agilent Technology, Lexington, MA) for WES and a
custom designed 1M SureSelect DNA Capture Array (Agilent Technology) containing the
coding regions of 26 genes associated with the PI3K-AKT signaling pathway (AKT1, AKT2,
AKT3, FKBP1A, IGF1, KCNH1, KCNH2, KCNK5, MDK, MTOR, NFATC1, NF1, NF2,
NOS3, PIK3CA, PIK3CB, PIK3CG, PIK3R1, PIK3R2, PIK3R3, PPP3CA, PPP3CB,
PPP3CC, PTEN, PTN, SLC12A7) for TCS. Samples were sequenced in 100-bp paired-end
reads on the lllumina HiSeq 2000 sequencer (Illumina, Inc., San Diego, CA). Sequence was
analyzed for mutations as previously described 4.

Droplet Digital PCR (ddPCR)

The ddPCR primers and probes used in this study (Table I1; available at www.jpeds.com)
were designed using Primer3 software 16 to target 5 PIK3CA mutations (p.C420R, p.E542K,
p.E545K, p.H1047R, p.H1047L). Droplet digital PCR was performed as previously
described 17. Briefly, the PCR mixture contained ddPCR Super Mix (Bio-Rad, Hercules,
CA) (final concentration: 1X), 0.25 uM of mutant and reference probe, 0.9 uM of forward
and reverse primer, and up to 30 ng of template DNA in 20 pL total volume. The 20 uL
reaction mixture was emulsified into approximately 14,000 droplets using a QX100 Droplet
Generator (Bio-Rad) according to the manufacturer’s instructions. PCR was performed with
the following variables: 10 minues at 95°C, followed by 40 cycles of 30 seconds at 94°C, 60
seconds at 60°C, 30 sec at 72°C, and then kept at 4°C. Samples were analyzed within 24
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hours using the QX100 Droplet Reader (Bio-Rad) and analyzed with QuantaSoft software
(Bio-Rad).

In some cases, a p.H1047R, p.E542K, or p.E545K mutation found by WES, TCS, and/or
ddPCR, was also confirmed using a hydrolysis probes (TagMan) assay 18.

Single Molecule Molecular Inversion Probes (smMIPs)

smMIP capture and library construction were performed as previously described 1°. In our
experiments we used 500ng of affected tissue DNA and a 5000 to 1 molar excess of
phosphorylated smMIPs during the capture process. Sequencing was performed on a MiSeq
(Illumina, Inc., San Diego, CA) to obtain 150 bp paired-end reads, and sequence data were
analyzed as previously described 4, with the exception that a different PCR duplicate
removal strategy was employed because each smMIP has a unique bar-code 19,

Genotype-Phenotype Association

RESULTS

Medical records were reviewed for each participant from Boston Children’s Hospital to cull
data regarding age, sex, location of malformation and overgrowth, and complications (Table
V; available at www.jpeds.com). Patients were grouped by their individual PIK3CA
mutation and univariate analyses using Fisher exact test and chi-square testing compared
groups with a specific genotype to the 28 individual clinical and radiologic characteristics.

Individuals from Boston Children’s Hospital with LM (n=17), KTS (n=21), FAVA (n=8)
and CLOVES (n=33) participated in our study. Figure 1 depicts features of LM, CLOVES,
KTS, and FAVA that were determinate in assigning a clinical diagnosis. Table | summarizes
the frequencies of features present in the Boston Children’s Hospital cohorts.

WES yielded > 85% enrichment for target sequence and an average of 77-fold (77x)
coverage (ranging from 42x to 133x) across the exome for the LM and FAVA samples. To
minimize identifying false positive variants caused by library preparation or by sequencing
error, we considered only variants observed in at least 2 independent reads at a locus with >
40x sequencing coverage. Using these criteria, we detected likely disease-causing PIK3CA
mutations in 1/8 LM and 2/7 FAVA samples (Table Il). Thus, although WES revealed
mutations in several samples it did not identify mutations in most samples, potentially
because the sequencing coverage and/or the mutant allele frequency were too low to
distinguish a true, low-frequency mutation from a chance sequencing error. For example,
WES from participants LM1, LM8, and FAVA5 each contained 1 variant read in a PIK3CA
hotspot among 31, 58, and 31 total reads, respectively (Table Il), and therefore were
excluded by our filtering criteria because such observations often arise by chance in NGS
datasets.

To increase sequencing throughput, we employed a targeted capture array containing 26
genes associated with the PI3BK-AKT signaling pathway and applied this array to CLOVES
(n=21) and KTS (n=15) samples. We obtained sequence enrichments > 45% with targeted
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capture sequencing (TCS). Still requiring 2 independent mutant reads at a locus, we detected
PIK3CA mutations in 10/21 CLOVES and 4/15 KTS samples (Table II).

Because 5 different PIK3CA mutations (p.C420R, p.E542K, p.E545K, p.H1047R,
p.H1047L) occurred commonly in patients with CLOVES, KTS, LM, and FAVA, and
knowing that these same mutations are common in patients with hemimegalencephaly,
fibroadipose hyperplasia, macrodactyly, and cancer > 6 920 e developed a ddPCR assay
for these 5 mutations. ddPCR, is method that can detect low frequency mutant alleles and
provide accurate measurements of wild-type and mutant allele abundances. Briefly, DNA
was recovered from 1000 — 4000 cells in an affected tissue sample and partitioned into ~
14,000 nanoliter-sized PCR droplets, after which PCR was performed. Droplets were then
digitally counted using fluorescent probes that could differentiate wild-type and mutant
amplimers. This approach allowed us to screen these 5 mutations at greater depth (sample >
2000 alleles) and at low cost (~ $15/sample). To determine the sensitivity of the assay, we
performed ddPCR on genomic DNA from a cell line heterozygous for the p.H1047R
mutation that was serially diluted with healthy control genomic DNA. We reliably detected
a mutant allele frequency as low as 0.1% (1 mutant per 1000 total alleles) with this assay
(data not shown). To determine the specificity of the assay, we performed ddPCR using
water and healthy control DNA, instead of affected tissue DNA. In control experiments,
where no template was added, generally no positive droplets were detected, although
occasionally 1 to 10 droplets representing a wild-type amplimer observed. Rarely, 1 to 5
droplets representing mutant amplimer were detected in healthy, control DNA. We
concluded these “false positive” droplets were the result of contamination occurring during
set up of the reaction 21, Because affected tissue samples yielded > 2000 amplimer
containing droplets, we set a minimum cut-off frequency of 0.5% (1 mutant per 200 total
alleles) to call a DNA sample positive for a PIK3CA mutation by ddPCR. Representative
ddPCR outputs are shown in Figure 2.

We identified 1 of the 5 mutant PIK3CA alleles we tested by ddPCR in 27/33 CLOVES
(82%), 19/21 KTS (90%), 16/17 LM (94%), and 4/8 FAVA (50%) samples (Table I1).
Droplet digital PCR always identified the same mutation as had been identified by WES or
TCS. Additionally, ddPCR detected a low frequency PIK3CA mutation in many samples
that yielded no detectable mutation with NGS. Another indication of the high specificity of
the ddPCR assay is that affected tissue positive for one PIK3CA mutation was never positive
for another mutation.

In an independent cohort from Seattle Children’s Hospital comprising affected tissue DNA
from patients with isolated LM, ddPCR detected 1 of the 5 common PIK3CA mutations in
23/31 (74%) of individuals (data not shown).

Next we used smMIPs to study samples with sufficient remaining DNA and without somatic
PIK3CA mutations detected by WES, TCS, or ddPCR (n=9). Two additional samples with
previously identified PIK3CA mutations were included as positive controls. Except for
samples CL8 and CL21, which were prepared from FFPE tissue and performed poorly in
this assay, sSmMIP sequencing yielded >400x coverage for >78%, >200x coverage for
>91%, and >100x coverage for > 98% of the PIK3CA coding sequence. We identified likely
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disease-causing PIK3CA mutations in 4 of the 9 affected tissue samples, with mutant allele
frequencies ranging from 2.8% (8/275) to 11.4% (4/35), and in both positive controls (Table
2). Two samples without an identified PIK3CA mutation, F1 and F6, had >400x coverage
for >98% of the PIK3CA coding sequence covered by smMIP sequencing.

We observed no significant correlation between a specific PIK3CA mutation, a disease
phenotype, macrocystic versus microcystic LM, or clinical severity (data not shown);
however, we were underpowered to detect modest genotype-phenotype correlations.

DISCUSSION

Most patients with isolated LM, KTS, FAVA, and CLOVES have somatic mosaic PIK3CA
mutations. Five recurrent mutations, which can be quickly and inexpensively screened by
ddPCR, account for most cases. Gene focused NGS using smMIPs identified additional
PIK3CA mutations.

We did not identify a PIK3CA mutation in every patient. This may be because some patients
have a mutation in a region of PIK3CA for which we had low WES, TCS, or smMIP
sequence coverage. Alternatively, it is possible that a PIK3CA mutation is present, but at a
frequency that falls below the sensitivity of the ddPCR assay or our NGS filtering algorithm.
Lastly, we cannot preclude these disorders also being caused by mutations in other genes, as
has been reported for individuals with hemimegalencephaly ¢ 22, Our WES and TCS data
did not suggest candidate mutations at alternative loci in samples that lacked a detectable
PIK3CA mutation. Therefore, in contrast to patients with hemimegalencephaly for whom a
mutation in 1 of several genes is sufficient to cause brain overgrowth, PIK3CA is
responsible for most, if not all, of the LMs and other vascular malformations seen in patients
with CLOVES and KTS.

Many reports characterize clinical features in patients with LM and KTS, and several
pathogenic mechanisms have been proposed 4. KTS has been recognized for more than a
century 23; we defined the condition as comprised of overgrowth, cutaneous capillary and
lymphatic malformation, and persistence of embryonic vasculature in an extremity 12 14 All
of the KTS participants in this study fit this narrow definition with respect to appendicular
involvement. Centers that use less rigid criteria to clinically diagnosis KTS, may
inadvertently consider patients with other overgrowth disorders, such as Beckwith-
Wiedemann 24, SOLAMEN 25, or Bockenheimer 26 syndromes, as having KTS. Thus, our
finding that most patients with KTS have PIK3CA mutations is likely a consequence of the
strict clinical definition we employ. CLOVES syndrome and FAVA are recently recognized
clinical entities, although an 1867 report described a patient who likely had CLOVES
syndrome 27 28,

Cells containing activating mutations were present at low frequencies (<10%) in many
affected tissue samples (Table Il). Biologically, this likely reflects the ability of mutant cells
to recruit wild-type cells during the malformative/overgrowth process, although we cannot
preclude difficulty in enriching solely for affected tissue from biopsies as an alternative
explanation. We did not examine DNA obtained from normal skin or blood from most
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participants and therefore cannot preclude the possibility that mutant cells can reside in
“normal” tissue. Regardless of mechanism, the low frequency of mutant alleles in many
affected tissue specimens has important diagnostic implications, as detection of such
mutations in patients requires approaches that can ascertain low-frequency alleles with high
sensitivity and specificity. High sensitivity and specificity are essential in laboratories that
offer clinical testing. Our results were obtained in the research setting and the ddPCR assay
criteria we employed missed mutant allele frequencies less than 0.5% in order to avoid
obtaining false positive results.

Although each of our genotyping strategies successfully identified PIK3CA mutations in
affected tissue, we suggest initially performing ddPCR as an efficient and cost effective
strategy for screening tissue samples from patients with isolated LM, CLOVES, KTS, and
FAVA. Approximately 80% of affected tissue samples contained 1 of the 5 mutations
screened by our ddPCR assay. For samples that did not have 1 of these 5 recurrent PIK3CA
mutations, high-throughput NGS sequencing such as with smMIPs identified additional
disease-causing PIK3CA mutations in another 8% of samples. PIK3CA inhibitors are
currently in development as cancer therapeutics. These inhibitors may also benefit patients
with LM, CLOVES, KTS, and FAVA.

Somatic mosaic mutations in PIK3CA cause LM as well as syndromes in which LM is a
common feature. Currently, we do not know why the same somatic mutation in PIK3CA
causes an isolated LM in one individual and a different disorder in another. Likely
explanations include the stage during embryonic development when the mutation arises, the
location of the first mutated cell in the embryo, and the stem and pluripotent progenitor cells
that descend from the original mutant. Also worthy of further investigation is whether a
PIK3CA mutation alone is sufficient to produce disease or whether additional genetic or
environmental factors are required. Mouse models with a mutant Pik3ca allele that can be
conditionally activated in a temporal- and tissue-specific manner 3: 29 30 should help address
these questions as well as facilitate the search for better therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LM lymphatic malformation

KTS Klippel-Trenaunay syndrome
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CLOVES Congenital Lipomatous Overgrowth with Vascular, Epidermal, and Skeletal
anomalies
FAVA fibroadipose vascular anomaly
PIK3CA Phosphatidylinositol-4,5-bisphospate 3-kinase, catalytic subunit alpha
NGS next generation sequencing
WES whole exome sequencing
TCS targeted capture sequencing
ddPCR droplet digital PCR
smMIPs single molecule molecular inversion probes
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Figure 1.
Photographs and MRIs of participants with isolated LM, CLOVES, KTS, and FAVA. (A) 8-

month-old boy (LM1) with isolated LM. Note swelling in deltoid region without cutaneous
vascular signs. Coronal and sagittal fat-saturated T2-weighted MRI demonstrates
macrocystic LM (a multilocular cystic mass) involving the anterolateral aspects of the right
shoulder without muscular infiltration (arrows); humeral head (asterisk). (B) 19-month-old
female (CL12) with CLOVES syndrome. Note asymmetric distribution of truncal
lipomatous masses and bilateral lower extremity involvement. Coronal fat-saturated T1-
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weighted MRI following contrast administration demonstrates moderate heterogeneous
enhancement of the bilateral truncal masses (arrows). Axial T1-weighted MRI without
contrast depicts truncal lipomatous overgrowth (arrows); segment V1 of the liver (asterisk).
(C) 3-year-old boy (KT4) with KTS. Note capillary-lymphatic malformation and
overgrowth involving right lower extremity. Coronal and axial fat-saturated T2-weighted
MRI shows the persistent marginal vein system (bent arrows) and marked enlargement of
the subcutaneous tissues due to a combination of lymphatic fluid and fat (straight arrow).
There are also intramuscular venous malformations. (D) 9 - year-old boy (F8) with FAVA of
the left gastrocnemius muscle; note absence of overgrowth and cutaneous vascular
anomalies. Sagittal fat-saturated T1-weighted MRI following contrast administration
demonstrates the longitudinal distribution of the diffuse, fibro-adipose vascular anomaly
(arrows). Axial fat-saturated T2-weighted MRI with (upper) and without (lower) contrast.
Note right head of the gastrocnemius muscle is diffusely replaced by a contrast enhancing
heterogeneous soft tissue lesion (arrows).
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Figure 2.

Scatterplots depicting ddPCR results specifically for the p.E542K mutation assay. The X-
axis indicates fluorescence intensity in droplets for the probe targeting the wild-type
amplimer and the Y-axis indicates fluorescence intensity in droplets for the probe targeting
the p. E542K mutant amplimer. Individual droplets that contain no amplimer are
pseudocolored black, wild-type amplimer red, p.E542K mutant amplimer green, and wild-
type and p.E542K mutant amplimers yellow. (A) Scatterplot when water-alone was used as
template. Neither wild-type nor mutant amplimer was present in any of the 15,633 droplets
in this experiment. (B) Plot when affected tissue DNA from participant LM2, who has a
different PIK3CA mutation (p.C420R), was used as template for the p.E542K assay. Of the
13,932 droplets analyzed, 11,670 contain no amplimer and 2,262 contain amplimer that is
wild-type at the p.E542K locus. (C) Scatterplot when affected tissue DNA from participant
LM1, who was previously found to have a p.E542K mutation by whole exome sequencing,
was used as template. Of 13,146 droplets analyzed, 3,811 contain wild-type amplimer, 242
contain mutant amplimer, 193 contain wild-type and mutant amplimer, and 8,900 contain no

amplimer.
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Summary characteristics for the Boston Children’s Hospital cohorts. Truncal involvement indicates presence
of one or more lipomatous masses on inspection, palpation, or MRI. Limb involvement indicates lipomatous
overgrowth by inspection or MRI. Number of participants with limb length discrepancy (LLD), macrodactyly
(macro), and syndactyly (syn) is indicated. CM — capillary malformation, LM — lymphatic malformation, VM
— venous malformation. Number of participants with LM affecting a specific location (head or neck, trunk,
and limb) is indicated, as is number of LMs that by MRI or ultrasonography were microcystic, macrocystic, or

a combination.

Table 1

(INF/GIB/DVT/PVT/Wilms/death)

LM CLOVES KTS FAVA

(n=17) (n=33) (n=21) (n=8)
Sex (M/F) (11/6) (18/15) (13/18) (3/5)
Truncal involvement 0 26 2 0
Limb involvement 4 30 21 8
(LLD/macro/syn) (0,0,0) (17/22/6) (20/14/4) (0/0/0)
Cutaneous CM and/or LM 0 28 21 0
LM on imaging 17 33 21 4
(head-neck/trunk/limb) (10/3/4) (5/13/15) (0/0/21)
[micro/macro/combination] [1/8/8] [4/19/10] [1/11/9]
VM on imaging 0 30 20 8
Complications (13/0/0/0/0/0) | (12/7/6/4/1/2) | (13/8/3/0/0/0) none

Note, LM adjacent to fibro-adipose infiltrated muscle was a frequent histopathologic finding in FAVA. Number of participants with a VM detected
by ultrasonography or MRI is indicated. VMs involved the marginal veins or large draining veins in CLOVES and KTS, and were adjacent to the
fibro-adipose lesion in FAVA. Complications include infection at site of or originating from a vascular malformation (INF), gastro-intestinal bleed
(GIB), deep vein thrombosis + pulmonary embolism (DVT), portal vein thrombosis (PVT), Wilms tumor (Wilms), and death.
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