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Diagnostic Utility of Next-Generation Sequencing
for Disorders of Somatic Mosaicism:
A Five-Year Cumulative Cohort

Samantha N. McNulty,1,6 Michael J. Evenson,1,6 Meagan M. Corliss,1 Latisha D. Love-Gregory,1

Molly C. Schroeder,1 Yang Cao,1 Yi-Shan Lee,1 Beth A. Drolet,2 Julie A. Neidich,1

Catherine E. Cottrell,3,4 and Jonathan W. Heusel1,5,*

Disorders of somatic mosaicism (DoSM) are a diverse group of syndromic and non-syndromic conditions caused by mosaic variants in

genes that regulate cell survival and proliferation. Despite overlap in gene space and technical requirements, few clinical labs specialize

in DoSM compared to oncology. We adapted a high-sensitivity next-generation sequencing cancer assay for DoSM in 2014. Some 343

individuals have been tested over the past 5 years, 58% of which had pathogenic and likely pathogenic (P/LP) findings, for a total of 206

P/LP variants in 22 genes. Parameters associated with the high diagnostic yield were: (1) deep sequencing (�2,0003 coverage), (2) a

broad gene set, and (3) testing affected tissues. Fresh and formalin-fixed paraffin embedded tissues performed equivalently for identifi-

cation of P/LP variants (62% and 71% of individuals, respectively). Comparing cultured fibroblasts to skin biopsies suggested that

culturing might boost the allelic fraction of variants that confer a growth advantage, specifically gain-of-function variants in PIK3CA.

Buccal swabs showed high diagnostic sensitivity in case subjects where disease phenotypes manifested in the head or brain. Peripheral

blood was useful as an unaffected comparator tissue to determine somatic versus constitutional origin but had poor diagnostic sensi-

tivity. Descriptions of all tested individuals, specimens, and P/LP variants included in this cohort are available to further the study of

the DoSM population.
Introduction

Disorders of somatic mosaicism (DoSM) are caused by

mutations that arise post-zygotically and are present in

only part of the body (Figure 1). These mutations

alter the function and regulation of key genes in cell

survival and proliferation pathways, including the

PI3K/AKT/mTOR and RAS/RAF pathways, and show

significant overlap with oncogenic mutations identified

in cancer. Examples include: gain-of-function PIK3CA

(MIM: 171834) variants in breast cancer (MIM: 114480)

and PIK3CA-related overgrowth spectrum (PROS),

gain-of-function AKT1 (MIM: 164730) variants in non-

small cell lung cancer (MIM: 211980) and Proteus

syndrome (MIM: 176920), and gain-of-function NRAS

(MIM: 164790) mutations in acute myeloid leukemia

(MIM: 601626) and congenital melanocytic nevus

syndrome (MIM: 137550).1,2 The manifestations of

DoSM are highly variable, depending on when the

mutation occurred during embryogenesis, the location

of affected cells and tissues within the developing

body, allelic diversity, and the function and expression

of the altered gene(s).3 Phenotypes can appear before

or after birth and may include soft tissue and/or bony

overgrowth, digital anomalies, glaucoma, vascular and

pigmentary alterations, and brain abnormalities, among

others.1,4
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There are no FDA-approved drugs to treat DoSM;

however, we and others have demonstrated that several

DoSM are caused by mutations in highly conserved genes,

many of which are implicated in cancer (oncogenes). This

has transformed our fundamental understanding of the

pathobiology of these lesions and revealed potential

pharmacologic targets for these developmental but pro-

gressive disorders. For example, venous and lymphatic

malformations driven by activation of the PI3K/AKT/

mTOR pathway were improved by treatment with oral

mTOR inhibitors,5–7 and Venot et al. demonstrated

dramatic reversal of disease employing compassionate

use of an oral PIK3CA protein inhibitor to treat people

with complex vascular anomalies and/or PROS.8 Unfortu-

nately, clinical diagnosis of DoSM is often challenging

since phenotypes can be non-specific and presentations

vary depending on the affected tissue(s). The use of

various historic and specialty-specific acronyms to describe

these phenotypes further contributes to confusion in

diagnosis and misperceptions regarding prognosis and

hinders progress in therapeutic intervention. Thus, molec-

ular diagnoses are critical for management of affected

individuals and counseling of affected families.

Testing for somatic variation in the setting of cancer

presents unique challenges in comparison to testing for

constitutional variants that are present in every nucleated

cell. Just as the variants in a tumor are restricted to the
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Figure 1. Disorders of Somatic Mosaicism
Somatic variants can arise during or after the 2-cell stage of
embryogenesis. They are restricted to the specific lineage of cells
derived from the original mutant (blue) and are absent from other
cells and tissues (tan). Proliferative disorders arise when somatic
variants impact the function of key genes involved in the regula-
tion of cell growth, division, and senescence. Their phenotypic
manifestations are highly variable, depending on the timing of
the mutation during or after embryonic development, the loca-
tion of the variant within the developing body, allelic diversity,
and the function and expression of the altered gene(s). Pheno-
types can appear before or after birth and may include soft tissue
overgrowth, skin lesions, bone malformations, and brain abnor-
malities, among others.
transformed cells (usually with oligoclonal distribution),

the variants implicated in DoSM are restricted to the

discrete lineage of cells descended from the founder cell.

As such, reliable detection of somatic variants requires

methods with high analytical sensitivity, designed to

identify variants that may be present at a very low allelic

frequency.9 Sensitivity requirements, coupled with the

need to evaluate numerous genetic loci (extending beyond
The America
mutational hotspots), makes next-generation sequencing

(NGS) an ideal method for DoSM testing.

Here we present the data derived from our experience in

NGS testing of 358 unique specimens from 343 individuals

for DoSM over the course of 5 years. Although discrete as-

pects from 16 case subjects (4.7%) have been reported pre-

viously,9–11 this report is a comprehensive review of the

aggregate data across the entire cohort. Our findings stress

the importance of several factors unique to testing in the

somatic setting: multiplexing with broad exonic sequence

coverage of multiple gene targets, high unique coverage

depth, and directed selection of specimens from disease-

affected tissue. Detailed descriptions of the individuals

that were tested and their genetic findings are offered as

a resource to advance genetic testing for DoSM.
Material and Methods

Biological Materials
Specimens from 343 individuals with suspected DoSM were sub-

mitted to Genomics and Pathology Services at Washington Uni-

versity in St. Louis for clinical NGS-based testing between October

2013 and December 2018 (Tables S1 and S2). Accepted specimen

types were peripheral blood, buccal swabs, cultured fibroblasts,

fresh tissue, and formalin-fixed, paraffin-embedded (FFPE) tissue.

Fresh tissue specimens included small punch biopsies, soft tissue

masses, brain biopsies, and amputated digits that were transported

either frozen or in culture media. Peripheral blood was often sub-

mitted for comparison to affected tissue (see Variant Confirmation

in Peripheral Blood by Sanger Sequencing below). Specimens were

classified as affected or unaffected based on the descriptions pro-

vided on test requisitions and other available clinical notes. Buccal

swabs were considered affected if the individual exhibited disease

phenotypes in the head.
DNA Isolation, Library Preparation, and Sequencing
DNA was isolated from fresh and FFPE tissue using the QIAamp

DNeasy blood and tissue kit (QIAGEN) and from peripheral

blood, buccal swabs, and cultured fibroblasts using the QIAamp

DNA blood mini kit (QIAGEN). Isolated DNA was sheared by son-

ication to an average size of 160–230 bp. Fragmentation was

measured using an Agilent Bioanalyzer 2100, and concentration

was measured using a Qubit fluormetric quantitation system.

Fragmentation was followed by end repair, A-tailing, and

sequencing adaptor ligation using standard, commercial library

preparation kits (Table S3). Adaptor-ligated DNA was amplified

by selective, limited-cycle PCR. Prepared libraries were hybridized

to custom capture probes to enrich for the targeted genes as spec-

ified in Table S4. Enriched libraries were PCR amplified, pooled,

and sequenced on Illumina instrumentation according to the

manufacturer’s recommended protocol to generate paired-end

101 or 151 bp reads. Detailed parameters across multiple assay

versions may be found in Table S3.
Bioinformatic Analyses
Details of the bioinformatic pipelines used with each version of

the assay described here are listed in Table S3. Briefly, Illumina

base call (bcl) files were converted to fastq format and demulti-

plexed using custom scripts. Reads were aligned to the human
n Journal of Human Genetics 105, 734–746, October 3, 2019 735



Table 1. Individuals and Specimens Tested Using Each Gene Set Offered from October 2013 to December 2018

Gene Set
Date of
Offering Reported Genesa

P/LP
Findings/
Individuals
Testedb

FFPE
Specimens

Fresh
Tissue
Specimens

Fibroblast
Cultures

Buccal
Swabs

Peripheral
Blood
Specimens

Total
Specimens

PIK3CA-Related
overgrowth

Oct 2013 to
present

PIK3CA 20/27 3 8 4 13 2 30

McCune
Albright
syndrome

Oct 2013 to
present

GNAS 7/33 10 4 1 0 19 34

Segmental
overgrowth

Oct 2013 to
May 2015

AKT1, AKT2, AKT3,
GNAS, MTOR, PIK3CA,
PTEN

7/10 6 1 1 2 0 10

Somatic
overgrowth
V3.0

May 2015 to
Aug 2015

AKT1, AKT2, AKT3,
GNAQ, MTOR, PIK3CA,
PIK3R2, PTEN

2/5 3 1 1 0 0 5

Somatic
overgrowth
V3.1

Aug 2015 to
Feb 2017

AKT1, AKT2, AKT3,
GNAQ, MTOR, PIK3CA,
PIK3R2, PTEN, RASA1,
TSC1, TSC2

42/79 9 34 12 25 0 80

Somatic
overgrowth
V3.2

Feb 2017 to
present

AKT1, AKT2, AKT3,
GNA11, GNAQ, IDH1,
IDH2, MAP2K1,
MAP2K3, MTOR,
PIK3CA, PIK3R2, PTEN,
RASA1, SMO, TEK,
TSC1, TSC2

91/155 25 81 13 37 2 158

Nevus
syndrome

Feb 2017 to
present

FGFR3, GNA11, GNAQ,
HRAS, KRAS, MAP3K3,
NRAS, PIK3CA, TEK

17/18 5 11 1 2 0 19

Curry-Jones
syndrome

Feb 2017 to
present

SMO 0 0 0 0 0 0 0

Maffucci
syndrome

Feb 2017 to
present

IHD1, IDH2 1/1 1 0 0 0 0 1

Rasopathies Feb 2017 to
present

BRAF, CBL, HRAS,
KRAS, MAP2K2,
MAP2K2, NF1, NRAS,
PTPN11, RAF1, RIT1,
SHOC2, SOS1, SPRED1

2/3 2 1 0 0 0 3

Custom
gene set

Oct 2013 to
present

variable 11/18 6 8 1 0 3 18

Total 349 70 149 34 79 26 358

aOnline Mendelian Inheritance in Man (OMIM) identifiers provided for each gene in Table S4.
bNote that multiple specimens were submitted from some individuals and some specimens were tested on multiple gene sets.
reference assembly (UCSC hg19) using Novoalign. Sequencing

metrics, including total reads generated, readsmapped to the refer-

ence assembly, reads mapped to targeted exons/genes, unique

versus duplicate reads, and coverage depth, were calculated for

each case subject to ensure that data quality was sufficient to sup-

port further analysis (Table S5).

Single-nucleotide variants (SNVs) with variant allele fre-

quency (VAF) greater than 3% and small insertions and dele-

tions (indels, <21 bp) were identified from alignment files using

open source software (Table S3). The consequences of any detected

variants were determined by Variant Effect Predictor.12 Recur-

rently mutated positions with clinical relevance were further

evaluated to identify pathogenic SNVs between 1% and 3% VAF.

Aligned bam files were interrogated using samtools mpileup

(v.0.1.1913,14) at 803 codons across 35 genes in regions associated

with recurrent mutations (Table S6). The mpileup output was

parsed and filtered by a custom script, and alignment files were
736 The American Journal of Human Genetics 105, 734–746, Octobe
manually inspected in Integrative Genomics Viewer15 to confirm

the presence of the identified variants.
Variant Interpretation
Variant interpretation was limited to one or more of the specified

gene sets described in Table 1. Annotated variants were subjected

to expert classification using the ACMG/AMP standards and

guidelines for constitutional variant interpretation,16 taking into

consideration literature review, association with FDA-approved

therapies, professional guidelines, and representation within pub-

lically available databases of human genomic variation (e.g., Clin-

Var, dbSNP, ExAC, and gnomAD). Variant attributes were addition-

ally considered when assessing for pathogenicity including

variant location (hotspot or domain), VAF, occurrence and fre-

quency in cancer, type of alteration, sampled tissue type, and clin-

ical phenotype. All detected pathogenic variants, likely
r 3, 2019
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Figure 2. Cohort Demographics
(A) A total of 358 unique specimens from
343 people were submitted for testing be-
tween October 2013 and December 2018.
Individuals ranged in age from birth to
62 years with an average age of 7.77 5
9.41 years. P/LP findings were not concen-
trated in any particular age group.
(B) Racial ancestry was listed on the test
requisition for most people: 25 African
American, 20 Asian, 170 white, 49 Latino,
4 Middle Easterner, 16 of other back-
grounds; 59 people did not report their
racial background.
(C) Individuals were referred for testing
by physicians that represent a total of 18
sub-specialties, including: genetics,
dermatology, neurology, oncology, and
pathology.
(D) Phenotypes reported for each person
were binned into eight discrete categories.
People were clustered based on the eight
phenotypic categories and the biochem-
ical pathway associated with any P/LP
finding. Variants in the PI3K/AKT/mTOR
pathway (red) are associated with a wide
variety of symptoms, while variants in
the RAS/RAF pathway (blue) were often
associated with overgrowth, vascular
malformations, brain malformations, and
nevi.
pathogenic variants, and variants of uncertain clinical significance

are listed in Table S7. Pathogenic variants and likely pathogenic

variants were listed as ‘‘P/LP’’ for the purpose of this report. For vi-

sual representation, P/LP variants were plotted along the length of

coding genes using MutationMapper, which is available from

cBioPortal.17,18
Variant Confirmation in Peripheral Blood by Sanger

Sequencing
Peripheral blood was obtained as a comparative unaffected

specimenalongside theprimary affected tissue for 139of the 199 in-

dividuals with P/LP findings (Table S7). In the event that a patho-

genic, likely pathogenic, or variant of uncertain clinical significance

(VUS) was identified, peripheral blood was submitted to a clinical

reference laboratory for confirmation of the variant of interest by

Sanger sequencing. Detection of the variant in peripheral blood

indicates either a multi-tissue distribution of a mosaic alteration or

that the variant has a constitutional origin whereas the absence of

thevariant inperipheralblood is takenasan indicationofmosaicim.
Regulatory Approval
The institutional review board ofWashington University School of

Medicine deemed this study as not fitting the definition of human

subjects research; thus, no IRB protocol was required.
The American Journal of Human Ge
Results

Testing Model

TestingforDoSMwas initiatedatWash-

ington University in 2013. DoSM gene

panels were modified three times be-
tween 2013 and 2017, expanding the number of orderable

genes from7 to35; discrete single-gene testingwas also avail-

able (e.g., PIK3CA for suspected PROS, GNAS [MIM: 139320]

for suspected McCune-Albright syndrome [MIM: 174800]).

The latest revision in February 2017 saw a reorganization of

the testing program to offer smaller gene sets specifically

tailored to individual syndromes and disorders (Table 1).

These range from a single-gene analysis for Curry-Jones syn-

drome (MIM: 601707) to broader panels for disorders known

to exhibit locus heterogeneity (e.g., Rasopathies Gene Set,

Nevus Gene Set, Somatic Overgrowth Gene Set).

In17 instances, theorderingphysician requesteda custom

gene set comprised of one or more of the genes that were

offered on the available version of the advertised panels.

Custom gene sets can be particularly useful in case subjects

with complex phenotypes and/or multiple potential

etiologies.

Cohort Demographics

A total of 358 unique specimens from 343 individuals were

submitted for NGS testing between October 2013 and

December 2018 (Tables 1, S1, and S2). Individuals ranged

in age from birth to 62 years (Figure 2A). The average age
netics 105, 734–746, October 3, 2019 737



Table 2. Specific Clinical Diagnoses of Individuals Tested for Disorders of Somatic Mosaicism

Prior Clinical
Diagnosis
(OMIM Identifier) AKT1 AKT3 GNA11 GNAQ GNAS HRAS KRAS IDH1 PIK3CA PIK3R1 PIK3R2 RASA1 TSC2

Negative
Cases

Total
Cases

CLOVES (612918) – – – – – – 1 – 9* 1 – – – 2 13

KTS (149000) – – – – – – 1 1 2* 1 – – – 5 9

Maffucci syndrome
(614569)

– – – – – – – 2* – – – – – 1 3

MCAP (602501) – 1 – – – – – – 16* – – – – 4 21

McCune Albright
syndrome (174800)

– – – – 4* – – – – – – – – 7 11

MPPH (603387,
615937)

– 0* – – – – – – – – 0* – – 2 2

PROS (n/a) – – 1 – – – – – 0* – – – – 2 3

Proteus syndrome
(176920)

0* – – – – – – – 3 – – – 1 2 6

Parkes Weber
syndrome (n/a)

– – – – – – – – – – – 0* – 1 1

Nevus sebaceous
syndrome (163200)

– – – – – 1* 7* – – – – – – 1 9

Sturge Weber
syndrome (185300)

– – – 2* – – – – – – – – – 1 3

Abbreviations: OMIM, Online Mendelian Ineritance in Man; CLOVES, congenital lipomatous overgrowth, vascular malformations, epidermal nevi and spinal/skel-
etal abnormalities; MCAP, megalencephaly-capillary malformation syndrome; MPPH, megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome;
PROS, PIK3CA-related overgrowth syndrome. Asterisk (*) indicates canonical gene(s) associated with the listed syndrome.
at the time of testing was 7.77 5 9.41 years, consistent

with the congenital or early-onset of DoSM phenotypes.6

Information about racial ancestry was provided for 284

people; 60% self-identified as white (Figure 2B). However,

this is more likely a reflection of the laboratory’s client

demographic rather than the true racial distribution of

DoSM. The overall sex ratio among the cohort was

balanced at 173 females and 170 males; however, skewing

was noted for specific conditions (for example: 11 males

and 26 females with suspected McCune Albright syn-

drome). Sixty-eight percent of the individuals were referred

for testing by physicians that specialize in genetics; other

referring sub-specialties included dermatology, endocri-

nology, neurology, and pathology among others

(Figure 2C).

Test requisitions from 81 people listed a diagnosis based

on clinical findings (Table 2); however, most did not have

a specific diagnosis at the time of testing. With careful

analysis of test requisitions and other available clinical re-

cords, people were grouped into eight discrete phenotypic

categories (Figure 2D, Table S1). The most prevalent

features noted in this cohort were asymmetric overgrowth

and vascular malformations (169 and 189 people, respec-

tively). Seventy-three individuals (21.3%) had a single

feature indicated on the requisition (e.g., port wine stain,

lipoma, or an isolated malformation or overgrowth),

while the rest (78.7%) had multiple phenotypes

described. Clustering analyses revealed that segmental

overgrowth and vascular malformations were likely to
738 The American Journal of Human Genetics 105, 734–746, Octobe
co-occur, possibly driven by overlap in the causative genes

(Figure 2D). We also observed a degree of overlap between

brain malformations and macrocephaly (70 individuals

with brain malformations, 57 with macrocephaly, and

24 with both).

Clinically Relevant Findings

NGS was performed on DNA extracted from the submitted

specimens, and variants were reported from the gene set

selected by the ordering physician (Table 1). Considering

all test results, P/LP alterations were identified in 199 of

the 343 individuals (58%) in this cohort (Figure 3, Table

S7). P/LP variants were found in 22 genes and included

184 missense variants, 5 in-frame indels, 9 frameshifts, 3

nonsense variants, and 5 splice variants (Table 3).

One hundred thirty-nine of the 206 P/LP variants were

found in genes of the PI3K/AKT/mTOR pathway; 112 of

these were in PIK3CA (Figure 4A, Tables 2 and S7). Nine-

teen PIK3CA variants occurred at the p.His1047 position

and ten affected p.Glu545, both well-known hotspots for

mutation in cancer.19 Consistent with previous reports,6

well-characterized, activating variants were found along

the full length of PIK3CA (Figure 4A). People harboring

these variants can now be considered as candidates for

PIK3CA and/or mTOR inhibitor therapy.1,7,8

Sixty-seven P/LP variants were found outside the

PIK3/ATK/mTOR pathway, primarily in G-protein-

coupled receptors and in genes of the RAS/RAF pathway

(Table S7). Variants in the RAS/RAF pathway have broad
r 3, 2019
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Figure 3. Allelic Frequency of P/LP Variants
P/LP variants were found with VAF ranging from 1% to 68% with
an average VAF of 16.2% 5 13.5%. One hundred sixty of the 206
P/LP variants were found at VAF < 25% and 87 were found with
VAF < 10%. Blood specimens were submitted as a comparative
sample determine the distribution of the P/LP variant in the
body for 139 of the 199 individuals with P/LP findings; 26 of the
secondary blood specimens tested positive for the P/LP variant
by Sanger sequencing (red) while 113 tested negative (blue). P/
LP findings in the peripheral blood were enriched in case subjects
where the variant was found at a high VAF in the original spec-
imen used in NGS testing.
consequences, including overgrowth, brain malforma-

tions, vascular malformations, and skin pigment

abnormalities.4,20–22 Twelve individuals in our cohort

had activating GNA11 (MIM: 139313) p.Arg183Cys

variants and seven had activating GNAQ (MIM: 600998)

p.Arg183Gln variants; all of these had some form of

vascular malformation and many had tissue overgrowth

as well.22 Eleven individuals had P/LP variants in KRAS

(MIM: 190070, Figure 4B), seven were present at the ca-

nonical p.Gly12 position. Ten of these presented with

nevi, as expected.23,24 Interestingly, two individuals with

KRAS p.Gly12 variants had vascular malformations and

overgrowth features that are typically associated with

findings in PIK3CA (Table 2). G-protein inhibitor and

RAS/RAF pathway inhibitor therapies may prove useful

in these people.11

The 81 individuals with clinical diagnoses listed on

test requisitions are described in Table 2. Many of the

syndromes represented are caused by specific variants

in known genes, for example AKT1 variants in Proteus

syndrome, PIK3CA variants in Klippel-Trenaunay syn-

drome (MIM: 149000), and GNAS variants in McCune

Albright syndrome. In some instances, the expected

variant was detected in the specimen, but unexpected

variants were seen in many cases. Specimens referred

for the nevus gene set had a high diagnostic rate in

general. All P/LP findings associated with nevus seba-

ceous syndrome (MIM: 163200) were in KRAS and

HRAS (MIM: 190020), as expected. In contrast, six indi-

viduals were tested for suspected Proteus syndrome, but

no AKT1 variants were identified; three individuals had

P/LP variants in PIK3CA and one had a P/LP variant in
The America
TSC2 (MIM: 191092). While treatment options for

AKT1-driven Proteus syndrome are limited, targeted

therapies are available for people with variants in

PIK3CA and TSC2.

Variant Allelic Frequency for DoSM-Associated Variants

Most of the P/LP variants identified in this dataset were

present at a VAF < 50%, indicative of specimens with vary-

ing proportions of affected and unaffected cells (Figure 3).

One hundred sixty of the 206 P/LP variants were found

at VAF < 25% and 87 were found with VAF < 10%. The

NGS assay employed in this study is validated for a routine

VAF cutoff of 3%; however, a lower cutoff of 1% is possible

with manual inspection of the aligned reads at recurrently

mutated, hotspot positions (e.g., PIK3CA p.His1047 and

p.Glu545, see Table S6). Indeed, this additional step facili-

tated the identification of 31 variants in 9 genes with VAF

between 1% and 3%.When these low VAF variants were re-

ported, the clinical report specifically noted that the

finding was near the limit of detection for the assay and

should be interpreted in that context; additional speci-

mens were requested for confirmatory testing where

needed. If the only P/LP variant found in a case subject

was present at <1% VAF, the case subject was reported as

negative.

Tissue Distribution Suspected DoSM Variants

Peripheral blood specimens were submitted as a compar-

ative sample to clarify the distribution of the variant for

139 of the 199 individuals with P/LP findings; 26 of the

blood specimens tested positive for the P/LP variant by

Sanger sequencing (Figure 3, Table S7). Positive findings

in the peripheral blood are indicative of multi-tissue and/

or constitutional involvement and may necessitate genetic

counseling regarding the potential for vertical transmis-

sion due to gonadal mosaicism in the proband. The

multi-tissue positives were concentrated in case subjects

where the P/LP variant was originally identified via NGS

at a high (near-heterozygous) VAF in the affected spec-

imen (Figure 3). They were also enriched for indications

related to macrocephaly and brain malformations (20 of

26 individuals), conditions that have been described as

germline disorders in the literature.25 While Sanger

sequencing does not provide a discrete VAF, low peak

intensities indicative of a mosaic variant were specifically

noted by the reference laboratory in eight case subjects

(Table S7). For example, one GNAS variant (p.Arg201His)

with a low peak intensity from the peripheral blood spec-

imen had a VAF < 10% in the affected specimen as well.

This confirms multi-tissue distribution but suggests that

constitutional origin is unlikely (i.e., multi-tissue mosaic).

Both gain- and loss-of-function P/LP variants were iden-

tified in the peripheral blood comparator specimens (19

and 7 case subjects, respectively). However, highly pene-

trant hotspot mutations were infrequently observed in

blood, likely due to a deleterious or lethal effect on the

developing embryo.25–28 For example, nine PIK3CA
n Journal of Human Genetics 105, 734–746, October 3, 2019 739



Table 3. P/LP Variants Identified in the Context of Disorders of Somatic Mosaicism

Gene (OMIM Identifier) RAS/RAF
Missense
Variants

Nonsense
Variants

Splice
Variants

In-Frame
Indels Frameshifts Total P/LP Variants

PIK3CA (171834) PI3K/AKT/mTOR 108 0 0 2 2 112

PIK3R2 (603157) PI3K/AKT/mTOR 6 0 0 0 0 6

PTEN (601728) PI3K/AKT/mTOR 2 1 2 0 0 5

AKT3 (611223) PI3K/AKT/mTOR 4 0 0 0 0 4

MTOR (601231) PI3K/AKT/mTOR 4 0 0 0 0 4

PIK3R1 (601231) PI3K/AKT/mTOR 2 0 0 2 0 4

AKT1 (164730) PI3K/AKT/mTOR 3 0 0 0 0 3

TSC2 (191092) PI3K/AKT/mTOR 1 0 0 0 0 1

GNA11 (139313) RAS/RAF 12 0 0 0 0 12

KRAS (190070) RAS/RAF 10 0 0 1 0 11

GNAS (139320) RAS/RAF 7 0 0 0 1 8

TEK (600221) RAS/RAF 6 0 0 0 2 8

GNAQ (600998) RAS/RAF 7 0 0 0 0 7

RASA1 (139150) RAS/RAF 0 1 2 0 2 5

HRAS (190020) RAS/RAF 3 0 0 0 0 3

NF1 (613113) RAS/RAF 0 1 1 0 1 3

NRAS (164790) RAS/RAF 2 0 0 0 0 2

BRAF (164757) RAS/RAF 1 0 0 0 0 1

FGFR1 (136350) RAS/RAF 1 0 0 0 0 1

PTPN11 (176876) RAS/RAF 1 0 0 0 0 1

IDH1 (147700) Krebs cycle 4 0 0 0 0 4

IDH2 (147650) Krebs cycle 1 0 0 0 0 1
variants were identified in peripheral blood. Only one of

these was found at the p.His1047 position, a p.His1047Tyr

variant that imparts a weaker activation for the intact

phosphatidyl inositol-3 kinase (PI3K) compared to the ca-

nonical p.His1047Arg variant.29 Interestingly, low peak

intensity was noted in the Sanger chromatogram for the

p.His1047Tyr variant in this case subject, consistent with

multi-tissue mosaicism.

Several individuals harbored variants associated with

germline disorders. For example, all five of the P/LP PTEN

(MEM: 601728) variants found in this cohort were de-

tected in peripheral blood,30,31 as were four of the six

PIK3R2 (MIM: 603157) variants.27,32 Conversely, TEK

(MEM: 600221) variants are often implicated in germline

syndromes,33 but all four P/LP TEK variants identified in

this cohort were absent from peripheral blood. This

included one case subject with two separate, confirmed

somatic TEK variants (P337_S1 in Table S7).

Impact of Specimen Selection

Five different specimen types were submitted for testing

(Figure 5): fresh tissue (n ¼ 149), FFPE tissue (n ¼ 70),

cultured fibroblasts (n ¼ 34), buccal swabs (n ¼ 79),

and peripheral blood (n ¼ 26). Previous studies have
740 The American Journal of Human Genetics 105, 734–746, Octobe
stressed the importance of testing disease-affected

tissues.9,25,34 Upon review of test requisitions and other

medical records, 301 of the 358 submitted specimens

were deemed to be representative of disease-affected

tissues. We identified P/LP variants in 65% of these

affected specimens compared to just 4 of 57 unaffected

tissue specimens.

The highest rates of P/LP findings were reported from

fresh and FFPE tissues (62.4% and 71.4%, respectively),

likely attributable to the fact that 96% of them were

considered disease affected (Table S2). Despite similar

sequencing depths, the average VAF of the P/LP variants

detected in FFPE tissues was somewhat higher than that

of the fresh tissue (Figure 5). This could be due to the

fact that FFPE specimens were submitted in severe case

subjects that required surgical intervention, and may be

expected to contain a higher percentage of abnormal cells.

Considering only specimens where the corresponding

blood sample tested negative for the P/LP variant (i.e., so-

matic variants), the average VAFs of variants from fresh

and FFPE tissues were comparable (10.1% and 12.8%,

respectively). This means that we observed no reduced

sensitivity for identifying disease-associated variants in

FFPE specimens compared to fresh, un-fixed tissues.
r 3, 2019
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Figure 4. P/LP Variants in PIK3CA and RAS Genes
(A) P/LP variants were identified along the length of PIK3CA (MIM: 171834) including four of the five outlined protein domains.
(B) Mutational hotspots p.Glu453, p.Glu545, and p.His1047 are common in both DoSM and cancer. In contrast, most of the variants
identified in HRAS (MIM: 190020), KRAS (MIM: 190070), and NRAS (MIM: 164790) were found at the p.G12 position, which is
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Thirty-four cultured fibroblast specimens were included

in this cohort. Culturing fibroblasts provides a way to

expand a limited fresh tissue biopsy to support multiple

tests or specimen archiving and may increase the propor-

tion of cells carrying variants that confer a growth advan-

tage. Since fibroblasts are often cultured from skin, we

compared the 34 fibroblast cultures to 104 fresh skin bi-

opsies (Figure 6); in no case were fibroblasts and skin

specimens obtained from the same individual. The overall

rate of P/LP findings was comparable between the two

specimen types: 55.9% and 63.5% for fibroblast and

skin, respectively. However, the average VAF of the P/LP

variants found in cultured fibroblasts was higher than

those found in skin (18.6% compared to 10.1%, p ¼
0.005). This finding is also observed when considering

only individuals whose peripheral blood specimens tested

negative for the P/LP variant: average VAF of 8.8% for 48

variants from skin specimens and average VAF of 16.3%

for 8 variants from fibroblast cultures. Furthermore, we

noted an overrepresentation in PIK3CA variants among

the cultured fibroblasts, representing 15 of the 19 P/LP

variants detected in fibroblast (78.9%) as compared to 31

of 66 P/LP variants detected in skin (47.0%). Of the 15

PIK3CA variants found in cultured fibroblast specimens,

2 were at the p.Glu453 position (VAFs of 21.3% and
The America
24.8%) and 3 were at the p.His1047 position (VAFs of

4.2%, 5.5%, and 34.2%). The other P/LP PIK3CAmutations

identified in cultured fibroblasts, while known activators,

were not located at well-characterized ‘‘hotspot’’ positions.

Forty-six percent of the buccal swab specimens tested

positive for P/LP variants (Figure 5). Buccal swabs were

often submitted in the context of brain malformations,

macrocephaly, or other DoSM with involvement of the

head (n ¼ 58, counted as affected specimens in this study).

When considering only those individuals with phenotypes

involving the head, the rate of P/LP findings in buccal

swabs increases to 57%, which is similar to the detection

rate from invasive tissue biopsies. In contrast, the P/LP

finding rate dropped to 14% for buccal specimens from

individuals with phenotypes that do not affect the head.

The average VAF of the P/LP variants from buccal swabs

was higher compared to other specimen types, likely due

to the fact that 14 of the specimens were associated with

findings in the peripheral blood (i.e., multi-tissue or consti-

tutional distribution). Considering only specimens for

which the peripheral blood comparator tested negative,

the average VAF of the P/LP variants detected in buccal

swabs was 17.8%.

Peripheral blood showed the lowest diagnostic yield as a

primary test specimen, with only two positives from 26
n Journal of Human Genetics 105, 734–746, October 3, 2019 741
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Figure 5. P/LP Variants Identified from Five Specimen Types
Five specimen types are accepted for testing: peripheral blood (n¼
26), buccal swab (n¼ 79), formalin fixed paraffin embedded (FFPE,
n ¼ 70), cultured fibroblasts (n ¼ 34), and fresh, unfixed tissues
(n ¼ 149). Case subjects where P/LP variant was identified are
plotted under the 0%VAF line, and the 25th, 50th, and 75th percen-
tiles of VAFs of P/LP variants are displayed by boxplots. Shading
of dots reflects results of Sanger sequencing of peripheral blood:
black dots represent P/LP findings in blood (multi-tissue distribu-
tion), white dots represent case subjects from which the P/LP
variant was found only in the affected sample (confirmed so-
matic), and gray dots represent case subjects for which no periph-
eral blood was submitted. The percent of specimens with P/LP
findings are listed for each specimen type.
submitted specimens. Nineteen of the 26 peripheral blood

specimens were submitted to test for McCune Albright

syndrome. This syndrome principally affects bone and

endocrine tissues, neither of which is routinely biopsied

for genetic testing. Only one peripheral blood specimen

tested positive for an activating GNAS variant, the driver

of McCune Albright syndrome. The specimens submitted

for suspected McCune Albright syndrome are described

in Table 4; the highest diagnostic yield was seen in bone

and soft tissues (Table 4).

Variants of Uncertain Clinical Significance

Variants of uncertain clinical significance (VUS) were

rarely reported in this cohort (12 of 343 tested individuals).

Two VUS were found in specimens that also harbored a P/

LP variant. A specimen from a person with macrocephaly

(P050, Table S7) had a pathogenic AKT3 variant (MIM:

611223, VAF ¼ 39%) alongside a VUS in PIK3R2 (VAF ¼
47%; absent from gnomAD v2.1.1), both of which were

found in the peripheral blood comparator specimen. A

specimen from another person with suspected Proteus

syndrome (P287, Table S7) had a pathogenic variant in

PIK3CA (VAF¼ 27%) and a VUS in TEK (VAF¼ 7%), neither

of which was found in the peripheral blood (i.e., confirmed

somatic). Venous malformations, a key manifestation of
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TEK variants,35,36 were not noted on the test requisition.

The specimen from a third person (P263, Table S7) with

plexiform neurofibroma had no P/LP variants, only two

VUS: one in FGFR1 (MIM: 136350, VAF ¼ 47%; absent

from gnomAD v2.1.1, absent from cBioPortal v2.2.1) and

another in GNAS (VAF ¼ 47%; present at low population

MAF in gnomAD v2.2.1); peripheral blood was not avail-

able for testing in this instance.

Nine specimens tested positive for a single VUS, most

of which were novel at the time of this study. Three of

four people with VUS in MTOR (MIM: 601231) had brain

malformations, a key manifestation of pathogenic variants

in this gene.11 One somatic VUS in MAP3K3 (MIM:

603539, VAF ¼ 6%) was found in a person with capillary

malformations (MIM: 163000), again consistent with the

expected phenotype.37 In contrast, two multi-tissue-posi-

tive VUS in SMO (MIM: 601500) were detected in people

who did not have phenotypes consistent with Curry-Jones

syndrome.38 All of the variants identified in this cohort,

including VUS, are further described in Table S7.
Discussion

Despite the genetic and technical overlap between DoSM

and cancer testing and the increasing appreciation of the

importance of somatic variation, clinical NGS for DoSM is

relatively uncommon. Here we described the findings ob-

tained from studying a cohort of 343 individuals with

DoSM collected over the course of five years. Expert

knowledge of DoSM, on-site genetic counseling, and a

robust testing process has led to specific molecular diag-

noses for 58% of the individuals tested, which is essential

for accurate diagnosis, optimal screening for associated

malformations, and ongoing surveillance. By identifying

the molecular basis of these disorders, we have set the

stage for the development and implementation of novel

targeted therapies, which has the potential to shift

treatment paradigms from surgical debulking of mal-

formed tissue to personalized pharmacologic interven-

tion. Furthermore, the data collected during the testing

process have afforded valuable insights into specific

testing requirements for this unique clinical population,

which will further benefit affected inidividuals in the

future with the aim of increasing the diagnostic yield of

the assay.

As in the setting of cancer, detecting the variants that

drive DoSM requires a very high sensitivity assay. Forty-

two percent of the P/LP variants detected in this cohort

were found at a VAF < 10%, with some as low as 1%.

Reliable detection of low VAF variants requires deep

sequencing,39 so we routinely sequence case subjects

in excess of 1,5003 coverage of high-quality, unique reads

(Table S5) and implement specific measures to detect well-

characterized, recurrent variants down to 1% VAF through

manual review of alignment files (Table S6). Variant detec-

tion differs between somatic and constitutional assays,
r 3, 2019
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Figure 6. P/LP Variants Identified from Cultured Fibroblasts
Compared to Skin Biopsies
Fibroblasts are typically cultured from skin biopsies, so the P/LP
variants found in cultured fibroblasts (n ¼ 34) were compared to
those found in fresh tissue skin biopsies (n ¼ 104). Cases where
no P/LP variant was identified are plotted under the 0% VAF
line. The 25th, 50th, and 75th percentiles of VAFs of P/LP variants
are displayed by boxplots. Shading of dots reflects results of Sanger
sequencing of peripheral blood: black dots represent P/LP findings
in blood (multi-tissue distribution), white dots represent case sub-
jects from which the P/LP variant was found only in the affected
sample (confirmed somatic), and gray dots represent case subjects
for which no peripheral blood was submitted. The percent of spec-
imens with P/LP findings are listed for each specimen type.
with increased sensitivity in our somatic hybrid-capture

assay afforded due to markedly increased depth in concert

with a highly tuned detection algorithm. Indeed, we cite

four case subjects (see P150, P177, P209, and P253 in Table

S7) that tested positive for P/LP variants on our assay after

receiving negative results from constitutional assays per-

formed by other laboratories. While we cannot rule out

the possibility that the differences in test results were due

to specimen selection, the four variants were found at

VAF % 35%.

We also stress the need to sequence across the entire

exonic sequence of DoSM-related genes rather than single

exons or mutation hotspots. Loss-of-function variants in

pathway regulators (e.g., PTEN, NF1 [MIM: 613113],

RASA1 [MIM: 13950], etc.) are found with a wide distribu-

tion spanning multiple protein domains. Activating, gain-

of-function variants are often associated with specific posi-

tions or functional domains; however, our findings

demonstrate that variants present outside these hotspots

have demonstrated disease association (see the distribu-

tion of PIK3CA variants in Figure 4A).

While themajority of our P/LP findings were in the PI3K/

AKT/mTOR pathway, specifically in PIK3CA, the inclusion

of a broad array of genes outside this key pathway was

essential to the diagnosis of many people. The breadth of

the gene set is particularly important given the degree of

phenotypic overlap between variants in different genes/

pathways. Even when the individual’s symptoms pointed

to a specific syndrome, the genetic findings often revealed

an unexpected etiology (Table 3). To date, we have re-

ported P/LP variants from 22 genes (Table 3). As gene-dis-
The America
ease associations continue to expand, a coordinated re-

analysis effort may further increase the diagnostic yield

and P/LP variant spectrum in this cohort. This is particu-

larly relevant as the breadth of the gene set analyzed was

based on the clinician order and thus varied among our

population. It is conceivable that new gene-DoSM associa-

tions will necessitate a mechanism for periodic reanalysis,

particularly for case subjects that tested negative for P/LP

variants despite striking clinical presentations. An

increased awareness of the clinical relevance for both the

known DoSM-related genes and their associated pheno-

types, but also additional phenotypes that may have an

underlying component of somatic mosaicism, may pro-

mote the expansion of this diverse DoSM group.

Consistent with previous studies, we demonstrated the

importance of testing affected tissues for the detection of

DoSM variants. While the rate of P/LP findings was rela-

tively high for specimens considered to be ‘‘disease

affected,’’ very few P/LP variants were detected in tissues

that were not. The highest rate of findings was derived

from fresh and FFPE tissues. Of note, FFPE tissues are not

commonly accepted specimens for DoSM testing across

reference laboratories; however, the proven utility of

FFPE tissues in diagnostic NGS opens the possibility of

testing archived surgical materials when available rather

than performing additional surgeries/biopsies or submit-

ting unaffected samples to avoid repeat procedures.

Although affected tissues are preferred, surgical sam-

pling of diseased tissue is not always practical or possible.

We specifically investigated two non-invasive specimen

types, blood and buccal swabs, in an effort to determine

the conditions for which theymay serve as a viable alterna-

tive. The rate of P/LP findings in peripheral blood was very

low for variants with a true somatic origin. Blood is often

submitted in cases of suspected McCune Albright syn-

drome as an alternative to bone or endocrine tissue bi-

opsies. A study of a European McCune Albright-affected

cohort showed that variants were detectable from blood

in 21 of 99 individuals tested,40 we identified only one acti-

vating GNAS variant from 19 peripheral blood specimens.

There are many pigmentary syndromes with features

similar to McCune Albright, so the low yield of P/LP

GNAS variants may be due to diagnostic confusion in the

clinical setting. However, we have not identified any spe-

cific conditions for which peripheral blood would serve

as an acceptable primary specimen.

In contrast to peripheral blood, buccal swabs (comprised

primarily of epithelial cells and leukocytes41) are often

perceived as an unaffected tissue type, with studies indi-

cating that P/LP variants are rarely detected from buccal

swabs and that the VAFs of the detected variants tend to

be low.34 In our experience, however, the rate of findings

was similar to more invasive specimen types in case sub-

jects with disease findings involving the head, even in

those without obvious macrocephaly and brain malforma-

tions (e.g., macroglossia, hemihypertrophy of the face

[MIM: 133900], nevi on the head, etc.).
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Table 4. Specimens Submitted to Test for McCune Albright Syndrome

Specimen Type Specimens Specimens with P/LP Findings

Peripheral blood 19 1

FFPE bone 4 2

Fresh bone 1 1

FFPE thyroid 1 1

FFPE ovary 4 1

FFPE skin 1 1

Fresh skin 3 1

Cultured fibroblast 1 0
Recently, it was proposed that culturing fibroblasts

might increase the detection rate of P/LP variants related

to DoSM.42 Theoretically, cells with variants that pro-

mote proliferation would have a growth advantage

ex vivo, thus increasing the proportion of mutated cells

in the culture, and, consequently, the VAF of the variant

in NGS data. In light of this finding and in the absence

of a prospective paired tissue versus fibroblast analysis,

we compared the P/LP variants identified in cultured

fibroblasts to those identified in fresh skin biopsies,

from which fibroblasts are often cultured. The increased

VAF of the P/LP variants detected in fibroblasts compared

to skin indirectly supports the hypothesis that ex vivo

culture is useful for enrichment of cells harboring

variation that confers a proliferative advantage. The

apparent overrepresentation of PIK3CA variants in

cultured fibroblasts and the conspicuous absence of

other P/LP variants that were prevalent in skin specimens

warrants consideration. While it could be due to bias in

the tested population, it could also be due to the pene-

trance or independence of the impact of activating

PIK3CA variants on cell growth compared to other vari-

ants in primary fibroblast cultures. If so, the practice of

preparing fibroblast cultures from fresh tissue biopsies—

which adds cost and time to the testing process—may

be practical only for cases of suspected PROS. We are

continuing to culture fibroblasts for case subjects with

sufficient fresh tissue in order to more definitively answer

this question.

Novel variants, often classified as VUS in clinical testing,

may accumulate in the genomes of transformed cells due

to unchecked cell division and the breakdown of DNA

repair mechanisms. In contrast, VUS were strikingly rare

in our DoSM-affected cohort. In individuals with no other

P/LP findings, VUS are subject to a higher degree of suspi-

cion and often necessitate further investigation, particu-

larly if the impacted gene has been associated with the per-

son’s specific symptoms. Efforts are currently underway to

address the need for functional characterization of VUS in

the setting of DoSM (and other diseases) and to collect

detailed information on the use of these test results in clin-

ical treatment and management.
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Conclusions

Here we present the lessons learned from 5 years of NGS-

based testing for DoSM. Three hundred forty-three individ-

uals from diverse backgrounds with diverse clinical presen-

tations were referred for testing. Our findings highlight the

importance of deep coverage, high-sensitivity NGS testing,

full gene sequencing, the use of broad and frequently up-

dated gene panels, and careful specimen selection (in

consultation with clinicians, genetic counselors, and labo-

ratory personnel) in maximizing diagnostic yield. Given

these conditions, we detected and characterized a total of

206 P/LP variants in 22 genes and provided specific genetic

diagnoses for 58% of the inidivuals tested. A full descrip-

tion of this cohort (Table S1), the tested specimens (Table

S2), and the identified variants (including VUS, Table S7)

are offered as a resource to the DoSM community to further

the diagnosis and care of similarly affected individuals in

the future.
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