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Abstract

Mosaicism due to somatic mutations can cause multiple diseases including cancer, developmental and overgrowth syndromes,
neurodevelopmental disorders, autoinflammatory diseases, and atrial fibrillation. With the increased use of next generation
sequencing technology, multiple tools have been developed to identify low-frequency variants, specifically from matched
tumor-normal tissues in cancer studies. To investigate whether mosaic variants are implicated in congenital heart disease
(CHD), we developed a pipeline using the cancer somatic variant caller MuTect to identify mosaic variants in whole-exome
sequencing (WES) data from a cohort of parent/affected child trios (n = 715) and a cohort of healthy individuals (n = 416).
This is a novel application of the somatic variant caller designed for cancer to WES trio data. We identified two cases with
mosaic KMT2D mutations that are likely pathogenic for CHD, but conclude that, overall, mosaicism detectable in peripheral

blood or saliva does not account for a significant portion of CHD etiology.
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Introduction

Mosaicism, defined as the presence of two or more popu-
lations of cells with genetic differences found within one
organism, is often due to the acquisition of somatic muta-
tions during development (Taylor et al. 2014). The allelic
frequency and anatomical distribution of mosaic mutations
depends on developmental timing. Somatic mutations that
occur earlier in development can affect multiple tissues, but
still occur with a lower alternate allelic fraction (AAF) than
de novo germline variants (Biesecker and Spinner 2013).
Mosaicism is a naturally occurring consequence of repli-
cation errors and is observed in healthy individuals for all
types of mutations ranging from single nucleotide variants
(SNVs) to large (> 2 Mb) structural changes (Piotrowski
et al. 2008). While larger structural changes have been
characterized in healthy subjects (Piotrowski et al. 2008),
the number of post-zygotic SNVs is unknown. One recent
study estimates that between 5 and 7.5% of variants iden-
tified as de novo germline are in fact mosaic (Freed and
Pevsner 2016; Lim et al. 2017). Mosaicism has been stud-
ied in cancer-predisposition traits including retinoblastoma
(MIM: 180200), familial adenomatous polyposis (MIM:
175100) and Li-Fraulein syndrome (MIM: 151623) (Aretz
et al. 2007; Rushlow et al. 2009; Behjati et al. 2014). Other
genetic diseases are associated with mosaicism as well,
including Proteus syndrome (MIM: 176920), Ollier disease
(MIM: 166000) and autism (Johnston et al. 2011; Pansuriya
et al. 2011; Taylor et al. 2014; Freed and Pevsner 2016; Lim
et al. 2017).

Mosaic variants are more difficult to detect compared to
germline variation due to the defining characteristic of a low
alternate allele fraction (AAF < 0.3). Using next genera-
tion sequencing (NGS) to identify inherited variation, best
practices with GATK HaplotypeCaller (HC) assumes ger-
mline heterozygous variants will have an AAF close to 0.5
(McKenna et al. 2010). Thus, mosaic variants are often not
detected. As somatic mosaicism is common in tumors, mul-
tiple bioinformatics tools have been developed to identify
mosaic variants in NGS data with higher sensitivity (Mermel
et al. 2011; Larson et al. 2012; Koboldt et al. 2012; Roth
et al. 2012; Saunders et al. 2012; Cibulskis et al. 2013; Wang
et al. 2013). Tools designed for somatic variation such as
MuTect are designed to compare two samples (e.g., tumor
to normal) and report all variants regardless of the AAF
(Cibulskis et al. 2013).

In this study, we utilized the basic design of MuTect to
identify mosaic SNVs from WES trios with high sensitiv-
ity and specificity, by designating the child as the “tumor”
and each parent as a “normal” sample. We applied our new
pipeline to 715 parent/affected child WES trios collected
by the Pediatric Cardiac Genomics Consortium (PCGC)
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to identify mosaic variants that may be causal for congeni-
tal heart disease and compared these results to a cohort of
healthy individuals.

Methods
Case cohorts

Probands were recruited from 10 centers in the United States
and United Kingdom as part of the Congenital Heart Disease
Genetic Network study of the PCGC as described previously
(Homsy et al. 2015). Seven-hundred and fifteen trios with
WES data were included in this study with 19 extracted from
saliva and 696 from peripheral whole blood cells. The mean
age of probands at the time of enrollment was 7.3 years, the
mean maternal age at the time of birth was 30.7 years, and
the mean paternal age at the time of birth was 33.0 years.
Online Resource Table 1 includes gender, age, parental age
at time of birth, DNA sample source and CHD diagnosis
for cases.

Control cohort

Control trios were kindly provided by the Simons Founda-
tion Autism Research Initiative Simplex Collection. Sim-
plex families (two unaffected parents, one child with autism
spectrum disorder, and one unaffected sibling) underwent
whole-exome sequencing using whole blood-derived DNAs
(O’Roak et al. 2011; Sanders et al. 2012; Tossifov et al.
2014). We selected 416 trios that were sequenced at the Yale
Center for Genome Analysis in order to avoid batch effects
between cases and controls. Trios of unaffected siblings and
parents served as controls for our study. The mean age of
unaffected siblings at time of enrollment was 10.1 years. The
mean maternal age at the birth of the sibling was 30.6 years,
and the mean paternal age at the birth of the sibling was
32.8 years. Details for the control cohort can be found in
Online Resource Table 1.

Exome sequencing

Cases were sequenced at the Yale Center for Genome Analy-
sis as described previously (Homsy et al. 2015). Reference
versions hg19/build 37 were used in this study.

Down-sampling of controls

Case trios had a mean depth of coverage (calculated by
GATK DepthOfCoverage function) of 60x. Control trios
had a mean coverage of 79X. To compare these cohorts,
we down-sampled controls trios by 24% using the tool
Sambamba (version 0.5.6) because calling of mosaicism is
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sensitive to read depth. The down-sampled bams had a mean
coverage of 60x (Online Resource Fig. 1). The DIR 15 frac-
tion was calculated as the number of WES capture intervals
with depth > 15 divided by the number of WES capture
intervals with depth > 1 for each sample as reported by the
DepthOfCoverage tool from GATK.

The DIR 15 fraction distributions for cases and down-
sampled controls (Online Resource Fig. 2) were not signifi-
cantly different (Mann—Whitney—Wilcoxon test p = 0.776).

Sample identity test

DNA samples were normalized to 5-10 ng/pl, and identity
test was performed using iPLEX® Pro Sample ID Panel kit
(Cat. No. 25094, Agena Bioscience, San Diego, CA). Mul-
tiplex-PCR targeting 44 identity SNPs was carried out in a
5-ul volume on an Applied Biosystems GeneAmp® PCR
System 9700 (Thermo Fisher Scientific, Waltham, MA)
with the cycling program recommended by the manufac-
turer’s manual. After PCR, amplicons were treated with 5 U
shrimp alkaline phosphatase (SAP; Agena Bioscience, San
Diego, CA USA) and followed by adding 2 pl single-base
extension (SBE) cocktail (Agena Bioscience, San Diego,
CA) to continue the SBE reaction on a GeneAmp® PCR
System 9700 with the cycling program recommended by
the manufacturer. SBE products were cleaned up using an
ion-exchange resin and then spotted on SpectroCHIP arrays
(Agena Bioscience, San Diego, CA USA). Raw data were
acquired on a MassARRAY® 4 system (Agena Bioscience,
San Diego, CA USA) by Matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) analysis. Genotypes
for 44 SNPs were generated by MassARRAY Typer software
v4.0 (Agena Bioscience, San Diego, CA).

Identification of mosaic variants
Two independent methods were used for variant calling.

1. GATK and HaplotypeCaller
WES data of parent/child trios were aligned using
BWA-mem, and variant calling was performed with
GATK (version 2.7) (McKenna et al. 2010) and Hap-
lotypeCaller following GATK Best Practices (DePristo
et al. 2011; Van Der Auwera et al. 2014). GATK
SnpCluster filter was applied with a cluster size of 2
variants within 20 bp. Mosaic variants were defined as
de novo variants with an alternate allele fraction (AAF;
calculated as the number of alternate allele reads divided
by total number of reads at the locus) between 0.15 and
0.35.
2. MuTect somatic variant caller
MuTect somatic variant caller (version 1.1.4) (Cibul-
skis et al. 2013) from the Broad Institute was used to

detect mosaic variants. Proband WES bam files were
designated as the “tumor” sample and compared to each
parent designated as the “normal” sample. Any variant
allele found in the child and not the parent was reported.
Variants from the intersection of the child compared to
each parent were considered de novo mutations (Online
Resource Fig. 3). An important distinction between
MuTect and HC is that MuTect does not assume that
heterozygous variants have an AAF of 0.5, but rather
labels any variant with even one alternate allele pre-
sent as heterozygous. This allows for higher sensitivity
when detecting mosaic variants (Cibulskis et al. 2013).
GATK SnpCluster filter was applied as stated above.
Filtering for putative mosaic variants was based on
sequencing depth in the child, sequencing depth in the
parent, AAF in the child and alternate allele depth in the
child (Online Resource Table 2). Variants in repetitive
regions included in the UCSC repeat masker track were
excluded and samples with more than 20 mosaic variants
were excluded.

Variant confirmation

Integrated Genomics Viewer (IGV, version 2.3.34) pileup
visualization was used as a preliminary method for vari-
ant confirmation. Variants were visualized in the proband
and parents. Variants were excluded if any of the following
aspects were detected: 0 quality reads in child or parents,
multiple low-quality alternate alleles in child and/or parents,
discordant pairs in child and/or parents.

Digital droplet PCR (ddPCR) was performed to confirm
candidate mosaic variants as previously described (Mazaika
and Homsy 2014). Variants were considered mosaic with
levels of mosaicism (calculated as the ratio of the mutant
allele concentration divided by total concentration multi-
plied by 2) < 0.9. A mosaic level of approximately 1 sug-
gests the variant is heterozygous.

Variant annotation: combined
annotation-dependent depletion (CADD)

The publically available tool CADD (version 1.3) (Kircher
et al. 2014) was used to annotate mosaic variants detected
by both variant callers described above. Based on the litera-
ture, we defined C scores > 15 as deleterious for missense
mutations and C scores > 30 as deleterious for nonsense and
frameshift mutations. The C score is calculated for coding
and non-coding variants. CADD was also used to annotate
the location and effect of the variant based on the “Con-
sequence” annotation included. Intronic variants included
labels “intronic”, “intergenic” and “non_coding change”.
Regulatory variants included labels “3Prime_UTR”,
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“SPrime_UTR”, “Downstream”, “Upstream” and
“Regulatory.”

FoxoG scores

The fraction of 8-oxoguanine (FoxoG) scores were calcu-
lated to remove variants that are artifacts due to oxidative
DNA damage. MuTect2 from the Broad Institute was used
to calculate FoxoG scores for the mosaic variants (Costello
et al. 2013). FoxoG scores for G>T variants were calcu-
lated as the number of alternate alleles on the first read (R1)
divided by the number of alternate alleles on R1 and the
second read (R2). For C>A variants, FoxoG scores were
calculated as the number of alternate alleles on R2 divided
by the number of alternate alleles on R1 and R2 (Costello
etal. 2013). A score of 1 indicated the alternate alleles were
found only on R1 (G>T variants) or R2 (C>A variants) and
suggested the variant might be due to DNA damage during
the NGS process.

To determine how often a FoxoG score of 1 was seen
by chance, we extracted all G>T and C>A inherited het-
erozygous variants from the 131 samples that had mosaic
variants. We filtered these for depth > 10, GQ > 30 and an
AAF of 0.4-0.6 to optimize the likelihood that these vari-
ants were true and not due to DNA damage. To control for
GC content, we annotated each mosaic variant with a GC
percentage score from the GC percentage track of the UCSC
Genome Browser. We annotated the heterozygous variants
with GC percentage scores and required the variant to be
within 1 standard deviation of the average GC percentage
for mosaic variants. One hundred and thirty-one variants
were randomly selected, with one from each sample, and

Table 1 KMT2D de novo variants identified from WES of CHD patients

FoxoG scores were calculated as described above. This was
replicated 1000 times. A binomial test was used to test for
significance between the rate of G>T or C>A variants with
a score of 1 found in the mosaic variants compared to the
rate of G>T or C>A variants with a FoxoG score of 1 found
in inherited heterozygous variants averaged across the 1000
permutations.

Statistical comparison between cases and controls

Enrichment for cases and controls was calculated with
a binomial test using R [binom.test(tM_PCGC, M_
PCGC + M_SSC, (S_PCGC/(S_PCGC + S_SSC)] where
M_PCGC = # of mosaic variants in PCGC cases, M_
SSC = # of mosaic variants in SSC controls, S_PCGC = #
of samples in PCGC cases and S_SSC = # of samples in
SSC controls. Further enrichment for each variant annota-
tion was calculated using Fisher’s exact test.

Results

Mosaic KMT2D frameshift mutation identified
in CHD patient

Identification of de novo variants from WES trios enrolled
by the PCGC revealed a frameshift mutation (p.G1722fs)
in KMT2D in a subject with hypoplastic left heart syn-
drome and a double aortic arch (Table 1). Changes in
KMT2D are associated with Kabuki syndrome (Liu et al.
2015), which includes CHD, and was clinically sus-
pected in this subject. Twelve induced pluripotent stem
cell lines were generated from this individual; four were

Blind-ID  CHD KMT2D variant AAF  CADD C Score  Type of mutation Validation
1-00596 HLHS? p.G1722 fs 0.33 34 Mosaic frameshift deletion iPS clones ddPCR
Double aortic arch
Aortic/mitral atresia
1-05572 Hypoplastic left ventri-  p.R4198* 0.53 47 Heterozygous nonsense ddPCR
cle/mitral valve
VvSDP
1-02566 Aortic arch hypoplasia p-V5244 s 0.55 36 Heterozygous frameshift deletion ~ ddPCR
VSD®
1-12480 HLHS* p.S31* 0.36 35 Heterozygous nonsense ddPCR
ASD*
1-00479 HLHS? p.A4576 fs 0.20 35 Mosaic frameshift deletion Sanger sequencing
Aortic/mitral atresia
1-10799 HLHS? p-Q3607del 0.25 10.72 Possible mosaic inframe deletion Unable to confirm

in repeat region

“Hypoplastic left heart syndrome
“Ventricular septal defect

“Atrial septal defect
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heterozygous for the mutation, and the other eight were
homozygous reference. A PCR-based DNA sample iden-
tity assay documented that all of the lines were derived
from the same individual, establishing this subject’s
KMT2D mutation as mosaic. Review of WES data from
the PCGC showed a total read depth of 117 with 39 reads
containing the alternate allele. The alternate allele frac-
tion (AAF) for this variant is 0.33 (Table 1). A binomial
test confirms the AAF of 0.33 is significantly below (p
= 0.0004) the expected AAF (0.5) for heterozygous vari-
ants. Finally, mosaicism at 76.8% was confirmed using
ddPCR (Online Resource Table 3).

Five additional subjects were identified as harboring de
novo loss-of-function mutations in KMT2D (Homsy et al.
2015) (Table 1). Three had AAFs of 0.53, 0.55 and 0.36
and were confirmed by ddPCR as heterozygous variants
(Online Resource Table 3). The fourth KMT2D mutation,
a frameshift mutation (p.A4576fs), had an AAF of 0.20
(total depth of 61; Table 1) and was confirmed as mosaic
by Sanger sequencing because ddPCR was not possible for
this variant. The final KMT2D variant (p.Q3607del) had
an AAF of 0.25, but with a total read depth of only eight.
It could not be assayed with ddPCR because it was located
in a repetitive region. Due to the low read depth of this
variant, we concluded that its status vis-a-vis mosaicism
is indeterminate.

Fig.1 Schematic of mosaic
variant identification for two
cohorts. Black boxes indi-
cate variant identification by

(A) Discovery cohort

& * 427 parent/child trios

Development of a robust pipeline to identify mosaic
variants from WES data

Having observed somatic mosaicism for at least two KMT2D
mutations underlying CHD in our cohort as has also been
reported previously in a few cases (Banka et al. 2013), we
hypothesized that mosaic mutations might underlie CHD
more broadly. In order to explore this hypothesis, we sought
to develop a robust high-throughput method to identify
mosaic variants from WES data. We began the process of
identifying mosaic variants using HaplotypeCaller (HC) to
determine how efficiently mosaic variants could be detected
using GATK Best Practices, which is implemented robustly
for the identification of germline mutations. HC was used to
identify de novo variants from a discovery cohort of 427 par-
ent/affected child trios with WES data. We defined putative
mosaic variants by an AAF between 0.15 and 0.35 (Fig. 1a).
Heterozygous variants are expected to have an AAF of
0.5; however, due to sampling variation, their distribution
ranges between 0.35 and 0.75. We used the lower limit of
this range to define the maximum AAF for putative mosaic
variants. As we are identifying variants in blood/saliva with
relation to CHD, we wanted to assure the mosaic variant
would be present in the heart as well. To do this, we only
considered mosaic variants with a minimum AAF of 0.15,
as variants with an AAF > 0.1 are thought to have occurred
early enough in development to be present in the blood and
affected tissue of different lineage (Zhang et al. 2014; Ju

« 15 parent/child trios
* HC mosaic positive

Haplotype Caller. Dashed boxes
indicate variant identification by
MuTect somatic variant caller.

» HaplotypeCaller

Call de novo
variants

Call de novo
) variants ”

Further details regarding filter-

ing parameters are provided in AAF 0.15-0.35

Online Resource Table 1 and

32 putative mosaic variants

« Original parameters Table S1 1
« 57 putative mosaic variants 1

“Methods”

(B) 2nd cohort

Call de novo,
variants

w » 28 mosaic variants
w * 654 parent/child trios

J L L e e e e e e e e e - P
2 N A e e e e ~
|
24 mosaic variants 1
B 4
N\
* 121 parent/child trios

* MuTect mosaic positive
J
_____ N

R HaplotypeCaller

—— variants )

« Updated parameters Table S1 |
« 307 putative mosaic variants 1
____________ ”

» Updated parameters Table S1
« 59 putative mosaic variants

IGV Filtering

+ 29 mosaic variants
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Table 2 Discovery cohort

JddPCR validation results Tool Nurpber of Mosaic Heterozy-  Homozygous Unde-
variants gous reference ter-
mined
Haplotype caller only 2 1 0 1 0
MuTect only 2 2 0 0 0
Haplotype caller and MuTect 13 5 1 6 1
Total 17 8 1 7 1

et al. 2017a). In addition, mosaic variants with an AAF
lower than 0.15 would increase our rate of false positives due
to sequencing errors and variants caused by mutagenic DNA
damage, which are enriched for variants with AAFs < 0.15
(Chen et al. 2017). Based on an AAF range of 0.15-0.35,
32 probands from 427 WES trios had one putative mosaic
variant each. After visual validation with IGV, 28 of the 32
variants were deemed highly likely to be mosaic (Fig. 1a).

Next, we called mosaic variants in 15 probands with
highly likely mosaic variants, identified by the HC, using
the MuTect somatic variant caller. We began with a small
cohort in order to establish an appropriate pipeline and filter-
ing parameters for this tool (see Methods; Online Resource
Table 2). From 15 trios, 57 putative mosaic variants were
called, and, following IGV visualization, we identified 24 as
high-probability mosaic variants (Fig. 1a). Thirteen of the
24 variants were also identified with HC, and 11 were exclu-
sive to MuTect. HC called two mosaic variants exclusively.
ddPCR was used to confirm the presence of the mosaic vari-
ants and calculate the level of mosaicism (Online Resource
Table 3). ddPCR confirmation revealed that our approach
produced a positive predictive value (PPV) of 50% (8/16
mosaic variants; Table 2) in this test cohort. The levels of
mosaicism in the discovery cohort ranged from 13 to 87%
with a mean of 48% mosaic (Online Resource Table 3).

To improve the PPV, we used the allele depth informa-
tion for the true and false positive mosaic variants to inform
the filtering parameters. The data indicated that raising the
thresholds for the minimum alternate allele depth in the
child and the minimum depth in the parents would be nec-
essary (Online Resource Table 2, Online Resource Fig. 4).
In order to achieve higher sensitivity, we used MuTect with
the adjusted filtering parameters to identify mosaic variants

from 654 trios. From these trios, 132 high-probability
mosaic variants were called following IGV visualization
(Fig. 1b). HC was run on the MuTect-positive samples and
identified only 17 of the high-probability mosaic variants.
Twenty-four variants were selected for validation by ddPCR.
Variants were selected to represent those identified by both
tools and each tool exclusively. Priority was given to exonic
variants. ddPCR confirmed 18 of 24 variants as mosaic, rais-
ing the PPV to 75% (Table 3). For the second cohort, the
level of mosaicism ranged from 30 to 78% with a mean of
47% mosaic (Online Resource Table 3). Final variants are
listed in Online Resource Table 4.

To consider the possibility that DNA damage was lead-
ing to false positives particularly because these are low-
frequency variants, we first checked for the proportions of
G>T or C>A variants (Online Resource Fig. 5) (Chen et al.
2017). These changes were not enriched; in fact, C>T vari-
ants were seen the most frequently. To consider if the G>T
or C>A mosaic variants we identified were due to DNA
damage, we used MuTect2 to calculate fraction of 8-oxog-
uanine (FoxoG) scores (Costello et al. 2013). FoxoG scores
represent the percentage of alternate alleles found on reads
1 or 2. Two out of 24 G>T or C>A variants had a FoxoG
score of 1 indicating the variant was found exclusively on
read 1 or read 2, respectively, and, therefore, could be due
to DNA damage. We calculated how often true variants had
a FoxoG score of 1 using permutation testing. The average
rate of heterozygous variants with a FoxoG score of 1 across
1000 permutations was 0.004. This was significantly lower
than the rate of 0.083 observed among the mosaic variants
(p = 0.005), further evidence that the mosaic variants with
a FoxoG score of 1 in the CHD cohort are false positives.

Table 3 Second cohort ddPCR

Lo Tool Number of Mosaic Heterozy-  Homozygous Unde-
validation results variants gous reference ter-
mined
Haplotype caller only 5 3 0 0 2
MuTect only 12 1 1 4
Haplotype caller and MuTect 15 9 3 1 2
Total 32 18 4 2 8
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To test if our pipeline would identify the KMT2D
mosaic variants mentioned previously, we used MuTect2 as
MuTect! does not identify indels. From the three KMT2D
mosaic variants (two confirmed and one possible), we identi-
fied the two confirmed frameshift mosaic variants in sam-
ples 1-00596 and 1-00479 with MuTect2, further supporting
the robust nature of our pipeline. We did not identify the
possible mosaic variant in sample 1-10799, supporting our
suspicion that this variant is a false positive.

Mosaicism in healthy subjects

Current estimates of mosaicism are based on DNA muta-
tion rates (Frank 2014). Using MuTect and our pipeline,
we quantified mosaicism in the general population. We ana-
lyzed WES data for 416 trios comprising unaffected siblings
and parents from the Simons Simplex Collection. We used
down-sampled bam files (see “Methods”) as the filtering
parameters were optimized for a cohort with mean depth of
60x. We identified 83 mosaic variants with MuTect. Based
on a PPV of approximately 75%, we predicted there were 62
mosaic variants in this cohort, corresponding to ~ 15% of
healthy subjects. The mosaic variants for controls are listed
in Online Resource Table 4.

Next, we compared the frequency of mosaicism in
CHD cases to healthy subjects. Correcting the number of
mosaic variants in CHD cases based on a 75% PPV, 18.7%
(125/669) of CHD cases had a mosaic variant compared to
15% (62/416) in healthy subjects, which is not significantly
different (binomial test; p = 0.15). Of note, there was no
apparent relationship between the rate of mosaic variants
and age of the proband in cases or controls (not shown).
Using Fisher’s exact test, we tested for further enrichment
of mosaic variants that are deleterious based on a CADD
C score of 15 or greater for missense mutations; as well as
mosaic variants in genes that are highly expressed in the
heart based on the top quartile of mean expression levels in
E14.5 mice fetal mouse heart (HHE). These categories indi-
vidually and combined were not enriched in cases compared
to controls. In addition there was no enrichment for missense

or nonsense/splice variants (Table 4). Lastly, three out of
145 genes previously implicated in CHD, based on Online
Mendelian Inheritance of Man (OMIM), were found to har-
bor mosaic variants in CHD cases (ZEB2, WDR19, TBX20).
Although none of the controls harbored a mosaic variant for
any of the 145 CHD genes, the difference between cases and
controls was not statistically significant (p = 0.55).

Mosaic variants may lead to CHD in a small number
of cases

To consider if the mosaic variants that we identified in
the CHD probands were causal for their heart anomalies,
we investigated the functional impact of the mutation, the
affected gene’s expression in the heart and if the affected
gene has a role in development based on a literature review.
Twenty-three out of 158 mosaic variants affected HHE
genes. Thirty-one out of 158 mosaic variants were deemed
likely deleterious based on their CADD C scores, of which
nine altered HHE genes (Table 4). Of these nine, two vari-
ants appeared relevant to CHD. One subject with tetralogy
of Fallot (TOF) had a novel p.P117T missense allele in
ZEB2, which encodes a zinc finger/homeodomain protein,
is not present in the gnomAD database, and is in a gene that
is generally constrained (pLi = 1.00; missense constraint
metric z = 5.00). Of note, heterozygous ZEB2 mutations
underlie Mowat—Wilson syndrome (MIM: 235730), an auto-
somal dominant trait that includes CHD, although not TOF.
Mowat—Wilson syndrome includes characteristic facial fea-
tures and intellectual disability. There is phenotypic variabil-
ity with subsets of patients experiencing seizures, hypoplasia
of the corpus callosum, Hirschsprung disease and urogenital/
renal anomalies (Yamada et al. 2014). Another subject with
hypoplastic left heart syndrome had a novel missense vari-
ant (p.S254R) in the HHE gene HDAC?7, which encodes a
histone deacetylase that regulates differentiation of cardio-
myocytes and vascular smooth muscle proliferation and was
also not observed in the gnomAD database. However, this
variant is a G>T substitution and has a FoxoG score of 1,
indicating it could be a false positive due to DNA damage.

Table 4 Comparison of mosaic

; X . Parameter Cases (n #/Sample Controls #/Sample p value

variants in CHD trios and — 669) (n = 416)

controls
Deleterious CADD C score 23 0.034 14 0.034 0.560
High heart expression [HHE] genes 17 0.025 5 0.013 0.339
Deleterious CADD C + HHE 7 0.010 0.007 1.000
Missense 23 0.034 13 0.031 0.696
Nonsense/splice 5 0.007 3 0.007 1.000
Synonymous 17 0.025 7 0.016 0.817
Intronic 47 0.070 28 0.067 0.345
Regulatory 33 0.049 12 0.029 0.364
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A deleterious variant in a non-HHE gene was detected in a
third subject with TOF and atrial/ventricular septal defects.
The p.D200G substitution in ADAMTS17 was also not pre-
sent in the gnomAD database. Homozygous ADAMTS17
mutations cause Weill-Marchesani-like syndrome (MIM:
613195), which can include mitral valve defects. The mosaic
variant that we found is not likely sufficient to cause the
subject’s CHD, but could be relevant if there was deleterious
non-coding variation altering the other ADAMTS17 allele.
Of note, the variants detected in two out of the three known
CHD genes mentioned above were noncoding and, therefore,
unlikely to be causal for CHD, and the third variant was in
the gene ZEB2, which is described above.

Discussion

Mosaicism has a well-established role in cancer, and its
role in other diseases including developmental disorders is
emerging. While mosaicism is recognized as potentially dis-
ease-causing, methods to identify somatic variation routinely
from large cohorts with NGS data are only now being devel-
oped. As documented in this study, we designed a robust
pipeline to identify mosaic variants from WES data by alter-
ing a cancer-based algorithm used for comparing similar
data from paired tumor/non-tumor samples. Moreover, we
documented the need for a caller specific for somatic vari-
ants as GATK HaplotypeCaller did not identify the majority
of the mosaic variants.

We observed mosaic variants in exome sequencing in 15%
of healthy subjects. Of note, this estimate included exonic
and non-exonic variants from WES data; therefore, this over-
estimates the frequency of exonic mosaicism and only pro-
vided a floor for the frequency of mosaicism genome-wide.
Restricting our frequency calculation to only exonic variants,
there were 23 exonic mosaic variants observed in 19 sub-
jects. Therefore, 19/416 or 4.6% of healthy subjects have a
mosaic exonic variant. This estimate is similar to a recently
published one (Freed and Pevsner 2016). Whole-genome
sequencing could be used to estimate genome-wide mosai-
cism, but the typical coverage of 30-40x makes detecting
mosaicism, particularly at lower levels, more difficult.

With respect to cardiovascular diseases, relatively lit-
tle is known about the roles of mosaic variation. The most
frequently studied are mosaic aneuploidies such as Turner
syndrome (monosomy X) and Down syndrome (trisomy
21), which can include CHDs similar to those observed in
children with those aneuploidies inherited through the ger-
mline. With respect to SNVs and indels, mosaic mutations
altering GJAS, which encodes connexin40, were found in 4
out of 15 patients with atrial fibrillation requiring cardiac
resection (Erickson 2010). Mosaicism for a missense SCN5A
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mutation was recently documented in an infant with long QT
syndrome (Priest et al. 2016). With regard to CHD, mosaic
frameshift KMT2D mutations underlying Kabuki syndrome
have been previously described in three patients (Banka
et al. 2013). Our study identified two additional patients with
mosaic frameshift mutations in KMT2D that are likely causal
for Kabuki syndrome. This confirms that mosaic variation
in KMT2D should be considered routinely when trying to
identify a causal mutation for Kabuki syndrome, perhaps
suggesting enhancing read depth for exome capture kits for
this and other genes with increased frequency of mosaicism.
It also may suggest that there is a biological driver favor-
ing mosaicism associated with KMT2D loss-of-function
mutations.

Considering that germline de novo variants account for
about 10% of CHD cases and about 5% of de novo vari-
ants are in fact mosaic, we would expect mosaic variants to
account for 0.5% of CHD cases. Therefore, in our cohort of
715 trios we would expect to find between 3 and 4 mosaic
variants that are causal for CHD if mosaic variants lead to
CHD with the same mechanism as germline de novo vari-
ants. Although we found one likely causal mosaic variant in
ZEB?2, we failed to find many other somatic mosaic muta-
tions in our CHD cohort that were likely causal and did
not see any enrichment of mosaic variants compared to the
control cohort. Therefore, we suggest that mosaic variants
that can be identified in blood/saliva at relatively high AAF
levels are not present in most individuals with CHD.

There are several limitations to our study. The first is
the use of WES data with an average read depth of 60X, as
is common for studies of germline genetics. This coverage
is significantly lower than the > 100X coverage that is used
in many cancer studies (Alioto et al. 2015), and is required
to identify low-level mosaic variants. We did not have the
ability to identify these low-level variants, therefore CHD
relevant mosaic variants may be found at lower levels as
disease-causing mosaic variants can be found at levels as
low as 1-5% in blood. One report identified three patients
with the autoinflammatory disorder cryopryin-associated
periodic syndrome with mosaic variants in the CIAS] gene
seen with an AAF of 4% (Saito et al. 2008). Mosaic vari-
ants with AAFs as low as 1.8% in blood have also been
reported for RBI mutations, which cause sporadic retino-
blastoma (Chen et al. 2014).

A second limitation is the use of saliva to identify
mosaic variants that cause disease in the heart. The use
of saliva to detect mosaic variants relevant to CHD could
be problematic as mosaic variants detected in saliva
would need to have occurred earlier in development in
order to also affect the heart because the cells in saliva
are derived from ectoderm, while cells in the heart are
derived from mesoderm. Such early somatic mutational
events are plausible as, for example, somatic mutations
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underlying genetic disorders of neuronal migration in the
brain, an ectodermal derivative, have been identified in
blood (Poduri et al. 2013). Of note, saliva has been found
to be composed of 25% leukocytes that contribute to DNA
samples (Endler et al. 1999). This could reduce the robust-
ness of detecting somatic events when using saliva as the
source for DNA.

Blood and heart both derive from mesoderm, therefore
somatic mutational events causing CHD that occur later in
development may still be detectable in blood-derived DNA.
However, the use of blood may be limiting when identifying
low-level (AAF < 10%) mosaic variants. To appear at low
levels, variants must occur later in development, potentially
after the differentiation of blood and heart, although this
timing is difficult to pinpoint. Currently, the literature sup-
ports a minimum AAF of 10% for mosaic variants to be
found in multiple tissue types (Ju et al. 2017b). In addition,
we did not have corresponding cardiac tissue to confirm the
presence of the mosaic variants in the heart. On the other
hand, organogenesis includes organized cell migration, and
defects in migration during development can lead to CHD
(Kurosaka and Kashina 2009). Using a common mesoderm
precursor, such as blood, allows us to investigate mosaic
mutations that may have affected cell types relevant to car-
diogenesis but that ultimately do not constitute the heart. To
help strengthen the possibility that the mutations we identi-
fied in blood or saliva are also present in the heart, we only
considered variants with AAF > 15%.

We compared the rate of CHD probands with mosaic
variants with DNA samples extracted from either (saliva n
=19) or blood (n = 696). Forty-two percent of samples from
saliva had a mosaic variant compared to 21% of blood sam-
ples. Although that difference was not statistically significant
(p = 0.07), perhaps due to inadequate power, it might be
worth determining in the future if the frequencies are truly
different for the two tissues.

The most sensitive approach for detecting CHD-causing
somatic mutations that are present only in the heart (or, at
least, at highest fraction there) would be to sequence DNA
extracted from heart tissues. Whether such somatic events
exist and, if they do, whether they cause CHD remain to be
proven but could be feasibly studied using cardiac tissues
discarded at the time of CHD surgical repairs.

Here, we focused on mosaic variants with a lower AAF
limit of 15%. We chose to sacrifice some sensitivity with our
approach in order to maintain better specificity, as variants
with AAFs < 15% are more likely to arise from sequencing
errors or DNA damage. Because somatic mosaic mutations
are so frequent in tumors, WES cancer studies generally
sequence to far greater depth than is typical for germline
genetic studies such as ours so that low AAF calls can, in
principle, be called robustly. The recent study of the role
of DNA damage during NGS suggests, however, that many

putative low-frequency mosaic mutations called in prior can-
cer studies were susceptible to this source of error (Chen
et al. 2017). In contrast, most somatic mutation calls in our
study were not G>T or C>A transversions so were highly
unlikely to have resulted from DNA damaging during the
WES. Among the 24 of those transversions that we identi-
fied, only two had the signature of possible DNA damage.
Taken as a whole, our pipeline appears to have limited false
positive calls due to random errors or DNA damage during
the WES process.

Our pipeline was fine-tuned to identify mosaic SNVs,
but would not have detected mosaic copy number varia-
tions (CNVs) if present. Mosaic CN'Vs have been described
in several diseases including Duchenne muscular dystro-
phy, hemophilia A and neurofibromatosis type 1 (Notini
et al. 2009). Since pathologic CNVs cause about 10% of
CHD cases (Glessner et al. 2014), it is plausible to posit
that mosaic CNVs might also underlie some proportion of
unexplained CHD. Although one study reported no CNVs
in heart tissue and peripheral blood from CHD patients
(Winberg et al. 2015), the cohort size was small (n = 23),
and CNVs were detected by array CGH and FISH, not with
sequencing. These limitations leave room for future studies
to further explore a possible role for mosaic CNVs in CHD
etiology.
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