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Purpose: De novo variants (DNVs) represent an important
fraction of the pathogenic variant burden in holoprosencephaly
(HPE). However, unexpected recurrences can occur, as evidenced
by multiple affected children harboring the same apparently DNV.
This study was performed to estimate the rate of parental
mosaicism in a cohort of patients with HPE.

Methods: We developed a targeted capture next-generation
sequencing (NGS) panel of 153 genes with potential implication
in HPE. Sequencing data from a cohort of 136 HPE family trios
were analyzed to identify probands with apparently DNVs. DNVs
were examined in the proband and their parents to detect any
deviations from the expected ~50/50 allele ratio of true hetero-
zygosity. Selected variants were confirmed by Droplet Digital™
polymerase chain reaction (ddPCR).

Results: We identified 28 high-confidence DNVs, 20 of which

occurred in known HPE genes. Nineteen of the 20 variants (95%)
were pathogenic or likely pathogenic. Sequence data analysis
showed evidence of parental mosaicism in five cases, for an overall
mosaicism rate of 26%. In addition, we found evidence for likely
postzygotic events in four cases (50%).

Conclusions: High sensitivity methods, such as high-depth NGS
and ddPCR, are essential to providing an accurate assessment of
recurrence risk in HPE families with apparently DNVs.
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INTRODUCTION
Recent advances in next-generation sequencing (NGS)
technologies have begun to uncover previously underreported
disease mechanisms implicating somatic variation in cancer,1

overgrowth syndromes,2 and novel case reports of somato-
gonadal mosaicism in genetic syndromes.3 These NGS
advances have improved our understanding of environmental
cofactors, maternal factors, and parental age effects on
mutation rates and spectra.4,5

Mosaicism refers to genomic variation that is detected in
some tissues and not others. Postzygotic variants can be
limited to a subset of organs or tissues and may include the
germline stem cell populations (somato-gonadal mosaicism).
Parental gonadal mosaicism for apparently de novo variants
(DNVs) carries the additional risk of transmission to
subsequent offspring (typically only 0.1% of all DNVs).5

Although parental mosaicism has been reported in a variety of
contexts, including copy-number and single-nucleotide var-
iants, and for a number of conditions, including epilepsy, it
has not been systemically investigated in most disorders,
including holoprosencephaly (HPE).3,6,7

HPE is the most common structural malformation of the
brain and face in humans occurring in 1:250 embryos, but
only 1:10,000 live-born children.8 Genes associated with HPE
are under strong purifying selection and are often intolerant
to deleterious variation. Most cases of HPE occur in children
born to apparently healthy parents consistent with either
sporadic genetic or environmental causes. A significant
number of HPE cases are considered to be caused by DNVs.9

Clear examples of gonadal mosaicism affecting multiple sibs
are well documented, although rare. Studies of individuals
within families who harbor pathogenic variants demonstrate
both incomplete penetrance and variable expressivity, the
cause of which remains largely unexplained.10 Both males and
females are equally affected and neither biased parental
transmission nor effects of parental age have been estab-
lished.9 The epidemiological findings are consistent across all
human populations.11 Genes validated to be associated with
HPE function during a brief window of a shared vertebrate
developmental system that explains the common phenotypic
spectrum and its potential overlap with other midline
conditions.12 Common known HPE genes (ZIC2, SHH,
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SIX3, and FGFR1) satisfy all of the pathogenicity criteria of
autosomal dominant malformation syndromes, with little
evidence for obligate modifiers.13 Teratogens can cause
midline signaling abnormalities with maximal effect during
the same developmental window and impacting the same
genetic programs.14 We set out to perform a retrospective
study of 136 father–mother–child trios with HPE to identify
DNVs and determine the rate of parental mosaicism.

MATERIALS AND METHODS
We analyzed 136 family trios with a child affected with HPE.
All families provided informed consent for our genetic
evaluations as monitored by the National Human Genome
Research Institute Institutional Review Board (clinicaltrials.
gov: NCT00088426). The coding regions of 153 develop-
mental genes and their regional noncoding elements
(putative enhancers, promoters, untranslated regions, intro-
nic elements, etc.) visually demonstrating a high overall
conservation (>70% over >100 bp) were selected for
our targeted capture strategy, using the ECRbrowser
(https://ecrbrowser.dcode.org/) and the University of
California–Santa Cruz (UCSC) browser (https://genome.
ucsc.edu). Approximately 1 Mb of sequence was interrogated
per individual with an overall coverage of 97.5%. High-
confidence DNVs were identified and classified by gene or
gene locus. Raw data supporting the variant detections were
further investigated in the Integrative Genomics Viewer
(IGV, http://www.broadinstitute.org/igv/) using accepted
criteria and quality control annotations. Confirmation of
parental mosaicism in blood was performed by Droplet
Digital™ polymerase chain reaction (ddPCR) using the
QX200 system (Bio-Rad, Hercules, CA). ddPCR experiments
were repeated three times.

RESULTS
All 28 high-confidence DNVs detected are summarized in
Table 1, Supplemental Table S1 and Supplemental Table S2.
All parents in this cohort previously had negative test results
by Sanger sequencing for the variants identified in their
affected offspring. After removing low-quality findings and
repeat regions from further consideration, we detected 28
DNVs, 20 of which (71%) occurred in known HPE genes:
ZIC2 (8 cases), SIX3 (5 cases), SHH (4 cases), and FGFR1
(3 cases). Following current American College of Medical
Genetics and Genomics (ACMG) guidelines,15 19 of these 20
variants were classified as pathogenic or likely pathogenic (18
missense and 1 affecting a canonical splice site), and 1 as
having uncertain significance. All 19 pathogenic or likely
pathogenic variants were confirmed by Sanger sequencing in
our CLIA lab or by GeneDx (genedx.com). Two of these
variants (SIX3 p.[E129*] and SHH p.[E256*]) have been
previously reported in apparently healthy individuals in the
Kaviar Genomic Variant database (http://db.systemsbiology.
net/kaviar) with a single observation each.
Among the 19/20 pathogenic variants in known HPE genes,

each of the four disease genes has at least one example of high

confidence somato-gonadal mosaicism in the parental blood
samples combined with a consistent family history and
physical exam (Fig. 1 and Table 1): family 1: SIX3 p.
(W113*); family 2: SHH p.(E256*); family 3: FGFR1 p.
(R627T); family 4: ZIC2 p.(V326Afs*88); and family 5: ZIC2
c.1076-1 G>A. Family 1 had a previous affected child who
succumbed to alobar HPE and was not available for testing.
Families 2 and 3 have additional affected children carrying the
same variant. The mother in family 4 has microform HPE and
is a mosaic for the pathogenic variant identified in her child.
We do not know whether family 5 had previous affected
pregnancies because family history was incomplete. Therefore,
at least 5/19 (26%) of these cases are best explained by
mosaicism conferring an elevated risk of recurrence in
subsequent pregnancies. As shown in Fig. 1, all five gene
variants were confirmed by ddPCR.
Given the number of families included in our cohort and

the size of our target region, we expected to find, by chance
alone, seven DNVs in genes not likely related to HPE.
Therefore, the additional eight variants (in non-HPE genes,
see Supplemental Table S2) represent an increase in variation
burden revealing new potential candidate genes. These occur
in both coding regions (three findings: SCUBE1 p.[G398E],
NKX2-2 p.[G26D], and IFT27 p.[R138Q]), intronic regions
(four findings, three of which are poorly conserved), and one
poorly conserved 3’ untranslated region (UTR) variant
(ACVR1B c.*2201G>A). The three coding variants in non-
HPE genes have been observed in healthy individuals in
gnomAD (http://gnomad.broadinstitute.org), although at a
very low frequency. NKX2-2 p.(G26D) was predicted to be
damaging by multiple algorithms (CADDphred score= 24.2)
and was classified as a variant of uncertain significance.
Despite the fact that we explored a similar number of
noncoding targets to exons (~500,000 bp in each group) there
was a striking enrichment of de novo findings in the four well-
established HPE genes (4/153 gene targets and 20/28 detec-
tions), compared with noncoding elements. Interestingly, for
four of these findings in Supplemental Table S1 and Table S2
(see BL11527, LCL6463, BL5443, and BL9276) the alternative
(A)-to-reference (R) allele ratio in the proband is unusually low
(11–28%), suggesting a postzygotic de novo event.
We identified five additional variants in classical HPE genes

that could not be confirmed by ddPCR (Supplemental
Table S1): SHH p.(S112*), SHH p.(Y435N), ZIC2 p.
(H286Rfs*80), ZIC2 p.(H286Q), and SIX3 p.(H155P). Given
the lower quality metrics of the targeted capture data these
findings likely represent false positives.

DISCUSSION
Few studies have addressed mosaicism and its potential
clinical impact. Some cohort studies have reported somatic
mosaicism in genes associated with epilepsy3,6 and over-
growth syndromes,2 but for most genes the information is
limited to case reports. While a proportion of mosaic
individuals have disease manifestations, others are silent
carriers of pathogenic variants that go undetected until they
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surface in affected offspring. Low-level mosaicism is usually
missed by technologies such as Sanger and low read depth
NGS (e.g., exome sequencing); thus, a higher than expected
proportion of children with variants regarded as de novo may
be born to parents with somato-gonadal mosaicism. This has

obvious implications for the estimation of recurrence risk in
affected families.
Our present work provides evidence for somato-gonadal

mosaicism affecting genes that have been well replicated for
nearly two decades of HPE clinical and molecular studies. We
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found that this is the case in a minimum of 26% of families
with pathogenic or likely pathogenic variants (5/19 variants).
This was documented clinically in three of the families, and
both clinically and molecularly in two of them. This
mosaicism rate is similar to that found by Yang et al.,6 who
identified mosaicism in 25% of parents among 112 families
with Dravet syndrome (due to SCN1A variation). In another
large study, Myers et al.3 detected parental mosaicism in 8.3%
of families with Dravet syndrome or other epileptic
encephalopathies. While the rate can vary for different genetic
conditions, these results suggest that parental mosaicism may
be more common than previously thought.
As noted above, only four of our de novo findings were

consistent with a postzygotic pathogenic mechanism in the
proband. It is interesting to speculate that given the narrow
window of HPE pathogenesis (the third week of gestation,
prior to the separation of the soma and gonadal progenitors)
the absence of a strong phenotype in pathogenic variant-
positive mosaic parents reflects the actual timing of
occurrence of the DNV. A nearly 50% variant allele ratio in
proband tissues would indicate either an inherited allele, or an
extremely early postzygotic event involving tissues that
participate in brain development.
The lowest level of mosaicism detected by ddPCR in our

study was 10−3 (0.1%, family 5, Fig. 1), which is higher than
the 10−4 detection limit previously reported in cancer and
epilepsy samples.1,6 Our cases of parental mosaicism detected
by targeted capture sequencing and ddPCR could not be
detected by Sanger sequencing, which has been the gold
standard for diagnostic laboratories for several decades. This
highlights the importance of using more sensitive technolo-
gies in clinical genetic testing. Additional validation using
ultrasensitive NGS approaches, such as duplex sequencing16

or o2n-seq,17 may help to confirm very low levels of
mosaicism measured by ddPCR at different sensitivity levels.
DNVs in five families could not be confirmed by ddPCR

(Supplemental Table S1). Although these variants were
undetectable in the parents’ peripheral blood, they could be
present in other tissues including the germline. Previous
publications have reported changes in the variation spectrum
and rate in parental germline cells,5 and they stress the
importance of including paternal sperm samples in genetic
testing. Germline variants detected in the fathers of probands
affected by diseases such as Noonan syndrome (caused by
PTPN11 variants), Apert syndrome (caused by FGFR2
variants), and Costello syndrome (caused by HRAS variants),

have been previously studied.18–20 Those studies show evidence
of an accumulation of mosaic variants and an elevation of
variant allele frequency in germline cells. Given the risk of
complications with invasive prenatal testing, prenatal diagnosis
is not routinely suggested for a second pregnancy following the
birth of a child with a simplex case of a genomic disorder.
However, if screening for parental somatic mosaicism is able to
identify families with an increased recurrence risk, prenatal
diagnosis might be offered. Such prospective analyses would
have certainly changed recurrence risk counseling for families
1–5, where the evidence of mosaicism could have affected
choice or management of subsequent pregnancies. Therefore,
detection and confirmation of low-level parental mosaicism
must be offered to all at-risk families.
Another important aspect of mosaicism analysis involves

the quality of the databases with which the patient/family data
are compared. Are the exomes of 1 million people better than
10,000 genomes done at greater depth and quality? Other
questions may arise: does somatic mosaicism help to explain
those rare pathogenic findings among healthy cohorts? To
what extent does somatic mosaicism predict a risk for
transmission to offspring? The answer to these questions will
shape the future of DNA sequencing technologies and provide
the tools for a more accurate genetic risk assessment.
Replication of our results will require the commitment to a

novel strategy for variant detection in the future. We
recommend the use of more sensitive technologies, the
routine testing of paternal sperm samples, and the analysis
of multiple parental peripheral tissues from different
embryonic origins (e.g., ectoderm: buccal swab; mesoderm:
blood; and endoderm: urine).

ELECTRONIC SUPPLEMENTARY MATERIAL
The online version of this article (https://doi.org/10.1038/s41436-
018-0261-8) contains supplementary material, which is available
to authorized users.
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Fig. 1 Families with parental somato-gonadal mosaicism identified by next-generation sequencing and confirmed by Droplet Digital™ polymerase chain
reaction (ddPCR). For each family, read depth information from the BAM files (left) indicates that the variant/reference allele ratio was ~50%/50% in the
proband, but not in the carrier parent. ddPCR analysis (right) confirmed the variant allele was in fact underrepresented in the parent. 2D plots show the FAM
fluorescence amplitude (channel 1, variant allele) and HEX fluorescence amplitude (channel 2, reference allele) for each droplet. Percentages of variant-
positive versus variant-negative droplets were used to calculate the level of mosaicism (top right corner of each plot) using the Poisson statistics, as
implemented in the QuantaSoftTM software (Bio-Rad, Hercules, CA). Blue dots, droplets containing variant alleles only; green dots, droplets containing
reference alleles only; red dots, droplets containing both alleles; black dots, droplets containing no alleles. The lower limit of detection was defined as the
presence of at least two positive droplets in three independent experiments.
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