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One thousand somatic SNVs per skin fibroblast cell
set baseline of mosaic mutational load with patterns
that suggest proliferative origin
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Few studies have been conducted to understand post-zygotic accumulation of mutations in cells of the healthy human body.
We reprogrammed 32 skin fibroblast cells from families of donors into human induced pluripotent stem cell (hiPSC) lines.
The clonal nature of hiPSC lines allows a high-resolution analysis of the genomes of the founder fibroblast cells without
being confounded by the artifacts of single-cell whole-genome amplification. We estimate that on average a fibroblast
cell in children has 1035 mostly benign mosaic SNVs. On average, 235 SNVs could be directly confirmed in the original
fibroblast population by ultradeep sequencing, down to an allele frequency (AF) of 0.1%. More sensitive droplet digital
PCR experiments confirmed more SNVs as mosaic with AF as low as 0.01%, suggesting that 1035 mosaic SNV per fibroblast
cell is the true average. Similar analyses in adults revealed no significant increase in the number of SNVs per cell, suggesting
that a major fraction of mosaic SNVs in fibroblasts arises during development. Mosaic SNVs were distributed uniformly
across the genome and were enriched in a mutational signature previously observed in cancers and in de novo variants
and which, we hypothesize, is a hallmark of normal cell proliferation. Finally, AF distribution of mosaic SNVs had distinct
narrow peaks, which could be a characteristic of clonal cell selection, clonal expansion, or both. These findings reveal a large
degree of somatic mosaicism in healthy human tissues, link de novo and cancer mutations to somatic mosaicism, and couple

somatic mosaicism with cell proliferation.
[Supplemental material is available for this article.]

Genomic sequence variants may either be inherited (i.e., having
arisen in the germline) or caused by mutations in somatic tissues.
Somatic mosaicism, or the emergence of variation in the sequence
or structure of the genome of somatic cells, has been detected in
both normal and diseased cells (Youssoufian and Pyeritz 2002;
De 2011; Frank 2014; Freed et al. 2014) and is believed to be the
main cause of cancer (Failla 1958; Jacobs et al. 2012; Laurie et al.
2012; Fernandez et al. 2016). However, the full extent and nature
of somatic mosaicism in normal tissues is yet to be determined.
Emerging evidence suggests widespread genomic mosaicism
in somatic cell lineages. Instances of somatic mosaicism have
been shown to be present in the blood of monozygotic twins
(Bruder et al. 2008) and throughout different tissues within an in-
dividual (Piotrowski et al. 2008; O’Huallachain et al. 2012).
Moreover, 1%-5% of de novo variants were shown to be mosaic ei-
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ther in newborns or their parents (Campbell et al. 2014). A single
mosaic SNV, when generating a constitutive active form of the
gene AKT2 only in the brain, causes a severe form of megalence-
phaly with epilepsy (Poduri et al. 2012). Deep sequencing revealed
somatic mosaic mutations in the blood of patients with develop-
mental disabilities (King et al. 2015), and in general the existing
studies point toward the amount of mosaic variations increasing
with age (Vijg 2000; Jacobs et al. 2012; Laurie et al. 2012; Blokzijl
et al. 2016). In our previous study, mosaic copy number variants
(CNVs) in fibroblasts were discovered by comparing the genomes
of clonal human induced pluripotent stem cell (hiPSC) lines
and fibroblasts of origin (Abyzov et al. 2012). We estimated that
~30% of skin fibroblast cells carry mosaic CNVs of various
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Somatic mosaicism in fibroblasts

frequencies, ranging from 0.3% to 14.6% (Abyzov et al. 2012).
Independently, mosaic CNVs were also observed in neurons
(McConnell et al. 2013). However, systematic and comprehensive
studies of mosaic SNVs are lagging behind, due to greater technical
challenges associated with the detection of SNVs, such as sequenc-
ing errors often taking the form of single nucleotide changes, and
the difficulty in distinguishing infrequent mosaic SNVs from
germline SNPs. A study interrogating the genomes of single cells
from adult human brains estimated approximately 2000 mosaic
SNVs per neuron (when corrected for false discovery rate and
sensitivity) (Lodato et al. 2015), but only a few dozen of such
SNVs could be directly observed in brain tissue. Because that study
relied on enzymatic amplification of genomic DNA (whole-genome
amplification, WGA), which is known to introduce errors into the
resulting amplified DNA (Leung et al. 2015), such estimation re-
quires cross-validation with independent experimental approaches.

Here, we describe discovery and analysis of mosaic SNVs in
fibroblast cells in four families, including two family trios (i.e.,
mother, father, and child), one family quartet (i.e., mother, father,
and two children), and one family duo (i.e., father and child). With
the aim of avoiding enzymatic genome amplification, we pro-
duced induced pluripotent stem cell (iPSC) lines—immortal cell
lines clonally derived from single fibroblast cells. Thus, whole-ge-
nome sequencing (WGS) of each iPSC line provided sensitive in-
sights into single fibroblast cell genomes, free of WGA artifacts.
Further, the availability of parental genomes enabled us to exclude
virtually all germline variants (except those mosaic variants in par-
ents that are passed on to children), ensuring greater precision in
our analysis of the frequency, signature, and distribution of mosaic
variants in the fibroblast genome.

Genomes of human and mouse iPSCs have been previously
compared multiple times to genomes of parental cells, and hun-
dreds of genomic differences have been noted (Cheng et al.
2012; Young et al. 2012; Bhutani et al. 2016). Similarly, studies
of mosaic mutations in various cell types by clonal expansion in
mice identified hundreds of candidate mosaic variants (Behjati
etal. 2014; Hazen et al. 2016). However, all of those studies provid-
ed no or only limited experimental evidence that some of the ob-
served variants are mosaic in the population of original cells. The
study by Gore et al. performed experimental validations for a num-
ber of variants but limited their discovery to the exome (Gore et al.
2011). In the present study, we not only discover candidate mosaic
variants at the level of the whole genome but also conduct exten-
sive validation experiments, demonstrating that the majority of
discovered candidates represent genuine mosaic variants in the
original fibroblast cells.

Results

Approach

For each person in the families included in this study we obtained
skin fibroblast samples from the area of the upper inner arm (i.e.,
not exposed to the sun) and, using the canonical retroviral as
well as episomal vectors, reprogrammed the fibroblast cells to pro-
duce three hiPSC lines per person (Fig. 1). In STAGE 1 (Fig. 1), we
collected WGS data from hiPSCs and bulk fibroblasts and conduct-
ed analyses aimed at discovering mosaic variants present in fibro-
blasts and manifested in each hiPSC line. Comparing a given
hiPSC genome with the germline genome of the matching individ-
ual allowed us to discover nongermline and putatively mosaic var-
iants present in the founder fibroblast cell and, consequently, in
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Figure 1. Conceptual diagram of our approach. Our cohort consisted of
four families, each having a proband with autism, while the other family
members were phenotypically normal. Family 03 includes a normal male
sibling. Three hiPSC lines were generated from the fibroblast samples of
each person in the cohort. As hiPSC lines are clonally derived from single
cells, comparison (STAGE 1) of their genomes to the germline genome un-
covers mosaic variants present in the founder fibroblast cells of hiPSC col-
onies (green, orange, and purple variants). Germline variants for children
were inferred from corresponding parents and those for parents from cor-
responding children and fibroblast samples. Analysis at STAGE 1 yields a list
of putative mosaic variants manifested in hiPSC lines. In STAGE 2, the mo-
saic candidates are scrutinized by additional experiments in founder fibro-
blasts to confirm their presence and to determine their tissue allele
frequency (TAF). Naming pattern for hiPSC lines is as follows: family-
person#hiPSC, e.g., S1120-01#2.

all cells of the derived hiPSC line, irrespective of their presence
in other fibroblast cells (Abyzov et al. 2012). A critical step during
this comparative analysis is identifying and filtering out germline
variants. Germline variants can be approximated by those variants
shared by all or at least most fibroblast cells of the individual.
Alternatively, as almost all germline variants in children (except
for a small number of de novo variants) are inherited from parents,
we used parental genomes for efficient recognition of germline
variants. In fact, for finding mosaic variants, utilization of parental
genomes is advantageous over comparing genomes of hiPSC lines
against genomes of their fibroblasts of origin, as such a comparison
would preclude the detection of mosaic variants that exist in fibro-
blasts at high tissue allele frequency (TAF). Additionally, germline
variants can be recognized if found in the catalog of known germ-
line variants such as the catalog produced by the 1000 Genomes
Project (The 1000 Genomes Project Consortium 2015).

Besides mosaic variants, the genome of hiPSC lines may har-
bor genomic alterations generated during reprogramming or
subsequent culturing. Additionally, there can be false positive calls.
Therefore, all genomic differences observed between a given hiPSC
line and the corresponding germline genomes must be considered
to be putative mosaic variants only. We call these putative mosaic
variants “line manifested variants” (LMVs) with “line manifested
single nucleotide variants” (LM-SNVs) being a subset. We then ap-
plied orthogonal experimental techniques to estimate the false pos-
itive discovery rate in the source tissue (hiPSC lines) and found it to
be low (see below). Following that, to confirm that LM-SNVs are in-
deed mosaic variants, in STAGE 2 (Fig. 1), we conducted in-depth
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reanalysis of candidate sites in fibroblast cells. Data collection and
analyses in STAGE 2 aimed at finding the presence and precise TAF
for only the LM-SNVs rather than for the whole genome.

LM-SNV discovery in children with data for both parents

To discover mosaic LM-SNVs in fibroblasts, we compared the ge-
nomes of hiPSC from four children to genomes of the correspond-
ing parents (Supplemental Fig. S1, step 1). For one of the five
children (1120-03) we had only data from one parent available,
and it was therefore not included in this initial analysis. Next,
we filtered out known germline SNVs by comparative analysis
against the catalog of variants from the 1000 Genomes Project
(Supplemental Fig. S1, step 2). Considering that SNVs present in
the founder cells of hiPSC colonies should have 50% allele fre-
quency in the hiPSC clones, we removed LM-SNVs that had
<35% TAF for the alternative allele, as those are likely to be gener-
ated during culturing. One of the hiPSC lines from the proband of
family 07 (i.e., 07-03#9) had a very large number of LM-SNV calls

Table 1.

(Table 1) with a high false positive rate; these calls were excluded
from further analyses. In the remaining nine hiPSCs analyzed,
we discovered from 364 to 566 LM-SNVs (median 475 per hiPSC
line) (Table 1; Supplemental Table S1), with sensitivity for hetero-
zygous SNV discovery varying from 26% to 59% (median 37%).
These LM-SNV sets were divided into high and low frequency sub-
sets (yellow and orange bars in Fig. 2A) depending on whether we
did or did not, respectively, find supporting evidence for them in
the fibroblast sequence data (Supplemental Fig. S1, step 3).

By validating >70 LM-SNV predictions in hiPSC with (1) tar-
get site amplification and resequencing (i.e., amplicon-seq) and
(2) PCR amplification and Sanger sequencing of the PCR band
(Supplemental Fig. S1, step 4), we estimated that SNV call sets
have, in general, 10% false positive calls due to sequencing errors.
Moreover, almost all LM-SNVs validated by amplicon-seq (i.e.,
90%) had at least 100x coverage and nearly 50% allele frequency
in hiPSC (Fig. 2B), strongly suggesting that they are not the result
of hiPSC line culturing but rather were present in the founder cells
of hiPSC colonies and thus represent mosaic SNVs in fibroblasts.

Summary of discovered and projected germline SNPs and mosaic SNVs

Number of mosaic SNVs

Germline Fibroblast hiPSC hiPSC Sensitivity, LM-SNV  Confirmed in  Estimated Estimated

Individual; age SNP count, M passage name passage % count fibroblasts minimum maximum
07-03, proband; 3.31 3 #3 9 28 438 - - 1200
6y4m #7 9 34 481 56 186 1065
#9 9 26 1554 47 198 -
03-04, sibling; 3.20 5 #1 12 59 475 6(12) 22 725
6y6m #6 12 53 419 84 (87) 182 712
03-03, proband; 3.26 5 #2 5 37 559 92 330 1288
7y10m #3 5 26 364 72 299 1189
#4 5 42 517 88 275 1036
S$1123-03, 3.11 3 #1 8 37 449 132 434 1087
proband; #8 5 50 566 89 195 1013

15y8m

$1120-03; 3.37 3 #1 5 44 725 - - 1339
proband, #2 5 41 632 - - 1243
9y10m #5 5 46 669 - - 1165
07-01, father; 46y 3.30 3 #1 6 43 608 - - 1074
#2 6 40 577 - - 1099
#4 8 41 597 - - 1112
03-01, father; 3.33 5 #2 13 41 470 - - 928
42y9m #3 12 32 505 - - 1317
#9 6 35 689 - - 1668
03-02, mother; 3.27 5 #5 12 39 985 - - 1937
43y6m #8 11 33 915 - - 2160
#9 11 22 395 - - 1280
S$1123-01, father; 3.22 3 #1 9 39 1510 - - 809
52y8m #3 8 47 2060 - - 1269
#4 8 45 1884 - - 1092
$1123-02, 3.26 3 #2 10 48 2830 ) 733 1814
mother; 55y4m #11 8 36 2198 %) 452 2003
#17 7 41 2360 12) 1045 1688
$1120-01, father; 3.40 3 #2 6 46 4241 - - 1464
47y7m #4 7 49 4482 - - 1398
#6 7 46 4167 - - 1319
#9 7 56 5142 - - 1430

Each hiPSC line is likely to represent a single fibroblast cell and its mosaic SNVs. Line-manifested SNV (LM-SNV) counts in hiPSC from four children (i.e.,
07-03, 03-03, 03-04, and S1123-03) were obtained by comparison with genomes of corresponding parents. LM-SNV counts in hiPSC from $1120-03
were obtained by comparison with genome of only one corresponding parent and genome of matching fibroblasts. LM-SNV counts in hiPSC from
parents were obtained by comparison with genome(s) of children and genome of matching fibroblast sample. Confirmed mosaic SNVs is the count of
SNVs confirmed as mosaic by capture-seq and, if conducted, by amplicon-seq experiments (the total count is listed in parentheses). Estimated
minimum is the count of confirmed mosaic SNVs adjusted for discovery sensitivity and the fraction of sites ascertained in confirmatory experiments.
Maximum estimation is based on the assumption that all the LM-SNVs originally called in hiPSCs are mosaic SNVs, and then adjusting counts for false
positive rate of 10%, excluding residual germline variants, and correcting for corresponding sensitivity of discovery (see Methods).
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Figure 2. Discovery and confirmation of LM-SNVs in children. (A) Discovered LM-SNVs in hiPSC lines were divided into two groups: low tissue allele fre-
quency (with no evidence in fibroblasts, orange bars), and high TAF (with some evidence, yellow bars). Site reanalysis in fibroblasts with DNA capture and
deep sequencing confirmed that, on average, 74 LM-SNVs in each hiPSC line are mosaic SNVs in fibroblasts (green bars) or 235 when adjusted for discovery
sensitivity and ascertained fraction (light blue bars). (B) Virtually all LM-SNVs were present at around 50% AF in hiPSC lines as detected by amplicon-seq
experiments. (C) Capture-seq experiment in fibroblasts revealed that mosaic SNVs were present in the fibroblast tissue with TAF ranging from 0.25% to
35%. Distributions of TAF have clear peaks. (D) Amplicon-seq experiment for 57 LM-SNVs sites results in better sensitivity and confirms an additional
six LM-SNVs with low TAF as mosaic (black dots), including two with no supporting read in the data from capture (shown with TAF of 10~ for capture).
Germline and confirmed mosaic SNVs by capture experiments are in red and green circles, respectively. (E) ddPCR reactions revealed excellent concor-
dance in TAF estimates with the capture-seq and amplicon-seq experiments. Dashed green bars show SNV sites for which capture experiments were con-
ducted, but support for the alternative allele was consistent with background sequencing noise. Additional ddPCR assays confirmed mosaic SNV at even

lower TAFs that could not be accessed by the other two experiments.

To confirm that LM-SNV calls were indeed mosaic and to ac-
curately determine their TAFs, we conducted a comprehensive LM-
SNV site re-evaluation in the fibroblast samples (Fig. 1, stage 2;

Supplemental Fig. S1, step 5; Supplemental Fig. S2). For this, we de-
signed capture oligomers for 6280 candidate LM-SNV sites discov-
ered in the nine hiPSC lines, captured DNA from the four
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corresponding children’s fibroblasts, and sequenced the captured
DNA to a high depth of coverage, typically from 100x to 2000x
(Supplemental Fig. S3). Based on these experiments, one of four
conclusions was rendered for each LM-SNV: insufficient data,
germline variant (likely de novo), mosaic variant, or inconclusive
(these could still be mosaic variants with TAF below the detection
limit) (see Fig. 2; Supplemental Methods). Except for hiPSC line
03-04#1, which has very few confirmed mosaic variants (Fig. 2A;
Table 1), the final counts of confirmed mosaic sites were compara-
ble across the cell lines: from 47 to 132 (median of 84 and average
of 74) and (when adjusted for discovery sensitivity and the fraction
of ascertained sites) from 182 to 434 (median of 198 and average of
235) (Table 1). The TAF of the mosaic variants ranged from 0.25%
to 33.5% (Supplementary Fig. S4). Interestingly, in all four individ-
uals the distribution of variants across the range of TAF was not
continuous and had distinct narrow peaks (Fig. 2C). The peaks
are likely to reflect clonal mitotic expansion of fibroblast cells, re-
sulting in subpopulations of cells carrying SNVs with high values
of TAF. Strong support for this interpretation comes from the
fact that each of the two peaks in the TAF spectrum of the
S1123-03 (offspring) fibroblasts represent SNVs found in separate
and different hiPSC colonies, i.e., originating in different fibroblast
cells (Supplemental Fig. S5).

In order to demonstrate that more sensitive assays would con-
firm more LM-SNVs as mosaic but with low TAF, we performed
amplicon-seq experiments in fibroblasts of 03-04 for 57 LM-
SNVs, which had passed the amplicon-seq validation in the
hiPSC lines derived from these fibroblasts. Amplicon-seq
(Supplemental Fig. S1, step 6) achieves very high sequencing cov-
erage for the selected loci, typically ranging from 20,000x to
200,000x (Supplemental Fig. S6A). Additionally, the combination
of longer reads and relatively short amplicons provides a means to
reduce the substitution-dependent sequencing error rate to pre-
cisely determine mosaic variants (see Supplemental Methods;
Supplemental Fig. S6B). We observed excellent agreement in TAF
values derived from capture-seq and amplicon-seq (Fig. 2D).
Notably, due to higher coverage, the latter confirmed an additional
six SNVs as mosaic, including two with no reads supporting them
in the data from capture. The TAFs of these SNVs were from 0.1%
to 0.29%, indicating a roughly three times higher sensitivity for
the amplicon-seq experiment.

Finally, we selected 28 SNVs and determined their TAF with
digital droplet PCR (ddPCR)—a low-throughput but very sensitive
and sequencing-independent technique. Nine SNVs were selected
to establish concordance with capture and amplicon experiments,
and 19 SNVs (five with predicted high TAF and 14 with predicted
low TAF) not confirmed by capture experiment were selected ran-
domly. We observed excellent agreement in TAF values measured
by capture, amplicon, and ddPCR experiments, including for four
SNVs which were deemed mosaic from amplicon data alone (Fig.
2E). Out of the 19 randomly selected SNVs tested by ddPCR, 12
were confirmed as mosaic; nine (64%) and three (60%) were
among the low and high TAF sites, respectively, with TAF as small
as 0.01%. Therefore, both amplicon and ddPCR experiments re-
vealed that additional SNVs with smaller TAF can be confirmed
as mosaic, suggesting that at least 60% of LM-SNVs represent mo-
saic SNVs in fibroblasts with TAF beyond the detection limit of the
capture experiment.

These validations further strengthen our previous statement
that all the LM-SNVs are likely to represent mosaic SNVs in fibro-
blasts. Based on this assumption, we estimated the maximum
number of true mosaic SNVs in fibroblasts (see Methods). The

maximum numbers ranged from 712 to 1288, with an average of
1035 and a median of 1065 of mosaic SNVs per cell (Table 1).

LM-SNV discovery in parents

Germline genomes of parents cannot be reconstructed from the
genomes of their children alone, as not all variants are passed on
to children. Thus, to call LM-SNVs, hiPSC lines from parents
were compared against the genomes of their children and against
matching fibroblasts, with filtering steps similar to those used in
the children (see Supplemental Methods; Supplemental Table
S2). The estimate of the maximum count of mosaic SNVs was
also done in a similar way. These maximum counts ranged from
809 to 2160 per cell, with an average of 1413, which is 37% higher
than the average maximum of mosaic SNVs in children (Table 1).
However, this increase was comparable to the measurement
error of 20% for SNV counts (see Supplemental Methods;
Supplemental Tables S3, S4), suggesting that fibroblast cells from
parents carry similar numbers of mosaic SNVs as fibroblasts from
children do. As we compared six adults against four children, the
average increase in SNV counts in parents may just be due to sam-
pling. In fact, drastically higher SNV counts were observed for
hiPSC lines from two mothers (03-02 and S1123-02). With their
data excluded, the maximum SNV counts for hiPSCs from parents
were within the expected overestimate, i.e., on average, 19% high-
er in parents.

With regard to confirmation experiments in the original fi-
broblast population, amplicon-seq in fibroblasts of S1123-02 con-
firmed 26 (out of 147) LM-SNVs as mosaic, a rate of 18%, which is
within one standard deviation of the rate of 23% for fibroblast
amplicon-seq confirmation for the previously analyzed child 03-
04 (16 out of 69). In fact, the rates were almost the same (26%
and 23%) when removing germline SNPs from the tested sets of
SNVs. This suggests that the sensitivity of confirmation of mosaic
SNVs by amplicon-seq is similar in children and parents.
Furthermore, examination of confirmed mosaic SNVs in S1123-
02 showed a similar TAF spectrum in children and parents, charac-
terized by distinct narrow peaks (Supplemental Fig. S7), demon-
strating that high TAF true mosaic SNVs are also present in parents.

Properties of mosaic SNV

For most of the following analyses we used SNV call sets for hiPSCs
from children with both parents, as such sets are free of germline
variants. First, we checked the reciprocal distance and distribution
in the genome for confirmed mosaic SNVs and all mosaic SNVs.
For both sets, the distribution of neighboring mosaic SNVs was
consistent with uniform random placement across the genome,
except for an increase in the occurrence of very closely spaced
SNVs (separated by <20 bp) in both the set of confirmed and the
set of all mosaic SNVs (P-value <107 and <0.02, respectively)
(Fig. 3A). Subsets of dinucleotide substitutions account for most
of the closely spaced SNVs in each set: 46% (93 out of 204) in
the entire set and 78% (six out of eight) in the confirmed set.
At least one dinucleotide substitution was confirmed with cap-
ture-seq in each child. As the TAFs of each SNV in confirmed
dinucleotide substitutions were almost identical (different by, at
most, 5%), it is likely that each dinucleotide substitution is a single
mutational event. Moreover, four out of six confirmed dinucleo-
tide substitutions were CC to TT (or GG to AA), which could be
attributed to repair of DNA damage caused by UV radiation or
oxygen free radicals (Reid and Loeb 1993). Interestingly, hiPSCs
from parents typically revealed higher counts of such dinucleotide
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Figure 3.

Motif

(A) On a large scale, the distance between neighboring SNVs is distributed according to the power law, i.e., frequency decreases exponentially

with increasing distance. This is consistent with a uniform distribution of SNVs across the genome (such simulated distributions are shown by dashed lines).
There is an enrichment of short (i.e., <20 bp) distances (see inset). All data pertain to four children. (B) Distribution of trinucleotide motifs of the reference
genome around SNVs defines mutational signature. The signature of mosaic SNVs is similar to signature 5 and signature 8 observed in cancers (Alexandrov
et al. 2013). (C) Comparison of mutational signature in this study (solid bars) with signature 5 from cancers (empty bars).

substitutions, with individual $1120-01 having 500-600 of them
per hiPSC (Supplemental Fig. S8), partially explaining the larger
LM-SNV call set for these lines. A majority of the dinucleotide sites
for S1120-01 (71%, 684 of 969) were shared between at least two
hiPSC lines, perhaps reflecting local clonality of fibroblasts in
the skin biopsy from this individual. Across children, no mosaic
SNV hotspots with genome-wide statistical significance (i.e., muta-
tion hot spots) were found.

Annotation of all mosaic SNV sets with the Variant Effect
Predictor (VEP) (McLaren et al. 2010) based on the RefSeq annota-
tion showed that 83% are likely benign SNVs located in intergenic
and intron regions. An additional 11% of SNVs, which were
intronic and intragenic variants, were predicted as having poten-

tial regulatory roles. The remaining 6% were located in coding
and noncoding transcripts. Based on analysis of coding sequence
and known splice sites, 32 SNVs of the mosaic exonic SNVs were
predicted to have a high or moderate effect on genome function:
four stop codon gains, two donor splice site mutations, and 26 mis-
sense SNVs (Supplemental Table S5). One stop mutation (in the
SPON1 gene), one splice site SNV (in the PIGN gene), and four
missense SNVs (in the ANO1, DSCAML1, SRGAP1, and SAMD9
genes) were confirmed by capture-seq with TAF ranging from
0.5% to 19.7%. Subsequently, we used FunSeq (Fu et al. 2014) to
predict the effect of 4041 noncoding SNVs. Fourteen SNVs (three
confirmed) were annotated as having an effect on regulation.
The only recurrent gene affected by coding and noncoding SNVs
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was Rho GTPase activating protein 5 A
(ARHGAPS), with one missense, one
stop, and one regulatory SNV. This gene
is consistently expressed with an average
high expression level of 6 RPKM in the
analyzed fibroblasts, suggesting that ei-
ther the identified mutations may give
selective advantage to the affected cells
or that the locus may constitute a muta-
tional hotspot. We then asked more gen-
erally whether the LM-SNVs from the
entire LM-SNV set are particularly associ-
ated with expressed genes and observed a
marginally significant association (see
Methods). Taken together, these analyses
showed no significant enrichment of
mosaic SNVs in coding, regulatory, or ex-
pressed regions.
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tational signatures are known to reflect
mutational processes that exist in both
normal and cancerous cells. We com-
pared the mutation spectrum of mosaic
SNVs in our fibroblast data sets to cancer
mutational signatures. The largest
Pearson’s correlation was observed with
mutational signatures 5 and 8 (cor-
relation coefficients 0.7 and 0.66, respec-
tively) (Fig. 3B), both of which have
unknown underlying mutation mecha-
nisms. When considering comprehen-
sive combinations of two signatures, the
largest correlation was 0.85 for the pair
consisting of signature 5 (contributing
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83%) and 18 (contributing 17%).
Signature 5 provides the major contribu-
tion to the correlation (77%) when ex-
haustively considering combinations of
three signatures. When considering the
set of confirmed mosaic SNVs, the largest
correlation (0.78) was with signature
7. However, for pairs and trios of signa-
tures, the major contribution was again
from signature 5 (76% and 47%, respec-
tively), with signature 7 being the second
contributor (24% and 22%, respectively).
Therefore, we consistently observed signature 5 as the major con-
tributor to the mutation spectrum of SNVs in fibroblasts (Fig.
3C). Finally, the observed enrichment of dinucleotide mutations
in the spectrum supports the association with signature 5, which
was described as having dinucleotide substitutions (Alexandrov
etal. 2013).

Somatic SNVs in various cancers were shown to have strong
negative correlation with prominent epigenomic marks, such
that histone modifications and DNase hypersensitive sites can be
used as good predictors of SNV density (Polak et al. 2015). Using
published primary data, we replicated such correlations when
comparing somatic SNVs in liver cancer with histone marks from

o
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| P T
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Figure 4. (A) Mosaic SNVs in fibroblasts (detected in this study) exhibit negative correlations (except
for the H4K20me1 mark) with histone marks from skin fibroblasts (blue bars). This is similar to what was
observed for somatic SNVs in liver cancer (external data set) with histone marks from hepatocytes (green)
and hepatocellular carcinoma cell line (cyan). However, the absolute values of correlations are lower.
Data for certain histone marks are not available, and the corresponding bars are not shown. In contrast,
mosaic SNVs in fibroblasts correlate positively with histone marks in stem cells. Correlations for the H1 cell
line are shown in red (see also Supplemental Fig. S9). (B) Example of correlation between density of
mosaic SNVs in fibroblasts and two histone marks in fibroblasts.

primary liver cells and from hepatocellular carcinoma cells (Fig.
4A; Roadmap Epigenomics Consortium et al. 2015). Mosaic
SNVs detected in our study exhibit the same correlation trend,
i.e., negative correlations with the histone marks from skin fibro-
blasts (Roadmap Epigenomics Consortium et al. 2015). However,
the absolute values of correlations are much lower (Fig. 4A). The
only exception to this negative correlation is the H4K20mel
mark. Assuming that mosaic SNVs originated in fibroblast cells,
this suggests that their properties resemble the properties of
somatic SNVs found in cancers. In contrast, correlations of mosaic
SNVs in fibroblasts with epigenetic marks from ESCs and hiPSCs
were positive, albeit low in absolute values (Fig. 4; Supplemental
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Fig. S9). If mosaic SNVs occur in the blastocyst (i.e., in stem cells),
this would imply that they possess properties different from
somatic SNVs found in cancer cells.

Discussion

Somatic mutations in various cancers have been extensively stud-
ied, but little is known about somatic mosaic mutations in normal
human tissues despite the essential need to study the latter in order
to understand the former (Alexandrov et al. 2015). We estimate
that a single fibroblast cell in children carries roughly 1000 mosaic
SNVs, a number that is smaller but comparable to the estimate
done by others for neurons (Lodato et al. 2015). However, radically
different from what has been reported for neurons, mosaic SNVs in
fibroblasts were not dominated by C > T transitions, were uniform-
ly distributed across the genome and annotated genomic ele-
ments, were only marginally associated with transcribed genes,
and exhibited opposite correlation values with histone marks in
normal fibroblast tissue. Validation experiments demonstrated
that variants created during culture are not likely to affect our esti-
mate. We cannot completely rule out the possibility that some of
the SNVs manifested in hiPSC colonies are derived from the repro-
gramming process, and thus the actual mosaic SNV count per cell
is an overestimate. However, we demonstrated that typically 200
SNVs from each hiPSC colony could be directly observed in prima-
ry fibroblasts at low TAFs (<1%), and, using more sensitive confir-
mation methods, roughly an additional 60% of the remaining
ones can also be observed in fibroblasts with even lower TAFs.
Therefore, even if SNVs were created during reprogramming,
they are unlikely to have a major effect on our estimate. These
two direct estimates (ours and the one for neurons) are also compa-
rable to the indirect estimate made from deep sequencing of
cancer-related genes in skin (Martincorena et al. 2015). Our esti-
mates are also consistent with the observed counts of genomic dif-
ferences between clonally expanded lines and parental cells in
other studies (Cheng et al. 2012; Young et al. 2012; Behjati et al.
2014; Bhutani et al. 2016; Hazen et al. 2016; Saini et al. 2016).
The consistency in estimates also suggests that the use of hiPSCs
from subjects with autism, as in our study, does not compromise
the estimation of mutation counts. Based on the similarity of our
experimental design with that in those studies, we suggest that
all or most of variants identified by these earlier studies represent
genuine mosaic variants. The much larger degree of mosaic SNVs
as compared to de novo mutations suggests that their effect on
health and disease could be higher than that of de novo variants.
Comparison between children and parents showed that cells
in adults carry comparable numbers of SNV, i.e., the variation is
within experimental error. This likely reflects the fact that fibro-
blasts divide only rarely in adults except in situations of injury.
Nevertheless, certain adults can have up to twofold more SNVs
per cell, perhaps reflecting an environmental contribution to mu-
tagenesis in fibroblasts. In support of this explanation, we found
that adults, on average, had larger counts of dinucleotide CC >
TT substitutions, likely resulting from UV damage, as has also
been previously observed in skin exposed to sun radiation
(Martincorena et al. 2015). The observed small amount of UV-asso-
ciated DNA damage in the analyzed fibroblasts is expected, as fi-
broblast biopsies were collected from an area of the skin
normally unexposed to the sun. Based on the finding that counts
of mosaic SNVs per cell do not increase dramatically with age, we
hypothesize that the majority of mosaic SNVs in fibroblasts are of a

developmental origin, which is also supported by indirect evi-
dence that they might occur during cell proliferation (see below).

We observed that the spectrum of mosaic SNVs was most sim-
ilar to mutational signature 5, observed in de novo SNVs (Rahbari
etal. 2016) and in virtually all cancers (Alexandrov et al. 2013) and
observed to increase monotonically with subject age (Alexandrov
et al. 2015). Such coincidence may not be surprising given that
some de novo SNVs are actually mosaic variants in somatic tissues
(Campbell et al. 2014; Rahbari et al. 2016). Convergence of muta-
tion spectra in cancer, normal cells, and germline de novo variants
confirms previous suggestions that normal background mutagen-
esis commonly occurring in somatic cells contributes to mutations
leading to cancer (Tomasetti and Vogelstein 2015). Resemblance
of mosaic SNVs to somatic cancer SNVs is also reflected by the neg-
ative correlation of the density of SNVs with histone marks in the
cell of origin.

Based on the above, we propose that mutational signature 5 re-
flects normal cell proliferation. This signature was etiologically
linked to deficiency in the ERCC2 gene and the nucleotide excision
repair (NER) pathway in general (Kim et al. 2016). As a key gene in
one of the major DNA repair pathways, ERCC2 is expressed in all tis-
sues while its expression is altered throughout the cell cycle. The
highest expression is reached in the middle of G1 phase, with
very low expression observed in the beginning of G1 phase, middle
of S phase, and middle of M phase (Gauthier et al. 2010). We there-
fore propose that fast-proliferating cells, having overall lower ex-
pression of ERCC2, are depleted in NER and tend to accumulate
more NER-related mosaic SNVs as compared to post-mitotic cells.
This is consistent with the observation that NER is maximally effi-
cient in nondividing cells (Branzei and Foiani 2008) and with our
observation that adults accumulate little additional SNVs in fibro-
blasts compared to children. Other signatures contributing to the
spectrum of mosaic SNVs are signatures 8 and 18, which, in turn,
are similar to signature 5. We speculate that all these signatures
could represent different aspects of normal background mutations,
perhaps influenced by the pace of cell division, endogenous epige-
netic alterations (Perera et al. 2016; Sabarinathan et al. 2016), and
accessibility of the genome to DNA damaging agents.

Unexpectedly, we discovered that many SNVs are present in
fibroblast cell populations at high TAFs, up to 25%, already in cells
from children; this phenomenon was not observed in previous
studies (Lodato et al. 2015; Martincorena et al. 2015). This can
be explained by SNVs occurring very early in development (e.g.,
during the first few cell divisions of the fertilized egg), by later local
clonal expansion of fibroblast cells in the sampled skin, as was ob-
served for multiple cell types (Blanpain and Simons 2013), or clon-
al expansion during fibroblast culture. While we do have strong
evidence for fibroblasts clonal expansion (Supplemental Fig.
S4A), the latter scenario is unlikely, as most clones were passaged
only three times (Table 1). This leaves clonal expansion of fibro-
blast cells in the sampled skin as the most likely explanation.
The resemblance of mosaic SNVs to somatic cancer SNVs and the
correlation of SNV density with histone marks are consistent
with the fibroblasts being the cells of origin for mosaic SNVs rather
than early embryonic stem cells, supporting the theory of local in
vivo clonal expansion. Such fine-grained analysis of the spectrum
of mutational frequency was enabled by our strategy of analyzing
single cells rather than sequencing bulk tissues (Martincorena et al.
2015) and by using familial trios rather than conducting cell-to-tis-
sue comparison (Lodato et al. 2015), powering us to find mosaic
variants at high frequency. We propose this design as an approach
worth considering for future genomic mosaicism studies.
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It is also crucial to note that we applied three different ap-
proaches for the confirmation of candidate mosaic variants in
the primary tissue, allowing us to ascertain the advantages and dis-
advantages of each of the three methods. Capture-seq is the tech-
nique with the highest throughput and also is the most cost-
effective on a per-site basis. However, while quite sensitive, it is
not the most sensitive of the options at hand. ddPCR is the most
sensitive but has the lowest throughput and the highest cost per
site tested. Amplicon-seq’s characteristics place it in between these
two options. We suggest that a combination of ddPCR with either
capture-seq or amplicon-seq is optimal for future studies.

Methods

Derivation of primary fibroblasts from skin biopsies
and generation of hiPSC

We obtained a <3-mm-diameter skin punch biopsy from the inner
area of the upper arm from each member of four families using
standard techniques. Informed consent was obtained from each
subject according to the regulations of the Institutional Review
Board and Yale Center for Clinical Investigation at Yale
University. Primary cultures of fibroblasts were derived using stan-
dard explant procedures (Park et al. 2008). hiPSCs were generated
using the original retroviral approach (Takahashi et al. 2007) or by
a viral-free episomal reprogramming method (Okita et al. 2011).
hiPSC line derivation and characterization, as well as WGS data
generation used in this study, have been previously described
(Abyzov et al. 2012; Mariani et al. 2015).

Calling SNVs per sample and per person

Genome-wide coverage per line typically varied from 3x to 11x,
but a few lines were sequenced to a coverage >20x. To estimate
the sensitivities of our discovery effort, we combined data for
all samples from the same person (i.e., for all hiPSC lines and
fibroblasts), which yielded an individual genome coverage of
20x to 40x, allowing for efficient discovery of personal germline
variants.

[llumina HiSeq reads for each sample were aligned to GRCh37
reference with BWA 0.5.9-r16 (Li and Durbin 2010). Duplicated
reads were removed with SAMtools (Li et al. 2009). To call SNVs,
GATK 2.6-4 (McKenna et al. 2010) was used to realign reads around
likely indel locations, recalibrate base quality scores, and call SNVs
in UnifiedGenotyper mode. Finally, we filtered SNVs by training
on known SNPs from HapMap, dbSNP, and the 1000 Genomes
Project. Alignment of reads to GRCh38 is not likely to change re-
sults as we estimated sensitivities of our discoveries and experi-
mentally measured false positive rates of variant calling.

To call germline SNPs for each person, we combined sequenc-
ing coverage data for each derived hiPSC and fibroblast sample.
With this pipeline, we discovered 3.1-3.4 million SNPs per person.
Using these germline variants, we estimated the sensitivity of het-
erozygous germline variants discovery using only data for each in-
dividual hiPSC line. Since true mosaic variants manifested in an
hiPSC clone will have, on average, the same allele frequency (i.e.,
50% in cells of the clone) and coverage as heterozygous germline
variants, this sensitivity estimate was projected to the discovery
of mosaic SNV in each clone. The sensitivity varied from 22% to
59%, with a median of 41% (Table 1).

Calling LM-SNVs

We attempted calling of LM-SNVs in twelve hiPSC lines from four
children (i.e., for 03-03, 03-04, 07-03, and S1123-03) by comparing

their genomes with the genomes of both their corresponding par-
ents. As reasoned above, such a strategy offers the advantage of fil-
tering out germline SNPs while not missing high-frequency
mosaic SNVs in children’s fibroblasts (Supplemental Fig. S1, step
1). However, the large number of germline SNPs, together with
the less than ideal sensitivity (i.e., below 100%), can impair the
detection of several parental germline SNPs. The subset of such
(undetected) SNPs inherited by the child can potentially be intro-
duced as false positives in the candidate LM-SNV sets. Therefore,
we used the catalog of known germline variants from the 1000
Genomes Project to additionally filter out germline SNPs to arrive
at the final sets of LM-SNVs calls (Supplemental Fig. S1, step 2).
Data for one cell line did not match the genome of the correspond-
ing child and was not included in the analysis. One more line had
insufficient coverage to call SNVs and was also excluded. Further
details are given in the Supplemental Methods.

LM-SNYV validation in hiPSCs of children

LM-SNVs were validated with target site amplification and rese-
quencing (amplicon-seq) and with PCR and Sanger band sequenc-
ing in hiPSC lines where they were originally discovered. For the
amplicon-seq experiment, we randomly selected 69 LM-SNVs
found in hiPSC lines #1 and #6 from 03-04. For each site, we de-
signed primers with MacVector such that primers flanked the sites
and amplified a region up to 450 bp around it. After amplification
around the sites, pooled DNA for all sites was sequenced with
Ilumina MiSeq using 2 x 300-bp reads. Further details are given
in the Supplemental Methods.

Confirmation with targeted capture and resequencing
in children fibroblasts

For 6280 candidate LM-SNV:s sites (which included 5203 of the fi-
nal set after filtering out germline variants in the catalog of the
1000 Genomes Project) discovered in the nine hiPSC lines:
S1123-03#1, S1123-03#8, 03-03#2, 03-03#3, 03-03#4, 03-04#1,
03-04#6, 07-03#7, 07-03#9, we designed an Agilent SureSelectXT
Custom 0.5- to 2.9-Mb library with standard array software provid-
ed by the company. For each of four fibroblast samples (§1123-03,
03-03, 03-04, and 07-03), we performed capture and library con-
struction four times, then barcoded the libraries with a unique bar-
code for each person, pooled the DNA, and sequenced it with
HiSeq. All the samples were processed in one batch, thus minimiz-
ing systematic inter-sample experimental variability. Reads for
each sample were differentiated by barcode and aligned to the ref-
erence genome with BWA (Li and Durbin 2010). Further details are
given in the Supplemental Methods.

Confirmation with target site amplification and resequencing
in children’s fibroblasts

The same 57 sites that were validated with amplicon-seq in hiPSC
lines #1 and #6 from 03-04 were amplified using the same primers
in the fibroblasts of 03-04. Amplified DNA was pooled and se-
quenced with MiSeq using 2 x 300-bp reads. As PCR primers were
designed such that amplicons are never longer than 450 bp, paired
reads coming from them will overlap in their 3’ end, allowing con-
structing one single genomic fragment, where sequencing errors in
the overlapping parts can be corrected. Seventy-five percent of the
target sites fell into such areas of overlap. Further details are given
in the Supplemental Methods.
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Confirmation with target site amplification and resequencing in
parents’ fibroblasts

We randomly selected 147 LM-SNVs sites from call sets for three
hiPSC lines from individual $1123-02. Primers were designed as
for amplicon-seq experiment in children. Amplicon lengths were
typically from 130 to 450 bp but never above 550 bp. Data gener-
ation and analysis were done exactly the same way as for the ampli-
con-seq experiment in children. Further details are given in the
Supplemental Methods.

Confirmation with ddPCR

All ddPCR assays were prepared following the protocol as described
in Hindson et al. (2013). For two SNVs, we were not able to opti-
mize the assay. For all the 28 SNVs with an optimized assay, no sig-
nal was observed in the negative control, and the expected signal
was observed in the positive control (Supplemental Figs. S10-S37).
Further details are given in the Supplemental Methods.

Estimating the fraction of germline SNPs in LM-SNV

Let N, be the number of germline SNPs in a person such that they
are not present in the catalog of germline variants from the 1000
Genomes Project and have no supporting evidence in compared
relative(s) (e.g., dropped out during sequencing) and no support-
ing evidence in fibroblasts. We will call it a set of hidden SNPs.
Some of these SNPs will be discovered in hiPSC lines derived
from the child’s parent. Let §;, S5, and S3 be sensitivity of SNV dis-
covery in the three hiPSC lines from the parent. Then, the chance of
not finding a hidden SNP in any of the three hiPSC lines is Py = (1

—81)(1=82)(1 - S3). Similarly, the chance of finding a hidden SNP
in only one of the three hiPSC lines is P; =5;(1 — S3)(1 — S3) + (1 —

81) S2(1 = 83) + (1 — $1)(1 - S3) S3. Consequently, the chance of find-
ing a hidden SNP in at least two hiPSC linesis P 3=1—-Py—P1 =1

= (1 =811 =82)(1 = $3)(S1/(1 = §1) +S2/(1 = §2) + S3/(1 = §3) + 1). By
knowing the number N, 3 of SNPs found in at least two hiPSC
lines, we can estimate N, as N, 3/P 3. Assuming the absence of
high TAF mosaic SNVs in fibroblasts, we can estimate N,3 by
counting LM-SNV identical in at least two hiPSC lines. The pres-
ence of high TAF SNVs will lead to overestimation of N, 5 and, con-
sequently, overestimation of N,. However, the overestimate will
typically be small, as we don’t see a large number of high TAFs
per individual, and even 25% TAF SNVs have only a 50% chance
of being present in two or more hiPSC lines. The number of hidden
SNPs in the set of LM-SNVs for the ith hiPSC line is then estimated
as §i*Ny 3/Py,3.

Estimating maximum and minimum numbers of mosaic SNVs
per hiPSC

For hiPSC lines from children with two parents, the maximum
number was estimated as NM¥ = (N@*0.9 — §;*N; 3/P23)/S;,
where N&@ js the count of LM-SNVs per hiPSC line I, and
0.9 reflects a fraction of true calls in the LM-SNV call set in-
ferred from validation. For all other hiPSC lines (for which
comparison was done against only one relative, and counts
of hidden germline SNPs are higher), the formula was
Nmax — (Ngalls — §*NJ, 3/P5 3)*0.9/S;. The minimum number was es-
timated as N™in = Nonfirmed /(g.1);y where Nfonfirmed js the number
of confirmed mosaic variants, and D; is the fraction of SNVs with
sufficient data, i.e., the sum of confirmed, inconclusive, and
germline.

Running VEP

We ran VEP (McLaren et al. 2016) using online tools with RefSeq
transcripts as input and with selection of only one functional an-
notation per SNV. SNVs with predicted “MODERATE” and
“HIGH” impact were selected as variants potentially having a func-
tional effect.

Running FunSeq2

We ran FunSeq2 (Fu et al. 2014) using an online server with default
options. Noncoding SNVs with impact score >2 (default is >1.5)
were selected as variants potentially having a functional effect.

Comparing association of LM-SNVs with gene expression

Gene expression data for the fibroblasts originating from the same
individuals were generated as a part of previous studies (Abyzov
et al. 2012; Mariani et al. 2015). For each gene, the median expres-
sion level, across all the available individuals, was considered.
Gene length data were estimated from the GENCODE v7 annota-
tion, used for the expression data. LM-SNVs were associated with
genes using FunSeq2 (Fu et al. 2014). A logistic regression analysis
was then used to test for association between the LM-SNVs and the
gene expression, considering gene length as a covariate. First, a full
model including the interaction term between gene expression
and gene length was tested. Then, where the interaction term
was deemed as nonsignificant, a reduced model was tested.

Calculating correlations with mutational signatures

Mutational signatures were downloaded from ftp://ftp.sanger.ac.
uk/pub/cancer/AlexandrovEtAl, and only those reported previ-
ously (Alexandrov et al. 2013) were utilized for analysis here. A
custom Perl script was used to calculate frequencies of mosaic
SNVs in all possible trinucleotide motifs surrounding the SNVs
(Supplemental Scripts). Pearson’s correlation coefficients be-
tween the normalized frequencies and the downloaded signa-
tures were calculated using data analysis package ROOT (Brun
and Rademakers 1997). Combinations of two and three signa-
tures were constructed by exhaustive selection of all signature
pairs and triplets, with exhaustive selections of contributions
for each signature ranging from 0% to 100%.

Data access

The primary sequencing and validation amplicon-seq and capture-
seq data from this study have been submitted to the NIH NIMH
Data Archives (https://data-archive.nimh.nih.gov) under DOI
10.15154/1342749.
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