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Abstract

Mosaic mutations in normal tissues can occur early in embryogenesis and be associated

with hereditary cancer syndromes when affecting cancer susceptibility genes (CSGs). Their
contribution to apparently sporadic cancers is currently unknown. Analysis of paired tumor/blood
sequencing data of 35,310 cancer patients revealed 36 pathogenic mosaic variants affecting CSGs,
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most of which were not detected by prior clinical genetic testing. These CSG mosaic variants
were consistently detected at varying variant allelic fractions in microdissected normal tissues
(n=48) from distinct embryonic lineages in all individuals tested, indicating their early embryonic
origin, likely prior to gastrulation, and likely asymmetrical propagation. Tumor-specific biallelic
inactivation of the CSG affected by a mosaic variant was observed in 91.7% (33/36) of cases and
tumors displayed the hallmark pathologic and/or genomic features of inactivation of the respective
CSGs, establishing a causal link between CSG mosaic variants arising in early embryogenesis and
the development of apparently sporadic cancers.
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INTRODUCTION

Normal cells undergo mutagenesis throughout an individual’s lifespan (1), resulting in
somatic mosaicism, a phenomenon by which an individual has two or more cell populations
with different genotypes (2). Various normal tissues, such as skin, bladder and esophagus
have been shown to comprise mosaics of evolving clones harboring a panoply of somatic
mutations (3-5). RNA sequencing analyses of 29 different tissue types from over 400
individuals have revealed somatic clonal expansions in normal tissues (6). Notably, mosaic
variants acquired as early as in embryogenesis may be present in adult normal cells, as
evidenced by whole-genome sequencing analyses of normal blood from 241 adults where
early embryonic somatic mutations were identified (7).

Mosaicism has been reported to affect cancer susceptibility genes (CSGs) in individuals
meeting clinical criteria for hereditary predisposition syndromes, such as tuberous sclerosis
and neurofibromatosis (8,9). The contribution of mosaic variants to the development of
apparently sporadic cancers, however, has yet to be determined. In addition to the potential
cancer predisposition risk conferred by mosaicism affecting CSGs, these variants may be
transmitted to offspring if present in gonadal tissue. In addition, some of the CSGs affected
by mosaic variants constitute indications for targeted therapies. Hence, their detection and
the definition of their role in cancer predisposition are critical for genetic counselling and
clinical management. The low variant allelic fraction (VAF) in blood of mosaic variants
poses challenges to their detection using current clinical genetic testing methodologies (10).
In the absence of matched paired tumor/normal samples, their distinction from sequencing
artifacts, clonal hematopoiesis (CH) and circulating tumor cells (CTCs) is challenging.

Here, through the analysis of >35,000 unselected cancer patients undergoing tumor/normal
sequencing, we sought to determine whether mosaic variants affecting CSGs arising in
embryogenesis might contribute to the development of seemingly sporadic cancers. Our
analyses revealed that mosaic variants affecting CSGs can occur early in embryogenesis,
likely contribute to tumorigenesis, and result in increased risk of cancer development.
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Detection of cancer causative mosaic variants in cancer susceptibility genes

To detect candidate patients harboring mosaic variants affecting CSGs, following
Institutional Review Board approval from Memorial Sloan Kettering Cancer Center
(MSKCC), we applied a set of filtering criteria to tumor/blood sequencing data from 35,310
unselected cancer patients using the FDA-cleared MSK Integrated Mutation Profiling of
Actionable Targets assay (MSK-IMPACT (11) (Fig. 1A and Supplementary Table S1). We
sought to identify mosaic pathogenic/likely pathogenic (P/LP) variants in the 61 CSGs
included in the MSK-IMPACT panel (Supplementary Table S2). 3,113,229 variants affecting
any of the 61 CSGs in the MSK-IMPACT panel were detected in the blood at any VAF

in the 35,310 patients included in our study (Fig. 1A, Supplementary Tables S1-S2). To
select mosaic variants that would be causative of cancer, we applied a set of filters to
identify candidate variants with a VAF of 1.5%-30% in blood, =10% VAF in the tumor
with a VAF at least 1.5x higher in the tumor as compared to the matched blood, total

depth of sequencing coverage =50 for both tumor and blood, =6 reads of the alternate allele
in blood, and an allele frequency <1% in any Genome Aggregation Database (gnomAD;
v2.1.1; Fig. 1A; Supplementary Figs. SIA-S1E, S2A-S2D and S3A-S3B; see Methods and
Supplementary Methods). To distinguish true mosaic variants from CTC variants and CH,
we excluded patients with >1 variant meeting these criteria and applied established CH
criteria(12), respectively (Fig. 1A, Supplementary Methods). 123 CTC variants, including
48 affecting CSGs, were identified in 25 individuals, with an average of 4.9 (range, 2-24)
CTC variants/case which largely (71.4%) displayed mutational signatures matching those of
their respective tumors; only 23.6% of CTC variants were bona fide loss-of-function (LOF)
mutations (Supplementary Tables S3-S4).

This analysis revealed 53 candidate mosaic variants affecting CSGs including 36 P/LP
variants and 17 variants of uncertain significance (VUS) in 36 and 17 individuals,
respectively (Fig. 1A, Supplementary Table S5). The median VVAFs of the P/LP mosaic
variants detected in blood and tumors were 7.8% (range, 1.7-28.3%) and 49.4% (range,
22.8-79.7%), respectively, and the median blood and tumor sequencing depths at the mosaic
variant sites were 474 (range, 256-923) and 629 (range, 192-1520), respectively (Fig. 1B
and Supplementary Table S5). Upon normalization by sequencing depth, the VAF remained
increased in tumors relative to blood (Supplementary Fig. S4A-S4E). When taking tumor
purity and ploidy into consideration, all mosaic variants were found to be clonal in the
tumors analyzed (Supplementary Table S5). Upon applying the same algorithm to non-CSG
included in the MSK-IMPACT panel (n=280, see Methods), we detected 79 mosaic variants
meeting these criteria, all of which would be classified as VUS for hereditary cancer
susceptibility (Supplementary Fig. S5). These findings demonstrate a significant enrichment
for P/LP variants in CSGs as compared to non-CSGs taking into account their corresponding
genomic footprints in the MSK-IMPACT panel (P=5 x 10~3L; two-tailed Fisher’s exact test),
supporting the adequacy of the approach employed for the detection of cancer causative
mosaic variants.
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Clinical and genetic characterization of cancer causative mosaic variants

The CSGs most frequently affected by P/LP mosaic variants were 7P53 (n=16) and

RBI1 (n=5; Fig. 1C and Supplementary Table S5). Most (27/36; 75%) P/LP mosaic

variants were bona fide LOF mutations (i.e., truncating, frameshifting and splice-site

single nucleotide variants (SNVs); Fig. 1B-1C; Supplementary Table S5). Tumor-specific
biallelic inactivation of the CSGs affected by the mosaic variants was observed in 91.7%
(33/36) of cases, as loss of heterozygosity the wild-type allele (28/36, 77.8%) or as a
second inactivating somatic mutation (5/36, 13.9%; Fig. 1C and Supplementary Table S5).
Tumors from patients with MSHZ2 (MOS14 and MOS36) and MSH6E (MOS9 and MOS38)
mosaic variants displayed loss of MSH2 and MSH6 protein expression, respectively, as well
as a dominant microsatellite instability (MSI) mutational signature, high tumor mutation
burden, enrichment for short indels, and/or were MSI-high by PCR analysis (Fig. 2A—

2D, Supplementary Table S6, Supplementary Figs. S6A-S6B and S7TA-S7D). The ovarian
(MOS1) and breast (MOS8) cancers in BRCAZP/LP mosaic variant carriers harbored
genomic features indicative of homologous recombination DNA repair deficiency (HRD),
such as dominant HRD mutational signature, genomic instability, high fraction of genome
altered, increased number of large-scale state transitions, and/or increased indel length (Fig.
3A-3C, Supplementary Table S7). These findings support the notion that the mosaic variants
here identified likely played an etiologic role in cancer development in these patients.

Tumors harboring candidate CSG mosaic variants were of various histologic types, the

most frequent being breast cancer and sarcoma (6/36, each; Fig. 1C, Supplementary Fig.

S8 and Supplementary Table S5), and stemmed from the different germ layers, including

13 tumors derived from endoderm and mesoderm, each, and 10 tumors from ectoderm

(Fig. 1C and Supplementary Table S5). The CSGs affected by the mosaic variants were
detected in cancer types expected in the syndromes caused by germline P/LP variants of the
same genes in 80.6% (29/36) of cases. For instance, mosaic variants affecting BRCAZ were
identified in breast or ovarian cancers, whereas those affecting APC were found in colorectal
carcinoma or its precursor, tubular adenoma. Notably, in 5/7 cases with a non-classic tumor
type-gene association, the tumor type has been reported in association with the germline
variants in the genes affected, albeit at a lower frequency, such as prostate and gastric cancer
in 7P53 germline carriers(13), and sarcomas in Lynch syndrome(14). Our analysis also
revealed the novel observation of SMARCA4 mosaic variants in two patients with small cell
carcinomas of the ovary, hypercalcemic type (SCCOHT, Fig. 1C and Supplementary Table
S8), indicating that in addition to somatic or germline SMARCA4 variants, SCCOHTs may
also be underpinned by P/LP mosaic variants affecting SMARCA4. Akin to patients with
germline variants in CSGs (15,16), 27.8% (10/36) of individuals carrying a CSG mosaic
variant had multiple tumor types (median=2; range, 2-3; Supplementary Table S8) and an
age of onset intermediate between sporadic and germline cases (Supplementary Figs. S9—
S10).

Out of the 24 patients who had previous germline genetic testing, including next generation
sequencing (n=23) and Sanger sequencing (n=1), only 6 (25%) had been reported as mosaic,
whereas the remaining 18 (75%) were reported as negative for germline genetic testing.

In the context of tumor/normal sequencing, 10/18 were mis-reported as tumor-derived
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mutations, whereas 8/18 were not reported at all due to not meeting filtering criteria for
somatic variant detection (Fig. 1C and Supplementary Tables S8-S9), highlighting the need
for the development of a systematic methodology for the detection of mosaic variants. Only
approximately half (51.4%, 18/35) of the patients with evaluable medical history met the
clinical criteria for germline genetic testing for the gene affected by the mosaic variant
based on personal history, whereas only 2.9% (1/35) of cases met those criteria based on
family history (Supplementary Tables S8-S9). Hence, when a germline susceptibility is
suspected, yet routine germline clinical genetic testing yields a negative result, assessment
for mosaicism may be a reasonable approach, given that detection of these important
variants would allow gene-specific cancer screening and prophylactic measures, screening of
the patient’s offspring, and even the potential use of specific therapies (e.g. PARP inhibitors
in the case of BRCAZ2mosaic P/LP variants or immune checkpoint inhibitors in the case of
mosaic P/LP variants affecting mismatch repair genes).

Validation of mosaic variants

To validate the mosaic nature of the candidate variants identified, we interrogated their
presence in normal tissues deriving from different embryonic lineages in 10 patients

with available formalin-fixed paraffin-embedded (FFPE) material (Fig. 2A). To ensure

the adequate purity of the different tissues, following histopathologic evaluation and
assessment of leukocyte infiltration, we conducted laser capture microdissection (LCM)

of normal (n=48) and tumor (n=15) FFPE tissues (Fig. 2A and Supplementary Table S10,
Supplementary Figs. S11A-S11L and S12), and subjected them to targeted sequencing
using MSK-IMPACT. A median of 4 (range, 3-9) different normal tissues were analyzed
per case (Supplementary Table S10). We identified the CSG mosaic variants at varying
VAFs (median, 7.6%; range,1.5%-25.8%) in all normal samples interrogated, which
included normal tissues of mesodermal, endodermal and/or ectodermal lineages (Fig. 2B
and Supplementary Table S10). The CSG mosaic variants were found to be enriched in

the respective tumor tissues with a median VAF of 53.4% (range,25.6%-92.9%; ~<0.001,
Mann Whitney U-test; Figs. 2B-2D, 3A-3B and Supplementary Fig. SI3A-S13F and
Supplementary Table S10). The tumors of 8/10 cases analyzed harbored additional non-
synonymous somatic mutations (n=76; median number of non-synonymous mutations=4.5/
case; range, 1-34), none of which were detected in the normal tissues interrogated (Figs.
2B-2D, 3A-3B, Supplementary Fig. S13C-S13F and Supplementary Table S10). Moreover,
we conducted an additional orthogonal validation of the mosaic variants in 39 normal and
13 tumor tissues, respectively, of individuals with available FFPE material (n=10) using
amplicon sequencing. Our analyses validated the mosaic nature of the variants showing a
strong positive correlation (r=0.93; A=2.2 x 10716) in the VAF detected by MSK-IMPACT
and amplicon sequencing (Supplementary Fig. S14A). In all cases analyzed, the detection
of the candidate mosaic variants in multiple tissue lineages in the absence of tumor-derived
somatic mutations provides further evidence that the candidate variants interrogated were
mosaic in nature.

Cancer causative mosaic variants arise early in embryogenesis

Next, we sought to determine the time during development when mosaic variants arose.
Assuming i) a symmetrical cell contribution model, in which the genetic material of two
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daughter cells of a dividing progenitor cell contribute equally to adult tissues, and ii) that
these mosaic variants are heterozygous, variants occurring in the first five cell divisions
would be expected to have a VAF in normal tissues ranging from 25% (first division) to
1.6% (fifth division, Fig. 4A) (7). Given that ancestral clones of blood emerge early in
embryogenesis, before gastrulation (17,18), and the limits of detection of the tumor/normal
sequencing assay employed, mosaic variants arising after the 51 division, which would
have an expected VAF lower than 1%, are unlikely to be detectable. We observed that
although the VVAFs of the 36 mosaic variants in blood fell within this range, their VAF
distribution did not show peaks at the values expected for each of the first five cell divisions
(Fig. 4A-4B), suggesting an asymmetry in cell contribution, in agreement with previous
studies (7,18,19). Using a Log likelihood model (7) (Supplementary Methods), we sought to
investigate the cell contribution asymmetry by introducing an asymmetry factor. We opted
for a heuristic approach in which we modified the expected VAF of two cell divisions

at a time whilst maintaining other cell divisions symmetric, as previously described (7).
Our analyses revealed that the best fitting asymmetric cell contribution model was a better
representation of the data compared to the symmetric cell contribution model for both,

cell divisions 1 and 2 (P=5.1 x 1078, likelihood ratio test) and cell divisions 3 and 4
(P=6.5x1075, likelihood ratio test; Fig. 4C). These findings indicate that cell contribution
during early embryogenesis is likely asymmetrical, as previously reported (7,18,19).

In agreement with these findings, we observed that although the VAF of mosaic variants

in blood and in other normal tissues was similar when aggregated across patients (~>0.05,
Mann Whitney U-test), the VAF of mosaic variants showed differences across normal tissues
of the same individual (Figs. 2C-2D, 3A-3B, Supplementary Figs. SI3A-S13F and S14B).
In some individuals (MOS1 and MOS6), the VAF of the mosaic variant was relatively
similar in the different normal tissues interrogated, whereas in others, such as MOS9, a
wider VAF distribution across different tissues was observed, even across tissues of the
same germ layer (Supplementary Fig. S15A). These findings provide further support to the
notion that the daughter cells of a given cell division might contribute to adult tissues in

an asymmetrical manner, and suggest that the degree of cell contribution asymmetry has
inter-individual variability, consistent with previous reports(18,19).

Using a clustering model based on Beta-Binomial mixture distributions, without considering
expected VVAFs from the different specific cell divisions, we sought to determine mosaic
variant clusters based on their VAF in blood. The number of mixture distributions was
determined by bootstrapping whereby four mosaic variant VAF clusters was the simplest
model that maximized the log-likelihood of the model (Figs. 4B, 4D and Supplementary Fig.
S15B). Based on the posterior probability distribution, we assigned the mosaic variants to
one of the four VAF clusters and observed that the majority (72.2%; 26/36) belonged to the
third and fourth clusters (Fig. 4E), which would suggest that most of these variants were
acquired during the 3™ or 41" cell divisions of embryogenesis. Nonetheless, asymmetry

in cell contribution was observed, which showed marked interindividual variability in
agreement with prior studies (18,19). Due to the FFPE nature of our samples, single

cell sequencing which would allow individual phylogenetic inference per patient and
incorporation of mutation rate, ideal for the assessment of mutation timing, could not be

Cancer Discov. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pareja et al.

Page 7

conducted. Therefore, we can conclude that the variants developed within the first five cell
divisions, however the exact timing could not be fully ascertained.

To define the biological processes involved in their genesis, we explored the mutational
spectra and mutational signatures that shaped the mosaic variants in our cohort. The 13
mosaic indels identified had heterogenous profiles, whereas the 23 mosaic SNVs were
frequently C>T substitutions predominantly at CpG sites, consistent with a dominant clock-
like/aging mutational signature (20) (Fig. 4F), akin to what was reported by Ju et al. for
early embryonic mutations (7), and as observed in the context of germline variants (21).

DISCUSSION

Here, we detected P/LP mosaic variants affecting CSGs in patients with apparently sporadic
cancers subjected to tumor/normal sequencing using an FDA-cleared assay. These mosaic
variants were present in tumors whose phenotypes are typical of the cognate syndromes
caused by germline variants affecting the respective genes. Analysis of the tumor samples
of the 36 patients with detectable P/LP mosaic variants targeting CSGs revealed biallelic
inactivation of the respective CSG in 91.7% of cases, and that the tumors displayed
pathologic and/or genomic features consistent with inactivation of the respective CSG.
Given the identification of the P/LP mosaic variants in tissues derived from mesoderm,
endoderm and ectoderm, the most parsimonious explanation is that the mutational process
resulting in mosaicism occurred early in embryogenesis, before gastrulation, when the
different primary germ layers are established (22). This finding is consistent with their
detection in our initial screen, which required the mosaic variants to be present in both
blood (mesoderm-derived) and in tumors (mesoderm-, ectoderm- or endoderm-derived). Our
findings not only confirm previous reports of early mosaic variants in healthy human and
mouse tissues (7,23,24), including those affecting cancer genes (3,4,6), but also provide

a causative link between mosaic variants arising in early embryogenesis and seemingly
sporadic cancers.

Through analyses of normal tissues of different lineages, we observed a likely asymmetry in
the contribution of mosaic variants to different tissues, in agreement with studies reporting
that cell contribution to postnatal tissues may not be symmetrical (7,23). These differences
could stem from evolutionary bottlenecks, distinct rates of proliferation and involution
taking place in embryogenesis and postnatally, and a potential lineage-dependent positive or
negative selection effect of mosaic variants affecting CSGs.

Our study has important limitations. The approach we employed allowed only for the
detection of patients with CSG mosaic variants present in blood, a tissue that differentiates
early during embryogenesis, and our analysis was restricted to CSG included in the MSK-
IMPACT panel. Hence, the approximate 1/1,000 frequency of CSG P/LP mosaic variants
in cancer patients we identified, likely constitutes a conservative estimate of their impact
on cancer predisposition. Furthermore, the validation of mosaic variants was restricted

to the samples available for each case. The study of a wider spectrum of tissues would
require post-mortem analyses with a priori identification of patients with somatic mosaic
variants. Finally, owing to the FFPE nature of the samples, single cell sequencing, which
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would constitute an orthogonal validation of the observations made, and would allow the
individual phylogenetic inference per patient, ideal for the assessment of mutation timing
given the vast inter-individual variability in terms of asymmetry we observed, and reported
by others(18,19) could not be conducted. Despite these limitations, our study demonstrates
that mosaic variants affecting CSGs can be detected using a clinical grade tumor/normal
targeted sequencing assay, which is an additional advantage of this sequencing methodology
in the clinical setting. Our study also provides a comprehensive analysis of mosaicism
affecting CSGs in a large population of cancer patients and demonstrates that some of these
individuals harbor mosaic variants in CSGs occurring in early embryogenesis that likely
contributed to cancer development.

METHODS

Subjects and samples

This study was approved by MSKCC (NY, USA) Institutional Review Board (IRB),
protocols 12-245 (Genomic profiling in cancer patients) and 19-154 (Prevalence of
somatic mosaicism in advanced cancer patients). Written informed consent was obtained
according to IRB protocols. De-identified tumor/blood MSK-IMPACT sequencing data of
35,310 cancer patients enrolled on the institutional protocol 12-245 (NCT01775072) who
underwent sequencing between January 2014 and December 2019 were retrieved.

Filtering criteria for detection of cancer causative mosaic variants

61/341 genes present across MSK-IMPACT versions were determined to be associated with
increased cancer susceptibility and a dominant mode of inheritance. These 61 CSGs were
analyzed for candidate mosaic variants, and the variant pathogenicity was reviewed by a
board-certified molecular pathologist (DM) according to the American College of Medical
Genetics and Genomics (ACMG) criteria (25).

To define candidate mosaic variants affecting CSGs (Supplementary Methods), given that
mosaic variants are expected to have a VAF <50%, seen for heterozygous variants, and that
the MSK-IMPACT sequencing resolution is limited at VAFs <1.5%, we selected variants
with a blood VAF >1.5%-30%. To detect cancer causative mosaic variants that would
therefore be enriched in tumors, we selected variants with a tumor VVAF =210% and a tumor/
blood VAF ratio =1.5, given that the individual is mosaic, but the cell giving rise to the
tumor was heterozygote for the variant at the outset. To minimize artifacts, only reads with
a mapping quality >20 and cases with a sequencing depth =50 for both tumor and blood
samples with =6 reads of the alternate allele in blood were included. Detected variant had to
have an allele frequency <1% in the Genome Aggregation Database (gnomAD; v2.1.1). In
addition, we excluded variants in highly repetitive regions and variant calls with strand bias,
as described (12). To distinguish mosaic variants from variants detected in CTCs present

in the blood samples, cases with >1 variant in blood targeting CSGs or non-CSGs meeting
the above criteria were excluded. To exclude circulating malignancies, variants from patients
with hematologic malignancies were removed. To distinguish mosaic variants from CH,
established CH criteria were applied (12).
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The pathogenicity of mosaic variants targeting non-CSGs (n=280) with known gene-disease
associations were determined according to the ACMG criteria.

Immunohistochemistry

Expression of MSH2, MSH6 and CDA45 was assessed by immunohistochemistry on a
Bond-3 automated stainer platform (Leica Biosystems, Wetzlar, Germany; Supplementary
Methods).

Statistical analysis

Statistical analyses were conducted using Rv3.1.2. VAF 95% confidence intervals were
calculated using the Wilson procedure. Mann-Whitney U-test and Fisher’s exact test
were used for continuous and categorical variables, respectively. P-values were two-sided
and adjusted for multiple testing wherever appropriate. P-values<0.05 were considered
significant.

Data availability

Somatic mutations and copy number alterations for the 36 mosaic cases identified

in this study are available on cBioPortal (https://www.cbioportal.org/study/summary?
id=mixed_mos_msk 2021). Targeted sequencing data (aligned BAM files) of tumor and
normal tissues included in the validation cohort supporting the findings of this study
have been deposited in the Sequence Read Archive (SRA) under accession number
SUB10801254.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGFINICANCE

Here we demonstrate that mosaic variants in CSGs arising in early embryogenesis
contribute to the oncogenesis of seemingly sporadic cancers. These variants can be
systematically detected through the analysis of tumor/normal sequencing data, and their
detection may impact therapeutic decisions as well as prophylactic measures for patients
and their offspring.
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Figure 1. Identification of cancer patientswith candidate early mosaic variants.
A, Schematic representation of the methodology for selection of patients with candidate

mosaic variants in CSGs, sequencing methods, selection algorithm, filtering and exclusion
criteria and selected variants. B, Variant allele fraction (VAF), sequencing depth and variant
type of the candidate pathogenic/likely pathogenic (P/LP) mosaic variants identified by the
set of filters in blood and tumor. C, Tumor type and germ layer derivation, CSG affected,
variant type, biallelic inactivation of P/LP candidate mosaic variants (n=36). Phenobars
(right) depict clinical characteristics. CSG, cancer susceptibility gene, PANET, pancreatic
neuroendocrine tumor; MPNST, malignant peripheral nerve sheet tumor; SCCOHT, small
cell carcinoma of the ovary hypercalcemic type.
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Figure 2. Validation of candidate mosaic variants affecting mismatch repair genes by targeted

sequencing.

A, Schematic representation of the validation method of candidate mosaic variants and
representative micrographs of hematoxylin and eosin (H&E)-stained tumors and normal
tissues of case MOS14. Scale bars, 1 mm. B, Variant allele fraction (VAF) of the mosaic
variants and tumor-derived non-synonymous somatic mutations in microdissected tumors
and normal tissues according to germ layer. C-D, VAF of the mosaic variants affecting
mismatch repair genes (red) and of tumor-derived non-synonymous somatic mutations
(gray) in tumor and normal tissues and tumor mutational signatures. Error bars,95%

Cl. Representative photomicrographs of H&E-stained slides and immunohistochemistry
analysis of mismatch repair proteins are depicted. Scale bars,50 pm. AP, appendix; C1,
histologic component 1; C2, histologic component 2; CO, colon; EM, endometrium; FT,
fallopian tube epithelium; MSI, microsatellite instability; N, normal; SMM, smooth muscle;
SNV, single nucleotide variation; T, tumor; VAF, variant allele fraction.
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Figure 3. Validation of candidate mosaic variants affecting homologous recombination deficiency

genes by targeted sequencing.

A-B, Variant allele fraction (\VAF) of the mosaic variants affecting BRCAZ (red) and of
tumor-derived non-synonymous somatic mutations (gray) in tumor and normal tissues and
tumor mutational signatures. Copy number plots depicting segmented Log, ratios (y-axis)
according to genomic position (x-axis). C, Number of state transitions according to segment
size. Each line corresponds to a tumor (n=15) of the 10 individuals in the validation cohort.
DCIS, breast ductal carcinoma in situ; HRD, homologous recombination deficiency; IDC,

breast invasive ductal carcinoma; SNV, single nucleotide variation; VVAF, variant allele

fraction.
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Figure 4. Timing of occurrence and mutational processes of mosaic variants.
A, Schematic representation of the first cell divisions of embryogenesis along with the

expected variant allele fraction (VAF) of mosaic variants per cell generation in adult
normal tissues assuming a symmetrical cell contribution. B, VAF distribution of the 36
CSG mosaic variants. Expected VVAF distribution from symmetric cell contribution (red line)
and best fitting cell contribution mixture model (blue line). C, Contour plots depicting the
Log likelihoods of symmetric and asymmetric cell contributions. The x axis and y axis
display the expected VVAFs of the first and second cell divisions, respectively (left), and

of the third and fourth cell divisions, respectively (right), given different cell contribution
asymmetry levels (right x and top y axes). The dotted lines represent the expected VAFs
of the respective cell divisions as per a symmetric cell contribution model. (X), symmetric
model; (+), best fitting asymmetric model. D, Assignment of the 36 mosaic variants to the
VAF clusters of the best fitting mixture model. The means of four VAF clusters are shown
in red (cluster 1), blue (cluster 2), green (cluster 3) and orange (cluster 4). The expected
VAF of mosaic variants occurring in the first five cell generations assuming a symmetric cell
contribution are shown as black dotted lines. Error bars, 95 Cl. E, Posterior probabilities
of the 36 mosaic variants to belong to each of the four VAF clusters identified using the
Beta-Binomial mixture model. F, Single nucleotide variant (SNV) and indels mutational
signatures of the 36 mosaic variants identified.
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