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ABSTRACT 
 

Characterization of somatic mosaicism in human development 

 

Hyeonju Son 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sangwoo Kim) 

 

 

 

Somatic mosaic variants during human development remain elusive despite 

advanced genetic technology. Most published studies have crucial issues: 

postmortem brain tissue does not always accompany with peripheral tissues as 

matched control and could not accurately classified by their occurrence timing. 

divided mosaic mutations into their occurrence timing. We performed deep 

whole exome sequencing (average read depth ~500x) and systematic analysis of 

both brain and matched peripheral tissues for 498 samples from 190 individuals. 

We classified somatic mutations according to when they occurred during the 

early- or late-stage mutations of human development by whether sharing the 

mutations derived two different germ-layer tissues. 
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We identified average 0.54 mosaic variants per individual with an average 

variant allele frequency (VAF) of 6.17% during early embryonic development 

compared with average 5.83 somatic variants per individual a VAF of 1.5% 

during late embryonic development and the post-natal period. Each of the early- 

and late-stage mutations has a distinct mutational signature compared to 

tumor-originated mutations. Their functional aspect also showed a clear 

difference, which was supported by their biological process. Subgroup analysis 

of late-stage mutations revealed average 0.77 brain somatic variants with high 

VAF (average 7.32%) and showed their genomic characteristics clustering with 

properties of early-stage mutations which indicates that brain somatic mutations 

were acquired relatively early in the embryonic period; and tumor-originated 

mutations which are speculated to be influenced by a neurogenic niche of the 

temporal lobe. 

Despite a limited sample size and observation of only the exonic area, we 

provide a systematic analysis of the early embryonic and late developmental 

somatic mosaic mutations of the brain and their biological and genetic 

implications. 

 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Key words: somatic mutation, mosaicism, human developmental stage, 

   whole exome sequencing, genome analysis 
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I. INTRODUCTION 

Genetic mutations occur throughout the entire human life span, from the 

formation of a single cell, the zygote, to the death of an adult with trillions of 

cells1. Large and small differences between the cells that make up humans are 

caused by a wide variety of internal and external factors including common 

cellular activities such as DNA replication and transcription, the inevitable flow 

of nature such as aging, and abnormal sources of mutation such as excessive 

UV exposure, or chemical reagents2. Because each organ or tissue which 

constitutes a human is formed by the expansion of a few stem cells or a small 

number of progenitor cells during early embryonic development, the impact of 
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mutations in these cells is higher than that in the other cells3. In the most 

extreme case, if a mutation occurs during zygote formation, it is generally 

retained by all the cells of an adult, even though the mutation was not inherited 

from the parent. The heterogeneity of cells depending on the timing of 

mutations and their proliferation, creates a distinctive phenomenon from a 

microscopic and a macroscopic point of view; this is called somatic 

mosaicism4,5. In genomics studies using next-generation sequencing (NGS), the 

features of mosaicisms have been used for several decades to explore the 

genetic characteristics of diseases related to specific tissues. Somatic variants 

closely related to a disease can be identified by detecting the mutations specific 

to one tissue through sampling and sequencing diseased tissue and matched 

normal tissue from one individual6. 

 

The brain, which consists of numerous neurons and structure proteins, is a 

complex organ and renowned research object. Many studies have reported that 

brain diseases, such as epilepsy; brain malformation; autism; and Alzheimer’s 

disease, are affected by somatic mutations that specifically occurred in brain 

cells7-10. These mutations result in interference with the PI3K-AKT-mTOR 

pathways and MAPK signaling, which prevents normal brain development and 

impairs neurotransmission3,10-12. Unlike cancer cells, the number of cells that 

can be obtained through surgery is very limited in brain tissue which rarely 

expands clones. Detecting of mutations that occur in the relatively late-stage of 

embryonic development or during the post-natal period by general bulk 
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sequencing is very challenging because the frequency of variant alleles is very 

low6,13. Researchers have attempted to overcome this problem by performing 

highly deep sequencing, replicating sequencing, and by developing 

sophisticated detection algorithms14,15. Recent studies have reported the use of 

single-cell genome sequencing, which is separating each cell from samples and 

then genome sequencing. Genetic properties of neurons and brain diseases are 

no longer limited to unknown areas, although, their detailed mechanisms should 

be further studied. The hypothesis that mutations in human neurons accumulate 

over time has been validated with real data, and it is now possible to discover 

the lineage patterns, biomarkers, and characteristics of adult human neurons 

without using complex molecular biological techniques such as transgenic 

manipulation16,17. 

 

Despite advances in NGS, detection of somatic mosaic mutations that occur 

in the early-stages of embryonic development remains challenging. According 

to an analysis conducted on very few human fetuses, a significant number of 

mutations in numerous cells were shown to occur during cell division during 

pre-gastrulation18,19. In most cases, the mutations generated during 

pre-gastrulation remained in the progenitor cells and existed until the tissue was 

formed. They also appear in several tissues like mutations inherited from 

parents or occur during the postnatal period or adulthood3. Based on this 

understanding, it is theoretically possible to detect pre-gastrulation mutations by 

taking several developmentally distinct tissue samples from a single individual. 
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For example, the somatic mutations, which occur before gastrulation and are not 

guaranteed as germline mutations, will be commonly detected in different 

organs; the liver which originate in the endoderm and the brain that originate in 

the ectoderm. It is worthwhile to detect somatic mosaic mutations that 

commonly appear across multiple tissues in addition to organ-specific somatic 

mutations. This is because, in a most real medical situation, we only see a small 

fraction of the classification of somatic mutations due to difficulty dividing it 

from de novo mutations and not surely expectation of their harmful effects. 

Since we can be easily obtained blood which is a tissue of mesoderm origin in 

accordance with the trend of modern medicine, this new attempt is possible 

within the scope of the existing framework. Single-cell genome sequencing may 

still be a powerful method for detecting somatic mosaic mutations, but if 

sufficient numbers of cells are not secured or the sampling area is not wide 

enough, it may be difficult to distinguish between small clone's mosaicism and 

germline mutations. The expensive and high infrastructure required for analysis, 

as well as the difficulty in biological verification are also obstacles which limit 

the clinical application of single-cell genome sequencing20,21. 

In this study, we performed deep whole-exome sequencing (WES) in two or 

more types of tissues that originated from two distinct germ-layers for a single 

individual. All somatic mosaic mutations: tissue-specific and those which exist 

in common between tissue types were detected and verified by discriminating 

them from germline mutations. Using brain tissue samples from patients with 

neurogenetic diseases allowed us to ascertain better genetic characteristics for 

somatic mosaicism in the brain.
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II. MATERIALS AND METHODS 

1. Sample preparation 

  Bio-banked brain and peripheral tissue samples were obtained from 190 

individuals: 133 patients with neurological disorders (Alzheimer’s disease, 

autism spectrum disease, focal cortical dysplasia, lumbosacral lipoma, 

major depressive disorder, non-lesional epilepsy, non-syndromic 

craniosynostosis, and schizophrenia), 19 patients with a brain tumor 

(glioblastoma multiforme and ganglioglioma), and 38 healthy individuals 

without neurological disorders. The number of brain tissue samples and its 

matched tissues composition for each disease are detailed in Table 1. 

 

  Fresh frozen brain tissue samples and peripheral tissue samples from 

patients with and without autism spectrum disease (ASD) were obtained 

from the National Institute of Child Health & Human Development 

(Maryland, U.S.) and included samples from various brain regions such as 

the frontal, temporal, occipital, and cerebellar regions. The Stanley 

Medical Research Institute (Maryland, U.S.) supplied genomic DNA of 

brain and other matched organ samples from patients with and without 

schizophrenia (SCZ). Most brain and matched blood samples from 

patients with Alzheimer’s disease (AD) and non-demented control cases 

were provided by the Netherlands Brain Bank (Amsterdam, Netherlands) 

(Project number Lee-835). Other demented and non-demented control 

case samples were obtained from the Human Brain and Spinal Fluid 

Resource Center (West Los Angeles Healthcare Center, California, U.S., 
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sponsored by NINDS/NIMH, the National Multiple Sclerosis Society, and 

the US Department of Veterans Affairs). Lumbosacral lipoma (LSL) fresh 

frozen samples obtained after resection surgery were supplied by the 

Severance Children’s Hospital of Yonsei University College of Medicine 

(Seoul, Republic of Korea). Samples obtained during epilepsy surgery 

from patients with refractory epilepsy, including focal cortical dysplasia 

(FCD) and non-lesional epilepsy (NLE), were provided by Severance 

Children’s Hospital of Yonsei University College of Medicine, Seoul, 

Republic of Korea. Non-syndromic craniosynostosis (NSC) patient’s bone 

tissues were provided from Severance Hospital of Yonsei University 

College of Medicine (Seoul, Republic of Korea). Samples from patients 

with glioblastoma (GBM) and ganglioglioma (GG) who satisfied the 

diagnostic criteria according to the 2016 World Health Organization 

Classification of Tumors of the Central Nervous System22 were provided 

by Severance Hospital of Yonsei University College of Medicine, Seoul, 

Republic of Korea. 
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Table 1. Summary of total sample composition 

Disease* Brain 
Sample 

Peripheral 
Sample 

Sample 
Total Individuals 

AD 43 43 86 43 

ASD 86 13 99 24 

FCD 8 8 16 8 

LSL 0 8** 8 4 

MDD 5 5 10 5 

NLE 14 14 28 14 

NSC 0 26** 26 9 

SCZ 32 26 58 26 

GBM 42 11 53 14 

GG 5 5 10 5 

Healthy 66 38 104 38 

*Abbreviation 

AD: Alzheimer’s disease   ASD: Autism spectrum disease 

FCD: Focal cortical dysplasia  LSL: Lumbosacral lipoma 

MDD: Major depressive disorder  NLE: Non-lesional epilepsy 

NSC: Non-syndromic craniosynostosis   SCZ: Schizophrenia 

GBM: Glioblastoma multiforme  GG: Ganglioglioma 

Healthy: Not relevant to any above neurological disorder 

** Vertebrae of LSL and skull and sagittal regions of NSC were considered 

peripheral sample. 
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2. High-throughput whole exome sequencing (WES) 

  Genomic DNA was extracted using either the QIAamp® mini DNA Kit 

(QIAGEN, Hilden, Germany) for freshly frozen brain tissue, or the 

Wizard® Genomic DNA Purification Kit (Promega, Wisconsin, U.S.) for 

blood, following the manufacturers’ protocol. Each sample was prepared 

according to the Agilent library preparation protocols (SureSelect Human 

All Exon 50-Mb target) (California, U.S.). Libraries underwent paired-end 

sequencing on an Illumina HiSeq 2000 and 2500 instrument (California, 

U.S.), according to the manufacturers’ protocol with a mapping quality 

score of ≥ 20 and a base quality score of ≥ 20. 

 

3. Sequencing data processing and reciprocal somatic mosaic variant 

calling 

  We checked the quality of the raw sequencing read using FastQC23 

(v.0.11.7) software. The FASTQ formatted sequencing reads of each 

sample that passed quality check were aligned to the human reference 

genome build 38 from National Center for Biotechnology Information 

(NCBI, Maryland, U.S.) using the BWA-MEM24 algorithm, and converted 

into a BAM formatted file. The initial BAM file was updated with read 

groups and duplicate information as it progressed through the steps using 

Picard25 and GATK26 tools. We also performed local realignment and base 

quality recalibration with GATK tools for each exome. BAM files that 

successfully performed all of the above steps were additionally used to 

measure contamination between samples and the probability of swapping 
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was assessed using NGSCheckMate27 software and also were tested 

cross-contamination by GATK tools. Vecuum28 software was used to 

check for vector contamination during library construction, and Depth of 

Coverage by GATK was used to measure the sequencing depths. All 

processes not described in detail were performed based on GATK best 

practice pipeline. 
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Figure 1. Overall analysis schematic workflow. Samples from 190 individuals were

obtained: some samples were obtained from 151 individuals for 2 regions, and other

samples were obtained from 39 individuals for more 3 regions. 498 deep whole exome

sequencing data was obtained from 301 brain tissue samples, 100 blood samples, 13

heart tissue samples, 60 liver tissue samples, and 24 other samples. All samples were

used as input to the reciprocal somatic variant calling tool through all-pairs testing, and

the results were discriminated into inter-organ shared mutation and organ-specific

mutation groups by a series of systematic processes. 
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  Two or more three tissue samples from each individual were paired using 

all-pairs testing. The paired members were used once the former as tumor, the 

latter as matched normal, the other as the former as matched normal, and the 

latter as tumor. (Top in Figure 1) We performed somatic mutation detection 

pipeline (matched pair-mode) with the sample pairs as inputs using the 

Mutect229 somatic variant calling pipeline, excluding the panel of normal 

creation (single nucleotide variants and small insertion-deletions) and 

RePlow14 (single nucleotide variants), and NeuSomatic30 with the control of 

the false detection rate performed by Varlociraptor31 (small 

insertion-deletions). (Middle in Figure 1) 

 

4. Systematic variant filtering and discrimination of mosaic mutation 

types 

  All mutations that satisfied the following conditions were removed 

from the initial mutation detection results in the VCF format: 

oxoG-induced error by Costello, M. et al method32, common SNP by 

NCBI dbSNP33 build 153, segmental duplication and simple repeat region 

by UCSC database34, mappability score under 0.8 by Umap35, off target 

region36 (Whole-genome without exome and UTR region) (Bottom in 

Figure 1) After artefacts were removed, somatic mutations with "PASS" 

results for both Mutect2 and other caller filters (RePlow/NeuSomatic) 

were regard as organ-specific mutations. If the source of the sample was 

related to a brain tumor, they were separately regarded as tumor 

mutations. 
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  In order to determine multiple organs shared mutations, only variants 

that are present in matched sample pairs should be included. In the 

filtering process of paired-mode somatic calling using Mutect2, “normal 

artifact” is corresponding to it; variants are non-germline mutation, differ 

from reference sequence, and contained in matched pair samples. The 

candidates verified the probability of being multiple-organs shared 

mutations by the combinations of the following identities; not correspond 

to the error filter of other callers (RePlow/NeuSomatic), concordance of 

nucleotide substitution type and genomic location in matched pair samples, 

statistical validity using the one-sample proportion test. The VAFs of each 

mutation were used as a criterion to determine whether the ratio of the 

‘ref’ and ‘alt’ alleles of the other mutations in matched samples fulfilled 

the null hypothesis in statistical test. (Bottom in Figure 1) 

 

5. Validation sequencing 

  We performed validation sequencing by randomly selecting some 

mutations from each group. For validation, deep targeted amplicon 

sequencing or the Sanger sequencing of PCR-amplified DNA methods 

were used. Primer for PCR amplification was designed using Primer3 

(http://bioinfo.ut.ee/primer3-0.4.0/)37. Target regions was amplified by 

PCR using specific primer set and high-fidelity PrimeSTAR GXL DNA 

polymerase (Takara, Japan). Sanger sequencing was performed using 

BigDye Terminator reactions and loaded on an Applied Biosystems 
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3730xl DNA analyzer (Applied Biosystems, California, U.S.). 

 

6. Bioinformatic analysis for mosaicism 

  All group’s somatic mutations were annotated using VEP38 (v99.0) with 

‘—everything –plugin ExACpLI’ option. The results were evaluated using 

an in-house script to analyze the descriptive statistics of the properties of 

the basic mutations, the effect of each gene, and possible correlations with 

patient demographics (age, disease, etc.). Non-negative matrix 

factorization (NMF)-based novel signature extraction (200 iterations) and 

transcriptional strand bias analysis were performed using the 

MutationalPatterns39. The signature and 96-types variant contexts were 

fitted to clockwise Pan-Cancer Analysis of Whole Genomes (PCAWG) 

single base substitution (SBS) and small insertions and deletions (ID) 

signatures by deconstructSigs40, Mutalisk41 (Date of use: March 2020), 

YAPSA42. Mutability was calculated using NCBI MutaGene43,44 (v0.9.1.0) 

distributed as a Python package. The maximum-likelihood dN/dS method 

was applied by Wellcome Sanger Institute (Cambridgeshire, U.K)’s 

dNdScv45. 
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III. RESULTS 

1. Systematic somatic mosaicism calling 

  We conducted a systematic analysis with high-depth WES for both brain and 

matched peripheral tissue samples (blood, liver, heart, and others) from 190 

individuals comprising 133 patients with neurological disorder, 19 patients with 

brain tumor, and 38 non-diseased control individuals. Two or more three 

samples of each individual originating from different germ-layers were paired 

by all-pairs testing, and all somatic mutations were selected in a systematic way 

based on the results of reciprocal somatic variant calling by standard somatic 

variant callers. We devised a new classification system to categorize the 

identified somatic mutations into three categories: Early-stage mutations 

(mutations shared by two germ-layer derived tissues), late-stage mutations 

(mutations not shared by any tissues; organ-specific mutations), tumor 

mutations (Putative tumor origin mutations in the company of organ-specific 

mutations). We then classified all somatic mutations using two classifications 

(early-stage and late-stage mutations). Among the late-stage mutations, 

mutations that were related to brain tumors were re-classified as tumor 

mutations. (Figure 2) 
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Figure 2. New classification system for identified somatic mutations. All somatic

mutations were classified based on their time of occurrence. Mutations that occurred

during early embryonic development and were present in more than one organ were

classified as “early-stage mutations.” Those which occurred during late embryonic

development or the post-natal stage and were organ-specific were classified as

“late-stage mutations.” If a tumor sample was the source of a late-stage mutation, it

was re-classified as a “tumor mutation.” 
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Using the new classification system, 103 early-stage mutations and 997 

late-stage mutations, including SNVs and indels, and 583 tumor mutations were 

identified. To validate our somatic mosaicism calling pipeline, 114 SNVs were 

randomly selected and sequenced by high-depth targeted amplicon sequencing 

(TAseq) with an average 507,856× and Sanger sequencing. 17 of the 19 

early-stage mutations and 74 of the 82 late-stage mutations (including tumor 

mutations) were cross-validated. Positive predictive value (PPV) calculation 

showed 89.47% for early-stage mutations and 90.24% for late-stage mutations 

and tumor mutations. (Figure 3) 

 



19 
 

 

Figure 3. Initial variant count of mosaic variants and result of validation
sequencing. 103 early-stage mutations, 997 late-stage mutations and 583 tumor

mutations were observed. Among these, 114 SNVs were randomly selected and

cross-validated using different sequencing methods which showed approximately 90%

precision. 
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Detected early-stage mutations showed a very high correlation with variant 

allele frequency (VAF) (p=1.00×10-42, R=0.84). (Left in Figure 4) This suggest 

that most clones with mutations occurring during early embryonic development 

may be located stably within each tissue as a basis and may not be 

over-amplified in specific tissues during late embryonic development or during 

the post-natal period. Only clones with these characteristics can be 

distinguished from germline or de novo mutations, which indicates that they can 

be detected by bulk DNA sequencing46. The VAF between mutations detected 

by cross-validation were also highly concordant (p=1.17×10-48, R=0.61) (Right 

in Figure 4) which indicates that the mutations were detected using different 

sequencing methods for cross-validation, but they were not actually different 

mutations. Due to the characteristics of TAseq, one strands with a specific allele 

were amplified much more the other strand47, so a few mutations have 

approximately 50% VAF, but the correlation trend was not changed 

significantly. 
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Figure 4. Variant allele frequency (VAF) correlation between early-stage
mutations and cross-validation sequencing results. The VAF of the mutations in the

shared organ components that constitute the early-stage mutations were very similar

and the TASeq performed by cross-validation also showed a high correlation with the

original mutation from WES sequencing data. Each point in the figure corresponds to a

mutation. 



22 
 

2. Distinctive genomic features of somatic mosaicism by occurrence 

timing 

  The three groups of somatic mosaic mutations with clearly divided timing of 

occurrence showed different characteristic in basic descriptive statistics. There 

were about 10.8 times as many late-stage mutations per individual compared to 

early-stage mutations: For early-stage mutations, average 0.54 mosaic 

mutations were detected, including SNVs and indels for each individual. For 

late-stage mutations, average 5.83 mosaic mutations were detected per 

individual. In comparison, there were on average 30.00 mutations tumor 

mutations per individual. (Figure 5) This trend was consistent when looking at 

SNVs and indels separately. According to previous studies, during embryonic 

development, each neuron has as many as ~1,000 SNVs18. Considering that this 

study provides an analysis of single cells from an entire genomic region, our 

results, the bulk sequencing analysis of the early-stage mutation in the exome 

region, (which is about 1% of the genome) may reflect well the fact the number 

of SNVs during early embryonic development. For the tumor mutation group, 

75.0% (12/16) of samples had both SNV and indels. However, small size 

variants occurred in 41.8% (46/110) of samples from the late-stage mutation 

group, and only 6.1% (4/66) from the early-stage mutation group. 



23 
 

 

Figure 5. Number of mosaic variants per individual in major groups. The number of

mosaic variants per individual, including SNVs and indels, differed markedly by occurrence

timing. Individuals had on average 0.54 early-stage mutations or 5.83 late-stage mutations

(about 10.8-fold more). There was average 30.00 tumor mutations that were significantly

different from early- and late-stage ones. Because the total number of SNVs per group was

much higher than that of indels, the statistical trend did not change considerably when only

SNVs were inspected. (average 0.49 early-stage mutations, 5.15 late-stage mutations, 26.79

tumor mutations). Individuals with indels had an average of 0.05 early mutation and 0.68

late-stage mutations. The average number of indels for tumor mutations was 3.21 per

individual. Each point behind the box plot of major groups in the figure shows mosaic variants

in the groups. 
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The VAF of the mosaic variants also showed a marked difference between 

groups. (Figure 6) In the early-stage mutation group, the average VAF for both 

SNV and indels was 6.17% (min 0.20% - max 31.57%). The first, second, and 

third quartiles of the early-stage mutation group were 3.80%, 6.10%, and 7.90%, 

respectively, and they were mostly distributed within a narrow value range. The 

late-stage variation group’s first, second, and third quartiles of VAF were 

0.26%, 0.44%, and 0.84%, respectively, with an average VAF of 1.5% (min 

0.05% - max 39.60%). Most variants had a very low VAF (approximately 1% 

less than). The tumor mutation group had an average VAF of 15.18% (min 

0.10% - max 40.60%), and their first, second, and third quartiles were 6.59%, 

14.66%, and 22.40%, respectively, showing a very wide distribution. These 

results reflect the mutations that made up the three groups and their clones. 

Most early-stage mutations occurred during early embryonic development, as 

described above. Progenitor cells were the basis of differentiated tissues, and 

specific clones did not expand so that this VAF distribution will be shown. 

However, the late-stage mutations were estimated to have a relatively low 

number of VAFs due to the cell proliferation of clones with very different 

characteristics for each tissue type. Clonal hematopoiesis of blood may have a 

great impact on this phenomenon. Cancer research has reported that the massive 

proliferation of tumor cells leads to similar results48-50. 
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Figure 6. VAF of mosaic variants in major groups. The VAF distribution of mosaic variants

per group showed different trends according to the occurrence timing of the mutation. The

dots in the above figure correspond with each variant. Based on the average value, the

late-stage mutations occurred at the lowest frequency (1.50%), followed by early-stage

mutations (6.17%), then tumor mutations (15.18%). The results and overall trends were

similar for SNVs and indels. Each point behind the box plot of the major groups in the figure

shows the mosaic variants in the group. 
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The correlation between age of the patient and mosaic mutations also guessed 

the properties of some group. (Figure 7) Only late-stage mutations showed 

statistical significance of correlation of age (p=1.39×10-9, R=0.44). Early-stage 

mutations had a negative Pearson Correlation Coefficient (PCC) value, and 

tumor mutations were not statistically significant with age. We can infer that 

two possible scenarios. Early-stage mutations did not increase the number of 

clones or even if the number of their clones increased, thus, did not increase to a 

detectable level, because most of the cells in the tissue had the same variant 

allele48. Although the negative correlation did not secure significance, it may 

suggest the emergence of a new clone during old age. The number of somatic 

mutations increases as the frequency of exposure to intrinsic or external factors 

may increases naturally as an individual ages51. In addition, there is a high 

possibility of malignant cells developing due to mutations in genes related to 

pathways that have a major cellular activity during aging52. Even if a mutation 

does not contributed to develop into cancer, there are interesting phenomena 

such as clonal composition change due to selection and expansion of some 

clones of hematopoietic or skin stem cells53. We performed a random forests 

analysis (number of trees: 10,000, variables: 1) which showed that, except for 

age, none of the clinical variables such as disease and sex, were able to predict 

the properties of each group of samples with significant reliability (Figure 8-9). 
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Figure 7. Correlation between age and number of mutations per individual in major
groups. The age of individuals in each group and the number of mutations were

significantly correlated with late-stage mutations only. Late-stage mutations increased in

number with age. The correlation coefficient (R) was not very high, but statistically, it

showed a very similar relationship with age, which was not present in early-stage or tumor

mutations. Each point in the figure corresponds with a mutation. 
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Figure 8. Random forest analysis for ascertaining feature importance in mutation
burden per sample. Random forest regression results showed that clinical variables,

such as sampling region and sex, were not sufficient to explain individual mutation

burden results of all samples. 
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Figure 9. Random forest analysis for ascertaining feature importance in VAF per
sample. Random forest regression analysis showed that clinical variables, such as

sampling region and sex were insufficient to explain individual variant allele frequency

results of all samples. 
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3. Mutational signature and functional impact of somatic mosaicism by 

occurrence timing 

  We preformed mutational signature analysis to understand the mutational 

processes for the three major groups. The mutation context distribution 

according to the six base substitution types is shown in Figure 10. While the 

detail of context differed slightly, the C>T substitution occupied the highest 

proportion in all major groups. After expanding 6 base substitutions to 96 base 

context substitutions, three novel signatures were obtained by de novo 

signature extraction using non-negative matrix factorization (NMF, iteration 

200 times) (Figure 11). Signature A which fully explained the mutation profile 

of early-stage mutations was different from the other two signatures (cosine 

similarity 0.72~0.78). Signatures B1 and B2 were similar to each other (cosine 

similarity 0.95), but they were fitted and did not interfere with each other as 

major contributors to the late-stage mutation group and the tumor mutation 

group, respectively (Figure 12). While it may be unreasonable to use this 

signature as a kind of standard due to the limitation of the number of 

mutations per group, it is clear that different mutational processes contributed 

considerably to the occurrence of the mutations. 
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 Figure 10. Six single base substitution types of mutation context in major groups. Six

types of base substitution spectra for each group. While most C>T substitutions dominated

across all three groups, the contribution of early-stage mutations was less than that of the

other two groups.  
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Figure 11. De novo mutational signature extraction. Three de novo signatures were

extracted using the non-negative matrix factorization method, and its 96 sequence

contexts were expressed. 
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Figure 12. Fitting mutation context of major groups to de novo signatures. The de

novo signatures were completely fitted to the mutations of each group. This indicates

that the mutations of each group occurred through different processes. 
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To uncover the factors involved in the mutational process of each group, we 

mapped the mutation context to the COSMIC signature (v3.1 - June 2020)54. 

(Figure 13) Of note, the clock-like signature (SBS1, SBS5, and SBS40 for 

single base substitution, and ID1, ID2, ID5, and ID8 for small insertion and 

deletion), which is related to mutations accumulation in normal somatic cells 

over time, was well-fitted as a major contributor. SBS5 was the highest 

contributor in all groups, and the power was relatively strongest in early-stage 

mutations, but not in late-stage mutations or tumor mutations. On the other hand, 

SBS1 had an increased contribution in late-stage mutations and tumor mutations 

compared with early-stage mutations. Unlike SBS5, the acquisition rate of 

SBS1 varied depending on the different types of cancer cells are compared to 

each other, as well as normal somatic cells. This may be due to the influence of 

stem cells or progenitor cells that expand specific clones of a tissue55. 

Early-stage mutations did not be contributed to the increase of specific clones in 

the tissues. Comparison of ID to SBS signatures have not been sufficiently 

studied, but it has been previously confirmed that early-stage mutations mainly 

contribute by ID1 and ID2, and late-stage mutations contribute by ID5 and 

ID856. According to the PCAWG indel classification system for small indel 

signatures analysis, ID1 and ID2 almost always occur with insertion or deletion 

of 1bp at the T:A site when the length of the homopolymer is six or more. ID5 

and ID8 are indels of small homopolymers or have 2bp or more its size54. 

Considering most homopolymers in the human exome are less than 6bp in 

length, the occurrence of late-stage mutations or tumor mutations may have a 

relatively huge effect on cellular function or lethality. 
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Figure 13. The relative contribution of age-related COSMIC signatures for major
groups. All mosaic variants in each group were analyzed to identify their relative 

contribution of age-related COSMIC signatures. Both single-base substitution and small 

indel mutations were well mapped by age-related COSMIC signatures, but the types of 

signatures that could be used to estimate the origin of their mutational process differed 

between groups. 
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The difference in the influence of mutations according to their occurrence 

timing could also be ascertained by the difference in their proportion of pLI 

(probability of being loss-of-function intolerant) score for mutation groups. The 

pLI score is a standardized metric and if a mutation occurs in a gene with a pLI 

score of 0.9 or higher, it is highly likely to lose its function (loss-of-function 

intolerant). On the other hand, if a mutation occurs in a gene with a pLI score of 

0.1 or less, it is highly likely not to lose its function (loss-of-function tolerant)57. 

Our pLI score analysis (Figure 14) indicated that about 26% of all gnomAD 

Exome variants (v2.1.1, 125,748 Exomes) occurred as mutations in genes with a 

pLI score of 0.9 or higher. There was statistically significant difference of 

proportions with early-stage mutations but compared that with late-stage 

mutations and tumor mutations were similar (30% and 26%, respectively) 

Among the early-stage mutations, the proportion of mutations that corresponded 

to genes with a pLI score of 0.1 or less was about 67%, which was significantly 

higher than the other groups. This indicates that mutation occurrence may not 

affect the survival or function of key genes. If the occurrence of a mutation has 

a fatal effect which occurs in the early embryonic-stage, there is a high 

probability that it will result in abnormal development of a fetus and the one 

will be spontaneously aborted, or neonatal survival duration will be short. 

Additionally, mutation sites in each group also imply functional differences 

between mutation groups. Trinucleotide sites with atypical mutability43,44 site 

are more highly mutated in cancer than would be expected at random. They’re 

more likely to play a role as a driver or functional significant. Early-stage 

mutations were found with atypical mutability less frequently (2.1%) than 

late-stage mutations (8.0%), tumor mutations (8.2%), and common germ-line 
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coding variants (9.9%). (Left in Figure 15) The difference in the dN/dS ratio 

(the ratio of non-synonymous to synonymous substitutions) within the 

mutations supports this conjecture. (Right in Figure 15) The dN/dS ratio of 

early-stage mutations was low compared to the gnomAD Exome data, late-stage 

mutations, and tumor mutations. It is possible that some variants didn't correct 

until a certain level by DNA replication or any repair system during early 

human development because they did not lead to protein changes. These 

findings suggested that considerable selective pressure exists in the early 

embryonic stage44,58, which influences general mutation features that are less 

harmful, presumably through the rejection of functionally-deleterious mutations.
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Figure 14. Impact and functional analysis of mosaic mutations at the gene level. The

distribution of the probability of having a loss-of-function intolerant (pLI) score for

gnomAD Exome and each major group denotes that the occurrence of early-stage

mutations is more likely to result in retention of function at the gene level 
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Figure 15. Impact and functional analysis of mosaic mutations at the mutation
level. The ratio of trinucleotides with atypical mutability and dN/dS of mutations.

Early-stage mutations have a lower proportion of atypical mutability mutations and

higher proportion of synonymous mutations compared to the other groups which

indicates that the effect of the mutation will probably not be fatal. 
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4. Genomic characteristics of somatic mosaicism by brain development 

  We further subdivided late-stage mutations according to the source of the 

mutation (brain, blood, and other organs), and investigated the influence of the 

characteristics of these mutations on the brain development by comparing them 

with early-stage mutations and the clonal hematopoiesis of blood samples, etc. 

The mosaic mutation count per individual showed no significant differences 

between brain and other organs, with an average 0.77 ~ 1.13. However, 

significantly higher number of mutations was found in blood with an average 

9.24. Meanwhile, VAF in brain tissue was on average 7.32% (min 0.17% - max 

39.60%), and the first, second, and third quartiles were 3.80%, 6.20%, and 

8.70%, respectively. This was high compared to the average VAF of other 

organs which was 2.11% (min 0.08% - max 17.39%), and very high, compared 

to the VAF of blood which had an average of 0.5% (min 0.05% - max 13.86%). 

(Figure 16) The number of brain mutations and VAF distribution of late-stage 

mutations tended to be very similar to those of early-stage mutations. We 

speculate that most of the somatic mosaic variants of the brain were acquired 

during the relatively early period of brain development rather than locally after 

birth. (Figure 17) Even if a mutation occurs locally, it will probably exist at a 

low frequency because clonal expansion does not increase like tumor cells. 

Unlike the brain, peripheral cells within mutation clones can multiply to a 

sufficiently detectable count within normal tissues. This seems likely because 

the number of late-stage mutations in other organs was slightly higher than that 

of the brain, but the VAF was low. Clonal hematopoiesis is characterized by a 

selective and rapid increase in some clones in an individual after the age of 50 
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without the individual being affected by any disease59. We confirmed different 

trends in mutation counts and VAFs, and a moderate increase in blood 

mutations with age (p=1.48×10-6, R=0.50), but this did not correlate with brain 

and other organs with late-stage mutations. (Figure 18) 



42 
 

 

Figure 16. Descriptive statistics of late-stage mutations in brain, other organs, and
blood. (a) Distribution of the number of mosaic variants per individual in brain, other organs,

and blood with late-stage mutations. Count of mosaic variants per individual in blood was far

greater than the others. (b) Distribution of variant allele frequency (VAF) of mosaic variants

per individual in brain, other organs, and blood with late-stage mutations. Late-stage variants'

VAF had the highest distribution in brain tissue. This is comparable to early-stage mutation. 
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Figure 17. Total comparison of major and subdivided minor groups in descriptive
statistics (a) The number of mosaic mutations per individual was higher in blood and tumor

mutations compared to early-stage and brain mutations. (b) VAF statistics of mosaic mutations

also showed differences between early-stage and brain and blood mutations with late-stage

mutations and tumor mutations. (c) Density graph of VAF distribution also implied that

late-stage mutations are organ specific. 
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Figure 18. Correlation between age and late-stage brain, other organs, and blood
mutations. Among the late-stage mutations, only blood mosaic variants had a significant

correlation with age. Each point in the figure corresponds to a mutation. 



45 
 

We performed an unsupervised hierarchical clustering analysis of the three 

subgroups of mutations spectrum with newly extracted signatures obtained from 

the major groups, enabling us to better understand the biological properties of 

the three subgroups of late-stage mutations. (Figure 19) Late-stage mutations in 

brain tissue were contributed by the signatures of early-stage mutations and 

tumor mutations. Mutations in other organs were uniquely fitted to late-stage 

mutations' signature. Blood mutations were characterized by the tumor 

mutations’ signature along with the late-stage mutations' signature. Clustering 

which was shown by the spectrum of late-stage brain mutations with active 

clonal expansion of tumor mutations characteristic enabled prediction of an 

increase in the number of mutant clones in the mature brain. In addition to it 

might be also enlarged by the mutation occurring in the early-stages of brain 

development. Increased number of somatic SNVs in the temporal lobe of 

mature brains and mature neurons in the hippocampal dentate gyrus of brains 

indicates increased clonal expansion in the region16. Since neurogenesis in brain 

occurs in the temporal lobe (neurogenic niche in dentate gyrus), we categorized 

late-stage brain mutations into two groups: temporal- and non-temporal-derived 

mutations. Late-stage brain mutations in the non-temporal lobes were more 

fitted to the signatures of early-stage mutations than to tumor mutations. 

Whereas temporal lobe mutations contrasted this trend, and their main 

contributor was the tumor mutation signature. (Figure 20) Although a small 

number of mosaic SNVs were included in our data, we speculate that temporal 

lobe mutations fitting reflects neurogenesis in the temporal region which has 

similar characteristics of clonal expansion of tumor. When dividing the brain 
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samples according to the type of disease, the relative contribution of the 

signature for late-stage brain mutations well reflects this result, too; tumor 

mutations' signature is major contribution for explain mutation spectrum of 

having clonal expansion character region. (Figure 21) Tumor mutation 

signatures in blood mutations in once again confirmed the clonal hematopoiesis 

of blood. The results of the additional analysis also support as another evidence. 

Dividing the mutation burden into transcribed and untranscribed strands 

according to the base substitution type, blood mutations in late-stage mutations, 

and tumor mutations tended to be asymmetric with significant for T>C 

substitution. (Figure 22) Higher transcription levels of a gene are associated 

with more opportunities for transcription coupled repair (TCR)60. The strand 

bias on the gene repair system takes place on actively replicating templates 

when DNA damage is corrected by TCR61. In the current study, late-stage 

mutations and tumor mutations might have reflected similarly elevated 

transcription activity. 
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Figure 19. Unsupervised hierarchical clustering for three subgroups of
late-stage mutations. Three de novo signatures which were fully fitted for

early-stage, late-stage, and tumor mutations showed unsupervised clusters for

brain, other organs, and blood late-stage mutations. 
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Figure 20. The relative contribution of mutational signature according to
brain region. When brain-specific mutations were divided into temporal lobe

and non-temporal lobe mutations, the difference in their relative contribution of

mutational signature was remarkable. 
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Figure 21. The relative contribution of mutational signature according to
brain neurological disorder. When brain-specific mutations were divided by

disease type, tumor signatures explained between mutations that could be

observed only when sufficient number of clones which were found in age or

local area. 
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Figure 22. Strand bias signature analysis for major groups and three subgroups of
late-stage mutations. Late-stage blood mutations have showed a transcribed strand bias for 

T>C substitutions, similar to tumor mutations. 
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IV. DISCUSSION 

We were able to provide a new perspective on the variants of brain somatic 

mutations occurring at some stages of the human lifespan using bulk sequencing 

data, not single-cell genome data, only targeted to the exon region rather than 

the entire genomic area. Our results are more practical and convincing 

compared to previous studies because all samples from each individual were 

from two or more embryo developmentally independent tissues. In particular, 

the mutation burden results and the detected VAF range of brain somatic 

mutations can explain the number of late-stage brain somatic mutations which 

occur during the embryo development period than aging process62. Although a 

neurogenic niche may remain in the adult brain, it can be assumed that most of 

the late-stage brain mutations that were detected by our analysis occurred 

during the embryonic period63,64. The mutational signatures of the major groups 

and subgroups clearly elucidate the biological implications and characteristics 

of mutations in terms of the timing of their occurrence and tissue specificity. 

Thus we anticipate that these findings may contribute to future broad somatic 

mutation studies. When conducting targeted panel sequencing or bulk DNA 

sequencing for research or clinical purposes, the characteristics and detectability 

of tissue-specific clonal and sub-clonal variants by occurrence timing should be 

thoroughly reviewed when mutation calling and interpreting results of genome 

analysis. 

In the near future, we anticipate that our own follow-up studies will have a 

greater impact on advances in genetic tests and research which will become 
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more common in the era of precision medicine as the field continues to expand. 

Due to the limitations of our sample composition, we were unable to carry out 

inter-tissue analysis of early-stage mutations which occurred between peripheral 

tissues originating from different germ layers or more tissue-specific analysis in 

late-stage mutations. Additional analysis of samples taken from more 

individuals with various multiple regions, and confirmation of the variant real 

distribution in tissues by single-cell sequencing, as well as expansion of the 

analysis target region to including non-coding variants, may provide researchers 

with more diverse insights and details about more genomic characteristics. A 

tool that reports common and tissue-specific mutations simultaneously, and a 

process that conveniently removes false positives, as used in our calling 

pipeline, would be useful for research using somatic mosaic mutations.  
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V. CONCLUSION 

Instead of using very sophisticated sequencing techniques such as single-cell 

genome sequencing, we used patient bulk sequencing data to accurately detect 

and differentiate somatic mosaic mutations at different stages of development. 

In particular, we show that tissue-specific mutations that occur during the 

late-stage of human development and somatic mutations that are shared by 

multiple organs and occur during the early-stage of human development have 

distinct genomic features. The number and frequency of detectable mutations 

per individual were markedly different. The results of mutational signature 

analysis and additional analysis suggest that these mutations occur by different 

processes and their resultant functional impacts also vary. Thus, it can be 

inferred that the different times at which a mutation occurs can influence the 

manifestation of a disease or the normal development of an individual. 

We anticipate that the results of this study will provide an important 

contribution to personalized medicine by reconfirming various conjectures on 

somatic mutations that occur during the human developmental process using 

real patient’s sequencing data and present additional clinical considerations. 
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인간 발달 과정 내 체성 모자이크 현상의 특성 분석 

 

<지도교수 : 김 상 우> 

 

연세대학교 대학원 의과학과 

 

손  현  주 

 

 

최근 유전학 기술의 엄청난 발전과 시퀀싱 기술의 발달로 그동안 

밝혀내지 못했던 다양한 질환과 유전변이의 관계가 밝혀지고 있다. 

그럼에도 인간의 발생 초기 또는 뇌의 발달 중에 생기는 체성 

돌연변이와 이들의 모자이크 현상은 연구자들에게 여전히 도전적인 

과제다. 살아있는 사람에게서 뇌 조직을 직접 얻기가 매우 어려울 뿐 

아니라 암 유전체 연구와 같이 대조군을 함께 시퀀싱하는 일이 

드물기 때문이다. 

본 연구에서는 190명의 개인으로부터 498개의 뇌 및 말초 

조직을 각각 1쌍 또는 그 이상 취득하여 매우 높은 깊이의 전장 엑솜 

시퀀싱(평균 깊이 ~500x)을 실시한 후, 체계적인 분석을 시행하였다. 
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특히, 체성 모자이크 현상에 대한 깊은 고찰 및 검토를 통해, 체성 

돌연변이를 인간 발생 또는 뇌 발달의 초기 단계에서 발생한 변이와 

발생의 후기 단계 또는 출생 이후에 발생한 변이로 각각 분류하고, 

검출함으로써, 이들이 가지는 특징을 살펴보았다. 

발생의 매우 이른 시기에 발생한 체성 돌연변이는 한 개인당 

0.54개, 평균 6.17%의 VAF 수준으로 존재하고 있음을 확인했다. 

이는 발생 후기 또는 출생 이후에 발생한 체성 돌연변이들이 한 

개인당 5.83개와 평균 1.5%의 VAF로 관찰된다는 사실과 매우 

두드러지게 구별된다. 또한, 그들의 생성 과정을 짐작할 수 있는 변이 

시그니처 양상과 기능적인 측면 역시 분명한 차이를 나타냈다. 

이것은 발생생물학적 관점과도 일치하는 부분으로, 실증적인 수치 및 

통계적 유의성을 제시할 수 있는 매우 신뢰도 높은 결과이다. 한편, 

발생 후기 또는 출생 이후에 발생한 변이 중, 뇌에서만 검출된 

변이는 발생 초기 단계에서 생성된 변이와 매우 유사하게 개인당 

평균 0.77개의 모자이크 변이와 높은 VAF값인 7.32%를 가지는 

것을 확인했다. 이들의 변이 시그니처는 발생 초기 단계 변이와 종양 

기원 돌연변이의 특징을 함께 나타낸다. 전자는 뇌 특이적인 변이가 

상대적으로 뇌 발달의 초기 단계에 발생했음을 암시하며, 후자는 

측두엽에서의 신경 생성이 반영된 결과로 추정된다. 

엑솜에 한정된 샘플의 구성 및 분석을 실시했음에도 본 연구는 

단일 세포 시퀀싱과 같이 고도의, 값비싼 시퀀싱 기술을 활용하지 

않고도 매우 정확한 수준으로 체성 돌연변이를 찾고, 이들을 생성 
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시기에 맞추어 분류했다. 특히, 조직 내 일부 클론 또는 단일 세포 

수준이 아닌 실질적인 이형성에 기여하는 모자이크 변이에 대한 

특징을 분석 및 제시할 수 있었다는 점에서 시사하는 바가 크다. 

이번 연구는 체성 모자이크 변이의 관점을 체내 단일 조직이 

아닌 여러 조직 수준으로 확장하며 이에 대한 생물학적, 유전학적 

의미를 제공하여, 향후 다양한 분야의 체성 변이 연구에 적절한 

지표로 활용될 수 있을 것으로 기대된다. 
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