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 Overview of mechanisms behind de novo germline mutations 

 Overview of mechanisms behind somatic mutations 

 Genetic predisposition to somatic mutagenesis



The human body is a mosaic of many genomes
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The human body is a mosaic of many genomes

Nishioka et al Mol Psychiatry 2018



The human body is a mosaic of many genomes



A typical human genome in numbers

4-5M DNA sequence variants per person (relative to the reference genome) 

85M variants discovered in 2,500 individuals 
8M (10%) are common (frequency>5%) 
12M (15%) are rare (frequency 0.5-5%) 
64M (75%) are very rare (frequency<0.5%)

1000 Genomes Project, Nature (2015)



Genome-wide de novo germline mutations
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RESULTS
Family-specific paternal age effects
We sequenced the genomes of three multi-
sibling families (Fig. 1). We discovered and 
validated 768 DNMs across the three families, 
with an average of 64 DNMs per child (range 
of 43–84; Supplementary Table 1). When tak-
ing into account genomic regions inaccessible 
to our analyses (Online Methods), the average 
number of mutations per individual increased 
to 76.9. This adjusted number of mutations 
is equivalent to an average mutation rate of  
1.28 × 10−8 (95% confidence interval (CI) = 1.13–1.43 × 10−8) muta-
tions per nucleotide per generation at a mean paternal age of 29.8 years. 
In the following analyses, we used the adjusted number of mutations.

We determined the parental origin of 399 DNMs, 311 of which 
(78%) were of paternal origin (Fig. 1). Our data confirm the effect 
of paternal age. Taking all families together, the number of DNMs 
increased with father’s age by 2.87 mutations per year (95% confidence 
interval = 2.11–3.64). In all three families, there was a 12- to 13-year 
age gap between the youngest and oldest siblings, which enabled us 
to estimate the parental age effect for each family separately. The cor-
relation between paternal age and the number of DNMs in the child 
was even stronger when each family was considered separately (Fig. 2).  
The paternal age effect for families 244, 603 and 569 was 1.46 (95%  
CI = 1.15–1.78), 3.27 (95% CI = 2.07–4.47) and 3.65 (95% CI = 1.52–5.77)  
mutations per year, respectively. Overall, a model that takes both 
paternal age and family into account performed significantly better 

in predicting the number of mutations in the offspring than a model 
that only considers paternal age (P = 0.020, analysis of variance).

Germline mosaicism in parents
Mutations that occur during early development can lead to mosaicism 
in the germ line and/or somatic tissues. Germline mosaic mutations 
in parents could be passed on to more than one child. We used two 
orthogonal approaches to identify potential parental germline mosaic 
DNMs in our multi-sibling family sequencing data, deeply sequencing 
every validated DNM in every individual in all three pedigrees to a 
mean depth of 567× per individual (Online Methods).

First, we identified ten validated DNMs shared by at least two 
siblings in the same family that are clearly not constitutively  
heterozygous in either parent (alternative allele fraction <10%).  
On the basis of these criteria, the probability of any germline mutation 
being shared by two siblings is 1.3% (Supplementary Table 2).

Second, by identifying sites with a significant excess of reads for 
the alternative allele in DNA from a single parent (Online Methods), 
we distinguished sites among the validated DNMs that were poten-
tially mosaic at low levels in parental blood (Fig. 3b, Table 1 and 
Supplementary Fig. 2). This approach identifies germline mutations 
mosaic in at least one parental somatic tissue that thus most likely 
occurred during early embryonic development of the parent, before 
the separation and proliferation of the germ line and soma, and conse-
quently are mosaic in both tissues. We attempted further experimental 
validation of the candidate mosaic sites using orthogonal amplification  
and sequencing technologies (Online Methods). Taking these inde-
pendent experiments together, we identified 25 DNMs with excess 
parental alternative reads, constituting from 0.6% to 10% of the total 
reads for the site, with a median of 3%. We modeled our statistical 
power to detect parental somatic mosaicism (Fig. 3a) and conclude 
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Figure 1 Pedigrees of the sequenced families. 
Identifiers and relationship between individuals 
are shown for the three families in this study. 
Individuals who were sequenced are represented 
by circles or squares with solid outlines; other 
individuals are represented by circles or squares 
with dotted outlines. The ages of the mother and 
father at conception of each child and phasing 
information are summarized in the table. 
SFHS5165321 was only used for the part of the 
analysis related to mosaicism.
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Figure 2 Paternal age versus number of de novo mutations. The number 
of DNMs has been corrected to take into account genomic regions 
inaccessible to our methods. Red, family 244; light blue, family 569; 
dark blue, family 603. Gray areas denote the region covered by the 95% 
confidence interval of the intercept and slope of the linear regression line 
for each separate family. We note that the confidence intervals for families 
244 and 603 do not overlap for younger fathers.

A RT I C L E S

Rahbari et al. Nature Genetics 2015
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Figure 1 Pedigrees of the sequenced families. 
Identifiers and relationship between individuals 
are shown for the three families in this study. 
Individuals who were sequenced are represented 
by circles or squares with solid outlines; other 
individuals are represented by circles or squares 
with dotted outlines. The ages of the mother and 
father at conception of each child and phasing 
information are summarized in the table. 
SFHS5165321 was only used for the part of the 
analysis related to mosaicism.
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Figure 2 Paternal age versus number of de novo mutations. The number 
of DNMs has been corrected to take into account genomic regions 
inaccessible to our methods. Red, family 244; light blue, family 569; 
dark blue, family 603. Gray areas denote the region covered by the 95% 
confidence interval of the intercept and slope of the linear regression line 
for each separate family. We note that the confidence intervals for families 
244 and 603 do not overlap for younger fathers.

A RT I C L E S

Rahbari et al. Nature Genetics 2015



Sex and parental age affect the number 
of de novo germline mutations

Jónsson et al. Nature 2017

1.5 de novo mutations/year
(80% of all de novo mutations)

0.4 de novo
mutations/year

70 de novo 
germline mutations 



Sex and parental age affect the type 
of de novo germline mutations

Jónsson et al. Nature 2017



Sex and parental age affect dynamics 
of de novo germline mutation types

Jónsson et al. Nature 2017



The spermatogonium division model 
and genome-replication hypothesis

Very early embryogenesis and germline cell 
specification: 10 cell divisions 

Sex organ development: 24 cell divisions 

Spermatogonia divide and produce 
spermatocyte starting from onset* of puberty: 
23 divisions/year/spermatogonium 

Spermatocyte to sperm cell: 4 cell divisions 

 Total number of cell divisions to produce 
sperm: 

20 year-old male: 10+24+7x23+4=199 divisions 

30 year-old male: 10+24+17x23+4=429 divisions 

40 year-old male: 10+24+17x23+4=659 divisions

*approx. 13 years oldGoldmann et al. Trends in Genetics 2019



Functional impact of 
de novo germline gene mutations

 1-2 de novo germline gene 
mutations per child 

 75% de novo mutations cause 
functional protein changes 

 Higher rates of functional de 
novo germline mutations in 
patients with cancer, ASD, 
structural birth defects

Iossifov et al. Nature 2014



Rare germline DNA copy number 
variants in childhood cancer patients

Gillani, et al. Science (2025)



4-fold higher rate of rare and large copy number variants in males

Rare germline DNA copy number 
variants in childhood cancer patients

Gillani, et al. Science (2025)



Endogenous factors that influence 
germline de novo mutation rates

Sex Age

Population 
background

Endogenous 
mutagens

Chromatin 
structure

SNV
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Scenarios of clonal evolution



Detecting somatic mutations in normal cells

Dou et al. Trends Genet 2018



Sources of false positive somatic 
mutations in normal tissues

Dou et al. Trends Genet 2018



Clock-like accumulation of 
somatic mutations in adult stem cells

2,000-3,000 somatic mutations per stem cell at the age of 65 years
Blokzijl et al. Nature 2016



Clonal hematopoiesis 
(blood cell production)

Genovese et al. NEJM 2014



Age-associated clonal hematopoiesis

Bick et al. Nature 2020



Age-associated clonal hematopoiesis

Bick et al. Nature 2020



Age-associated clonal hematopoiesis predisposes 
to hypertension and atypical blood counts

Kir et al. Nature Genetics 2022



Age-associated clonal hematopoiesis 
predisposes to blood and heart diseases

Kir et al. Nature Genetics 2022



Sex-biased clonal hematopoiesis

 Female-biased clonal hematopoiesis: DNMT3A- and GNB1-expanded HSCs 

 Male-biased clonal hematopoiesis: PPM1D, TP53, JAK2, SF3B1, ASXL1, and SRSF2-expanded HSCs

Kir et al. Nature Genetics 2022



Ageing-associated 
loss of chromosome Y (LOY) in males

Thompson et al. Nature 2019

 Known risk factors for mosaic 
LOY in blood cells in males 

 Ageing 

 Smoking 

 Biomarker for diseases 

 Cancer 

 Infections 

 Heart disease



Ageing-associated 
loss of chromosome X (LOX) in females

Liu et al. Nature 2024



Ageing- and sex-associated autosomal 
mosaic chromosomal alterations

Zekavat et al. Nature Medicine 2021



Mosaic chromosomal alterations and infections

Zekavat et al. Nature Medicine 2021



Mosaic chromosomal alterations 
and COVID-19 hospitalisation



Key contributors to 
somatic mutagenesis

Ageing Sex

Chromatin

Endogenous 
mutagens

SNVCell type

Exogenous 
mutagens 



Genome-to-genome association studies to 
identify mechanisms of somatic mutagenesis

Genome-wide association study 
(GWAS) based on logistic or linear 

regression

Population variation
(eg, SNPs)

Mutational phenotypes
(eg, loss of Y in blood cells)



Genetic predisposition to loss of Y in males
GWAS of LOY with 85,000 male participants 

156 common variants predispose to LOY 
LOY heritability is estimated at 32%

LOY risk variants affect HSC/HPCs

LOY risk are close to cell cycle genes

Thompson et al. Nature 2019



Genetic predisposition to loss of X in females

GWAS for LOX with >800,000 female study participants 
56 common variants predispose to loss of X in females 

Association with cancer predisposition and autoimmune disease

Liu et al. Nature 2024



Shared and distinct genetic architecture of 
loss of X (LOX) and loss of Y (LOY)

Liu et al. Nature 2024OR = SNP effect size 



Shared and distinct genetic architecture of 
loss of X (LOX) and loss of Y (LOY)

Liu et al. Nature 2024

HLA-B*35:01 —> higher risk of mLOX in females, yet not risk for mLOY in males

HLA-B*35:01 —> higher risk of chronic thyroiditis (Hashimoto disease)



Shared and distinct genetic architecture of 
loss of X (LOX) and loss of Y (LOY)

Liu et al. Nature 2024

OR = SNP effect size 

mLOX-specific genetic variants —> increased risk of autoimmunity and allergy

SmLOX/mLOY genetic variants —> increased risk of cancer


