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Interest in the origin of human mutation extends well 
beyond the fields of DNA replication and DNA repair 
into numerous areas of the life sciences (Box 1). The role 
of mutation as the source of genetic variation and, even-
tually, differences between species brings mutagenesis 
to the focus of evolutionary biology and population 
genetics. As a cause of cancer, Mendelian disorders 
and complex disease, mutations attract the attention of 
oncologists and medical geneticists. More specifically, 
models of the mutation rate, the rate at which nucleotide 
substitutions occur spontaneously during transmission 
of genetic information, are at the core of many statistical 
methods of evolutionary genetics, cancer genomics and 
human disease genetics1–3. Mutational footprints guide 
the search for mutagenic agents posing environmental 
health risks4–6. Patterns of mutations are informative 
about the underlying mutational processes — for exam-
ple, DNA repair deficiency in cancer — and can suggest 
avenues for therapeutic intervention7,8. Considering the 
importance of mutagenesis for numerous fields of basic 
and medical research, the paucity of knowledge on the 
origin of human germline mutation is highly surprising.

Large-scale DNA sequencing data sets are a new bot-
tomless source of mutation data. Changes in the DNA 
sequence that arise during parent to offspring trans-
mission represent de novo germline mutations. These 
de novo mutations are directly detectable in parent –
child trio sequencing studies as nucleotide variants 
that are present in children but absent in both parents. 
In the course of population history, some mutations 
are inherited by many individuals and appear as seg-
regating single-nucleotide variants (SNVs) in popula-
tion sequencing data sets. As a source of information 
on mutational characteristics, SNVs do not represent 
direct observations, because they have passed through 

the sieve of natural selection and biased gene conversion 
and are influenced by population demographic history. 
Still, the amount of data on SNVs is orders of magnitude 
greater than the number of de novo mutations detected 
by trio sequencing, making them an attractive proxy 
for mutations in statistical analyses of mutagenesis. 
Divergence between genomes of different species, availa-
ble from comparative genomics data sets, also represents 
mutations accumulated and fixed at longer evolutionary 
timescales.

For decades preceding the advent of sequencing, 
direct experimentation was the only effective way to 
investigate the role of DNA repair and replication in gen-
erating mutations. For example, in vitro reconstitution of 
the highly complex process of DNA replication propelled 
studies of fine details of initiation and extension of DNA 
synthesis9,10. Advances in experimental biochemistry 
enabled the creation of genome-wide maps of the effi-
ciency of some DNA repair processes11,12. Experiments 
on genetically manipulated model organisms or cell 
lines have been informative about mutational footprints 
associated with DNA repair deficiency or hyperactivity 
of mutagenic proteins13–15. Mutation accumulation lines 
emerged as a distinct powerful approach to assess the 
effects of exogenous mutagens in wild-type or geneti-
cally modified organisms15–18. Now, the accumulation 
of next-generation sequencing data opens a new ave-
nue into mutation research. Indeed, recent progress in 
understanding mechanisms of cancer somatic mutations 
has been driven by the statistical analysis of cancer 
genomes. Somatic mutations can be found by deep 
sequencing19–23, single-cell sequencing24 or clonal pas-
sage of individual cells25,26. In cancer, somatic mutations 
accumulated in cells become clonal and are revealed 
in sequencing studies of bulk cancer specimens27,28. 

Germline mutation
Nucleotide substitutions 
accumulated in the germ  
line that, thus, could be 
transmitted to the offspring.

Somatic mutations
Nucleotide substitutions 
accumulated during cell 
divisions of somatic cells  
in human tissues.
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Mutations that occur early in development are shared 
by many cells in various tissues. Some of them are pres-
ent in the germ line and may contribute to de novo 
human mutations29,30, bringing them into the focus of 
this Review. Differential exposure of individual tumours 
to exogenous or endogenous mutagens provides the 
main instrument for the statistical analysis of cancer 
genomes. For example, genomes of lung tumours of cig-
arette smokers are strongly enriched in G>T mutations 
induced by benzo[a]pyrene (a component of tobacco 
smoke), whereas lung tumours of non-smokers do not 
exhibit this mutational signature31. The same logic has 
been applied to the analysis of DNA repair system defi-
ciencies or the activity of endogenous mutagens, such as 
AID, APOBEC and reactive oxygen species32,33. A strong 
association between exposure to a chemical, genetic or 
epigenetic dysregulation of DNA maintenance and a 
specific mutational footprint is considered evidence of 
a causative role of the corresponding process. This epi-
demiological approach to the analysis of mutagenesis has 
had a strong impact in oncology33,34, guiding strategies 
for prevention and therapeutic intervention.

Although these elegant experimental studies and 
further cancer research have identified multiple mecha-
nisms that may lead to mutation, they are fundamen-
tally unable to estimate the relative contributions of each 
mechanism to spontaneous human germline mutations. 

Some of the findings on sources of extreme mutagenic 
events cannot be transferred to germ cells at all, where 
such events should not play a substantial role. Germline 
mutations accumulate over long periods of time in 
cells with proficient DNA repair, posing a challenge for 
studies in a laboratory or in the context of cancer. Now, 
computational studies of numerous naturally occurring 
human mutations have provided a new perspective on 
mutagenesis research.

Here, we review statistical patterns in de  novo 
germline mutations from parent–offspring trio sequenc-
ing and in human genetic variation data from large-scale 
genome sequencing projects. As statistical studies can 
only be informative if conducted in light of accumulated 
experimental knowledge about mutational mechanisms, 
the main focus of this Review is on the interpretation of 
data from a biochemical point of view. We discuss ways 
to incorporate existing knowledge of DNA replication 
and repair pathways into statistical data analysis to iden-
tify key mechanisms underlying the incessant influx of 
mutations in the human population.

The sources of mutations
Cellular processes that lead to mutations leave footprints 
in the DNA sequence. The statistical analysis of genomic 
data can detect these footprints and quantify the contri-
bution of specific mechanisms to the overall stream of 
mutations. In this section, we provide an overview of var-
ious mutagenic processes, starting with the basic division 
between replication errors and DNA damage, and the 
detectable traces they leave. As with all simplified organ-
izational principles, it is necessary to add a note of cau-
tion that this division is not absolute, and some processes 
described at the end of this section involve interactions 
between DNA replication, damage and repair.

Mutational properties of DNA replication and unre-
paired DNA damage. Mutations arise via two major 
mechanisms: base misincorporation during replica-
tion of non-damaged DNA; and accumulation of DNA 
damage that has not been properly repaired, leading to 
mutation (Fig. 1). Even at this most basic level, the relative 
contributions of DNA replication infidelity and DNA 
damage to human mutation are unknown.

At first glance, replication infidelity is expected to 
leave a major statistical footprint in data — the num-
ber of replication-induced mutations should scale with 
the number of cell divisions. This would most obviously 
manifest as a dependency of the mutation rate on pater-
nal age, as sperm cells continually divide through adult-
hood. However, to complicate matters, unrepaired DNA 
lesions are primarily converted to mutations during 
DNA replication35,36 (Fig. 2). Thus, not only the number 
of mutations caused by replication errors but also the 
number of damage-induced mutations are likely to scale 
with the number of cell divisions37, making projection of 
age dependency to the origin of mutations non-trivial.

There are other ways in which replication infidelity 
may leave a detectable footprint in DNA sequencing data. 
For example, replication of leading and lagging DNA 
strands requires two different machineries38, poten-
tially leading to asymmetric mutation accumulation 

Box 1 | Impact of statistical and mechanistic models of mutagenesis on  
other fields

Statistical models of mutagenesis have found multiple applications in medical genetics 
and evolutionary biology. De novo mutations are a frequent cause of rare monogenic 
diseases145,146. they also contribute to polygenic neuropsychiatric diseases such as 
autism spectrum disorder2,135,147. Recurrent de novo mutations in multiple patients point 
to genes causally involved in disease, which has motivated parent–child trio sequencing 
studies aimed at identifying disease genes148. In sufficiently large data sets, however, 
recurrent non-pathogenic mutations are also detected in genes unrelated to disease. 
Studies of both monogenic and polygenic diseases have adopted statistical mutation 
models that take into account nucleotide context dependency. to map disease genes, 
the number of recurrent de novo mutations in patients has to be compared with the 
prediction of the background mutation model2. For somatic mutations, conceptually 
similar approaches are at the core of gene discovery approaches in cancer genomics 
that aim to identify ‘drivers’ of cancer development and progression149–151.

In evolutionary biology, adaptation is commonly inferred from an increased level of 
genetic divergence between species or population polymorphisms compared with the 
expected action of mutation alone. this inference is only possible in the presence of a 
statistical model of mutation in the locus to assess the background level of divergence 
or variation. the mutation models also help to infer selective constraint of genes or 
functional elements, which manifests as a lack of variation or divergence152,153. estimates 
of selective constraint aid the identification of non-coding functional elements by 
comparative genomics and the prediction of genes involved in human autosomal 
dominant disorders144.

mechanistic models of mutagenesis also have applications outside the immediate 
field. the effect of epigenetic features on both germline and somatic mutations allows 
the prediction of epigenetic features of inaccessible cells on the basis of mutations. For 
example, replication timing and direction significantly influence mutagenesis and leave 
footprints in mutation data. these patterns of mutations enable the reconstruction of 
replication timing and replication fork orientation in germline cells67. correlation of 
epigenomic profiles of different cell types with mutation patterns is informative about 
cells in which mutations originated. For somatic cancer mutations, this approach can 
predict the cell of origin of a tumour154, which is especially important for metastatic 
tumours whose primary location is unknown. Signatures of somatic mutations associated 
with mismatch repair deficiency155 and deficiency of homologous repair identify 
underlying molecular mechanisms that serve as targets for cancer treatment8,156,157.
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Fig. 1 | Sources of point mutations. Mutations occur due to replication errors (~10−4 per nucleotide39,136) or as 
a consequence of DNA damage (~70,000 nucleotide lesions or modifications per day137). Replication involves a 
few systems that secure high fidelity (left). Highly selective active sites of major DNA polymerases misincorporate 
1 nucleotide per 1,000 (reF.136); the resulting mismatches are effectively purged by the exonuclease activity of 
polymerases Pol δ and Pol ε and by the mismatch repair (MMR) system39. Unrepaired mismatches later become 
substitutions that affect both DNA strands. Consequences of frequent DNA lesions are shown on the right. 
The majority of lesions are processed by DNA repair processes, such as nucleotide excision repair (NER) and 
base excision repair (BER), before replication, with a fraction of them repaired incorrectly. Resulting mismatches 
can be repaired by MMR outside replication, with 50% of them being converted to mutations due to loss of 
information on the original nucleotide state. Alternatively, DNA damage is tolerated and damaged nucleotides 
proceed to replication without repair, which frequently generates mismatches or triggers recruitment of 
low-fidelity translesion polymerases (TLSs)138. Blue arrows represent repair pathways active in S phase, and 
grey arrows represent DNA repair pathways active outside S phase. The size of the oval qualitatively reflects 
the amount of lesions or mutations. In the lower figure part, red boxes indicate co-replicative processes, 
and purple boxes indicate replication-independent mutagenesis. DSB, DNA double-strand break;  
HDR, homology-directed repair.
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between the two strands, known as r-asymmetry. Also, 
DNA replication is accompanied by high activity of mis-
match repair (MMR)39 and homology-directed repair40. 
The variable activity of these repair systems along the 
genome, between leading and lagging DNA strands, 
and throughout the cell cycle leads to characteristic and 
potentially interpretable mutational patterns.

Mutations caused by DNA damage similarly leave 
statistically interpretable traces well beyond a simple 
correlation of the mutation rate with the exposure to a  

mutagen. There are three general pathways for DNA 
lesions to be converted to mutations (Fig. 2). First, smal-
ler lesions do not prevent replication by high-fidelity 
polymerases41, but DNA replication over the damaged 
nucleotide has much lower precision of nucleotide 
incorporation39 due to the imperfect template. Second, 
the attempted repair may be erroneous, resulting in the 
DNA repair system placing a wrong nucleotide in place 
of the lesion42. Last, bulky lesions block the progres-
sion of DNA replication, requiring the recruitment 
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Fig. 2 | Replication converts DNA damage into mutations. A | Mechanisms 
of conversion of DNA damage into mutations are complex. They include 
inaccurate replication over DNA lesions139–141 (part Aa), inaccurate repair 
inserting a wrong nucleotide instead of the lesion or opposing the lesion42 
(part Ab) and mutagenic repair leading to mutations in the vicinity of  
the lesion42,142 (part Ac). B | Although all of these mechanisms contribute  
to the mutagenic effect of DNA damage, recent findings suggest that 
replication is by far the most prevalent mechanism converting lesions to 
mutations. The number of UV-induced mutations in clones created from an 
irradiated cell decreased by a factor of 30 when replication was delayed for 
48 h post-UV pulse96 (part Ba). This observation suggests that DNA repair 
before replication is essentially error-free, and that mutations appear during 

replication over unrepaired lesions. A recent cancer genomics study provides 
additional support for the role of replication in damage-induced 
mutagenesis35. After pulses of various mutagens, the vast majority of 
mutations in descendant tumour cells were shown to be caused by lesions in 
only one out of two DNA strands35 (part Bb). This pattern suggests that all of 
the lesions on a chromosome are turned into mutations by a single event, 
most likely represented by replication. Finally, the cancer mutation signature 
driven by cigarette smoking is much more prevalent in actively dividing 
bronchi cells36 (part Bc). Collectively, these findings support a model of DNA 
damage being primarily converted to mutations during replication and 
suggest that the rate of damage-induced mutations is tightly linked to the 
number of rounds of DNA replication (schematically summarized from reF.36).

R-asymmetry
The direction of the replication 
fork creates a natural 
asymmetry between the two 
DNA strands, which provides  
a very informative statistic, 
similar to T-asymmetry.
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of low-fidelity ‘translesion’ polymerases or leading to 
replication fork restart downstream of the damage 
with post-replicative resolution of the lesion featuring 
a translesion polymerase38. These polymerases gener-
ally have a larger active site, allowing passage across the 
bulky lesion while necessarily trading the replication 
accuracy of non-damaged DNA43. This process fre-
quently results in mutations placed opposite the dam-
aged nucleotide. It can also lead to additional mutations 
in adjacent sites, depending on how far the translesion 
polymerase travels before the high-fidelity polymer-
ase is swapped back in44. There is a growing amount of 

evidence that replication through the lesion is the dom-
inant mechanism of damage-induced mutagenesis for a 
wide variety of mutagenic agents35 (Fig. 2).

If most lesions are converted to mutations during 
replication, the damage-induced mutation rate should 
scale with the amount of damage left unrepaired before 
being replicated during S phase. Thus, the relationship 
between the mutation rate and the activity of DNA repair 
systems along the genome carries information about 
the role of DNA damage in mutagenesis. Base excision 
repair (BER) and nucleotide excision repair (NER) are 
the pathways that specifically repair DNA lesions. Both 

Bulky lesions
Characterized by DNA helix 
distortion, DNA damage that is 
detectable for global genomic 
nucleotide excision repair. 
Usually, bulky lesions are a 
serious obstacle for replication 
forks and transcription.
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of these systems exhibit regional and sequence-specific 
variation in activity, as reviewed in subsequent sections.

Not all non-canonical nucleotides result from DNA 
damage. Cytosine methylation in CpG sites and cyto-
sine hydroxymethylation are nucleotide modifications 
actively maintained by human cells. These common 
forms of non-canonical nucleotides also seem to be 
highly mutagenic45.

For the sake of completeness, it is important to note 
that, in some cases, DNA damage introduced by muta-
genic agents and replication fidelity and integrity are 
not independent. They can interact, breaking the sim-
ple dichotomy between damage-induced mutations and 
replication errors. In addition to directly attacking DNA 
strands, mutagenic agents may modify unincorporated 
nucleotides, producing pools of non-canonical bases that 
subsequently increase the rate of replication errors46. In 
addition to mutations introduced by translesion polymer-
ases in sites opposing lesions (as discussed above), other 
mutations downstream of the damage may arise during 
translesion synthesis. Translesion poly merases synthesize 
short stretches of DNA following the lesion and introduce 
mutations due to their generally lower precision17,43,44. 
Additionally, replication fork stalling triggered by lesions 
occasionally drives massive perturbations in the replica-
tion process and even rearrangements38. Moreover, rep-
lication may expose single-stranded DNA to mutagens. 
For example, in cancer, APOBEC attacks the lagging 
strand during replication47–49.

Mutational effect of deficiencies of co-replicative repair. 
The rate of nucleotide misincorporation during replica-
tion is kept in check by the exonuclease (that is, ‘proof-
reading’) activity of major DNA polymerases (Pol ε  
and Pol δ) and by co-replicative MMR (Fig. 1). Most of 
the information about the role of co-replicative repair 
in vivo comes from experimental systems with mutated 
Pol ε and Pol δ, and from MMR-deficient systems14,33,50. 
Loss of co-replicative repair is carcinogenic, and analy-
ses of cancer genomes identified genome-wide patterns 
associated with loss of proofreading activity and loss 
of MMR51,52.

Reduction of replication fidelity in these systems 
increases the mutation rate by one to three orders of 
magnitude51,53. Failure of co-replicative repair is charac-
terized by unique mutational spectra that may serve as 
statistical signatures of specific deficiencies. Mutations 
are asymmetric with respect to the direction of the rep-
lication fork. Error-prone mutants of Pol ε and Pol δ 
introduce mutations on the leading strand and the lag-
ging strand, respectively50–52. MMR is more proficient in 
removing replication errors on the lagging strand than 
on the leading strand51,52. MMR activity was also shown 
to correlate with the chromatin structure53. All of these 
features are potentially detectable in sequencing data.

Mutational properties of other DNA repair mechanisms. 
Most DNA lesions are repaired outside replication. NER 
is the major pathway to correct bulky DNA damage. 
NER employs a single mechanism to remove and replace 
the damaged nucleotide but consists of two separate 
pathways that locate the lesion on DNA. One branch of 
NER, global genomic NER (GG-NER), detects distor-
tions in the DNA structure. This system, which scans 
genomic DNA, is more efficient in regions of active 
chromatin. GG-NER has reduced efficiency at DNA cov-
ered by the nucleosome dyad and shows 10-nucleotide 
periodicity within the dyad54,55. The second branch, 
transcription-coupled NER (TC-NER), is a mechanism 
of recruiting NER by the RNA polymerase. During tran-
scription, bulky DNA lesions on the transcribed strand 
block the progression of RNA polymerase. The stalled 
RNA polymerase recruits the NER system to the damage. 
As a result, bulky DNA damage in actively transcribed 
genes is preferentially repaired on the transcribed strand, 
causing depletion of damage-induced mutations on this 
strand compared with the non-transcribed strand.

Deficiency of NER has been studied in the context 
of associated monogenic diseases. Xeroderma pigmen-
tosum is a disease caused by the defect of the GG-NER 
branch leading to a higher level of somatic mutagenesis, 
especially on non-transcribed strands of genes56 effec-
tively invisible to TC-NER57. Loss of the TC-NER func-
tion causes Cockayne syndrome. In cells with TC-NER 
deficiency, mutations occur less asymmetrically between 
the transcribed and non-transcribed DNA strands24.

BER is another system to actively repair damaged 
nucleotide bases. Lesion-specific glycosylases recognize 
DNA damage and excise the affected base, leaving the 
sugar DNA backbone intact. This process creates one 
or more abasic sites that are subsequently repaired. 
Recently, mutational spectra for human cells or can-
cers lacking the glycosylases OGG, MUTYH, UNG, 
NTHL1 and MBD4 have become available58,59. Regional 
variation of BER activity has been studied in the context 
of cancer genomics60. Some tumours are deficient in 
MUTYH, which encodes a glycosylase that recognizes 
8-oxoguanine lesions. Somatic mutations in tumours 
with MUTYH deficiency suggest that BER efficiency 
has a very weak association with the megabase-scale 
chromatin structure, but decreases at the nucleosome 
dyad55,60. A similar effect of nucleosome positioning 
has been demonstrated for other types of DNA damage 
repaired by BER in yeast61. Considering the availability 

Fig. 3 | Determinants of mutation rate variation on different scales. a | Replication 
timing (RT) co-varies with large-scale (200–1,000 kb) epigenomic features, such as 
the euchromatin and heterochromatin state determined by Hi-C (high-throughput 
chromosome conformation capture). Replication timing strongly correlates with specific 
mutation types or processes64,66,67,143. b | De novo mutations co-occur with recombination 
events; the effect of recombination on the mutation rate is localized and becomes 
undetectable at distances of ~50 kb from recombination breakpoints (based on data  
from reF.70). c | Average distance between nucleosomes is 190 nucleotides (top panel).  
The mutation rate is slightly elevated under the nucleosome dyad, resulting in a periodicity 
190 nucleotides long (middle panel). Additionally, DNA is wrapped around the nucleosome 
with a ten-nucleotide period. This periodicity also slightly influences susceptibility to 
mutations (bottom panel)55. d | Inverted repeats may allow formation of DNA hairpins. 
Loops of suspected hairpins mutate more frequently, possibly due to activity of APOBEC 
or as a consequence of exposure of single-stranded DNA to water76,78. e | Probability of 
mutation in the human genome is greatly increased at sites that are mutated in other 
Hominidae. This observation has been attributed to cryptic single-nucleotide mutational 
hotspots that are conserved between species85–87. f | Alternatively, hotspots in panel e may 
be driven by unaccounted effects of extended nucleotide context. Indeed, the mutation 
rate of some mutation types varies up to 100-fold due to extended contexts89,90, as shown 
for the mutation rate distribution across heptanucleotide contexts of A>T mutation.

◀
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of new data sets and unique mutational spectra observed 
under conditions of glycosylase deficiency, it may be 
possible to extract statistical signals of spatially variable 
BER efficiency in repair-proficient cells.

Many other repair systems deal with DNA double- 
strand breaks (DSBs) and other DNA damage40,62,63, but 
their discussion is beyond the scope of this Review.

Mutation rate variation along the genome
Variation in the mutation rate along different genomic 
scales provides the most obvious statistical instrument for 
inferring mutational mechanisms from DNA sequencing 
data (Fig. 3). However, the observation of regional differ-
ences by itself does not point to a specific mutagenic force. 
If mutation rate variation across the genome is mimicking 
DNA susceptibility to a specific damage or inefficiency of 
a specific repair system, this damage or repair machinery 
plays a dominant role. In this section, we discuss factors 
that influence the mutation rate in the germ line and 
to what extent statistical observations may be linked to  
specific mutational pathways.

Large-scale chromatin structures and replication timing.  
A weak association between the mutation rate and 
timing of DNA replication has been known for over 
a decade64. The effect could be due to a reduction of 
replication accuracy caused by a depletion of the free 
nucleotide pool and frequent replication fork stalling 
late in S phase65. However, this interpretation is com-
plicated by the strong correlation of replication timing 
with the large-scale chromatin structure (Fig. 3a), which 
is known to affect the activity of DNA repair systems. 
The efficiency of both NER and MMR systems has 
qualitatively similar associations with chromatin53,56,60. 
Mutations of the dinucleotides TC into TA have the 
strongest enrichment in late replicating regions, 
which correspond to heterochromatin, as was shown 
recently66,67. This observation may provide a link to one 
of the repair systems, once supplemented with knowl-
edge of the sequence context-specific efficiency of NER 
and MMR. More generally, whereas qualitative patterns 
of mutation rate variation on a megabase scale could not 
clearly be linked to molecular mechanisms68,69, models 
considering the sequence context and additional layers 
of information may help map mutational patterns to 
mechanisms.

Small-scale effect of recombination. In contrast to muta-
tion heterogeneity on the megabase scale, factors shap-
ing the mutation rate on the scale of hundreds and even 
dozens of nucleotides frequently imply a clear biological 
interpretation. Both direct70,71 and indirect72,73 evidence 
concordantly suggests that recombination is mutagenic. 
There is less agreement on the quantitative contribution 
of its role in mutagenesis, with early literature on the sub-
ject attributing from 1% to 10% of all mutations to this 
process73–75. Studies that directly map de novo recom-
bination events and point mutations helped resolve the 
controversy and demonstrated that the density of nucle-
otide changes within a 1-kb window around a recom-
bination event is 5–50-fold higher than the genome 
average70,71 (Fig. 3b). Overall, these results suggest that a 

measurable effect of recombination induces less than 1% 
of all mutations genome-wide.

Nucleosome positioning and non-canonical DNA struc-
tures. Numerous studies point to the mutagenic effect of 
non-canonical DNA structures. For example, inverted 
repeats in proximity to each other show an increase in 
the mutation rate76–78. Such repeats can form hairpins, 
and DNA in the hairpin loop adopts a single-stranded 
conformation, making it susceptible to damage. 
Although the mutation rate of non-canonical DNA 
structures can be high under experimental conditions78, 
detecting this signal in genomic mutation data is ham-
pered by the rarity of highly structure-prone DNA in the  
genome, as well as by technical challenges owing to  
the difficulty of sequencing these regions.

At short scale with respect to sequence length, DNA 
structure is mostly affected by nucleosome position-
ing55,79. Data from cancer genomes and model organisms 
suggest that the mutation rate has a 10-nucleotide perio-
dicity, corresponding to sites with the minor groove fac-
ing towards (‘in’) or away from (‘out’) the nucleosome. 
Interestingly, in these systems, damage-induced mutagen-
esis is slightly accelerated in positions with the minor 
groove facing out, echoing the activity of GG-NER80, 
whereas replication mismatches are more frequent in 
positions with the minor groove facing in54,55,60. Germline 
mutations demonstrate a slight tendency to preferentially 
occur in the ‘in’ orientation (Fig. 3c). The overall magni-
tude of the effect is smaller than 5%55, and the observation 
is not conclusive about the preferential role of replication 
errors in nucleosome-related periodicity. Although possi-
bly playing a role, nucleosome positioning is not a major 
factor shaping the human germline mutation rate.

Transcription factor binding. Transcription factor bind-
ing was also shown to be mutagenic in cancer genomes, 
with the effect attributed to blocking access to the NER 
system81,82 (Fig. 4) or, alternatively, to local changes in the 
DNA conformation induced by the transcription factor, 
which makes DNA more sensitive to UV light12. It was 
shown that the germline mutation rate is 20% higher in 
transcription factor-binding sites, but this effect can be 
explained by the biased nucleotide composition of these 
sites83. Further studies implementing more sophisticated 
methods are required to investigate the effect of tran-
scription factor binding on the mutation rate beyond the 
nucleotide composition.

Single-nucleotide mutational hotspots. Strong single- 
nucleotide mutational hotspots were first discovered 
in human Mendelian genetics (see reF.84 for a review). 
Most common hotspot examples are mutations giving 
proliferative advantage to spermatocytes and, as a con-
sequence, frequently transmitted to offspring. Cryptic 
variation in the mutation rate at the single-nucleotide 
level is not limited to selfish selection in sperm. More 
than a decade ago, a twofold to threefold increase in the 
rate of human SNVs was observed in positions divergent 
between human and chimpanzee genomes85–87 (Fig. 3e). 
It was estimated that some individual nucleotide sites 
have up to a 100-fold increase in the mutation rate88.

Replication timing
Human DNA replication is  
a complex process involving 
hundreds of thousands of 
origins. Despite firing of 
individual replication origins 
being stochastic, genomic  
loci have a tendency to be 
replicated early or late in  
S phase.
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More recently, efforts in statistical modelling attrib-
uted some hotspots to extended (heptameric) nucleo-
tide contexts (Fig. 3f). Some non-CpG extended contexts 
result in an up to 13-fold increase in the mutation 
rate89,90. Mutagenicity of some of these contexts may be 

potentially linked to known biological processes. For 
example, A>T substitutions in the TTTAAAA context 
(mutated nucleotide underlined) are probably caused 
by polymerase slippage during replication59,91. These 
findings explain some of the ‘cryptic effects’ reported by 
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earlier studies, which only accounted for trinucleotide 
contexts85–87.

Mechanism behind CpG to TpG substitutions. Cytosines 
followed by guanines, usually denoted CpG, are com-
monly methylated in humans. It is well known that 
the rate of CpG>TpG mutations is elevated ~15-fold 
compared with C>T transitions in other contexts92–94. 
The strong correlation of the CpG mutation rate with 
methylation levels suggests a key role for methylation 
in the hypermutability of CpG contexts. There are four 
possible mechanisms that may drive prominent muta-
bility of methylated cytosines (mCs). First, deamina-
tion of a mC creates a T:G mismatch (instead of the 
canonical mC:G). T:G mismatches are usually repaired 
by BER to C:G. Erroneous repair of the mismatch to 
T:A will lead to mutation42. This mechanism causes 
CpG>TpG mutations independently of replication. 
Second, a potential mechanism generates mutations 
from mismatches that are formed immediately before 
cell division and unrepaired until replication. One of 
the two daughter cells inherits a T resulting from the 

unrepaired deamination of a mC. Third, deamination 
can happen co-replicatively. The deamination rate is 
probably increased for single-stranded DNA, and the 
lagging strand is exposed to the single-strand confor-
mation during replication stress95. Fourth, mC may be 
an inferior template for major polymerases, and the high 
rate of CpG>TpG mutations can be a consequence of 
nucleotide misincorporation opposite mC.

CpG>TpG mutations are strongly asymmetric with 
respect to the direction of the replication fork. All 
CpG-bearing trinucleotide contexts, except ACG, show 
significantly higher (by 33%) mutability on the lagging 
strand96–98 (Fig. 5). Neither mis-repair (mechanism 1) nor 
lack of repair (mechanism 2) can generate R-asymmetry. 
In the case of mechanism 2, T:G mismatch entering 
replication presents canonical nucleotides (T and G) 
as templates to both replicating DNA strands. By con-
trast, co-replicative mechanisms 3 and 4 are potentially 
R-asymmetric.

The replication-mediated mechanism 4 finds addi-
tional support in data from cancers with deficient 
MMR or with Pol ε lacking proofreading activity. 
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The CpG>TpG mutation rate in these cancers is elevated, 
sensitive to the methylation level and shows remarka-
ble R-asymmetry97,99. It is not always correct to extend 
insights from cancer data to germline mutagenesis. 
However, individuals with inherited Pol ε mutation show 
noticeable similarities of mutational spectra between 
somatic cells and germ cells100.

Assuming a constant deamination rate and efficiency 
of repair, the rate of mutations generated by mis-repair 
(mechanism 1) is expected to scale with time rather than 
the number of cell divisions. Many publications, espe-
cially in the field of molecular evolution, use the number 
of CpG mutations as a proxy for physical time101,102. They 
argue that the rate of CpG>TpG substitutions accumu-
lated along phylogenies varies less across species than 
other mutation types. By contrast, mutations caused by 
unrepaired T:G mismatches (mechanism 2) are expected 
to scale with the number of cell divisions because BER is 
efficient at short timescales103–105, and only mismatches 
arising a few minutes before replication are expected  
to be left unrepaired. Indeed, dysfunction of the MBD4 
glycosylase — the protein responsible for repair of mC 
deamination — delays BER and leads to a substan-
tially higher rate of transitions in the CpG context27,58. 
Co-replicative mechanisms (mechanisms 3 and 4) 
obviously scale with the number of cell divisions rather 
than time. It was shown that the CpG>TpG mutation 
rate strongly correlates with the rate of cell divisions 
in somatic cells and cancer precursors26,106,107; the CpG  
mutation rate is negligible in non-dividing neurons24.

Oocytes are arrested non-dividing cells throughout 
most of the mother’s life, so the only mutation pro-
cess occurring in non-dividing cells (mechanism 1) 
can increase with maternal age. CpG>TpG mutations 
have the weakest, albeit still significant, association 
with maternal age108. As a result, the fraction of de novo 
CpG mutations occurring in oocytes decreases with 
maternal age108,109. By contrast, the number of CpG 
mutations strongly increases with paternal age in con-
stantly dividing sperm cells108–110. Some of the differ-
ences between maternal and paternal CpG mutations 
may be attributed to differences in methylation levels; 
the fraction of methylated CpG sites in germinal vesi-
cle oocytes is slightly lower than in spermatocytes (~0.5 
versus ~0.9)111. However, this difference should not 
be sufficient to explain the fourfold difference in the 
number of CpG mutations inherited from the mother 
and the father93,94,110,112. It is also unlikely to fully explain 
the magnitude of the difference in age dependencies 
between parents.

ACG>ATG mutations lack R-asymmetry and, there-
fore, may less frequently originate by mechanisms 3 and 4.  
Interestingly, the fraction of ACG>ATG mutations 
of paternal, but not of maternal, origin significantly 
decreases with age at conception (P = 0.025 and P = 0.73, 
binomial regression for paternal and maternal muta-
tions, respectively; Fig. 5c). This observation suggests 
that R-asymmetry may be informative about scaling 
with the replication rate.

These observations suggest that there is more to CpG 
mutagenesis than mis-repair of deaminated methyl-
cytosines (mechanism 1); co-replicative deamination and  

reduced fidelity of replication over methylcytosines 
(mechanisms 3 and 4) probably play a non-negligible role.

Mutational asymmetry between DNA strands
The key feature of the structure of DNA molecules is 
the symmetry of the two strands. Given this symmetry, 
it would be natural to expect that reverse complemen-
tary mutations would exhibit identical statistical pro-
perties. However, this is not always the case. Processes 
such as transcription and replication break symmetry 
between DNA strands (that is, into transcribed and non- 
transcribed strands of a gene, or into leading and lag-
ging strands). In turn, the mutagenic forces coupled to 
transcription and replication act in a strand-dependent 
manner. These differences are imprinted in sequence 
data as imbalances between reverse complementary 
mutations and are called transcriptional asymmetry 
(T-asymmetry) and R-asymmetry48. In addition, strand 
asymmetries with respect to yet unknown DNA fea-
tures may be studied in an unbiased way by calculating 
imbalances of complementary mutations within loci67 
(Fig. 4). Mutational asymmetries provide a very clear sta-
tistical signal that in many cases can easily be mapped to 
a mutational mechanism.

Transcriptional asymmetry. One of the major foot-
prints observed in mutational data is left by TC-NER. 
Recruitment of the NER system to bulky DNA lesions on 
the transcribed strand of genes by stalled RNA polymer-
ase causes T-asymmetry (reviewed in reF.113). Therefore, 
depletion of some mutation types in a strand-specific 
manner within gene bodies can be interpreted as a foot-
print of TC-NER activity. The analysis of asymmetry 
with respect to the direction of transcription reveals 
mutation types caused by bulky DNA damage without 
any previous knowledge of the source of mutagenic 
exposure96,114. The depletion of damage-induced muta-
tions on the transcribed strand compared with adjacent 
non-genic regions provides an estimate for the lower 
bound of damage-induced mutations throughout the 
genome. In the human germ line, at least 10% of all 
mutations are caused by bulky damage, judging from 
the degree of T-asymmetry96.

Interestingly, the mutation rate may also increase on 
the non-transcribed strand of genes rather than in sur-
rounding intergenic regions114,115 (Fig. 4e). The increase 
in mutation rate associated with transcription is called 
‘transcription-associated mutagenesis’. The exact mecha-
nism leading to transcription-associated mutagenesis 
remains unknown114,115, but plausible hypotheses include 
a mutagenic effect of DNA cleavage by topoisomer-
ases or the formation of RNA–DNA hybrids, so-called 
r-loops, which may leave the non-transcribed strand 
unpaired and exposed to damage (reviewed in reF.116).

Replication asymmetry. R-asymmetry has been 
reported for human germline mutations and for various 
cancers48,96,98,117. As discussed above, the literature offers 
two different, although not mutually exclusive, explana-
tions for this asymmetry. The most obvious explanation 
attributes the effect to replication-induced mutations. 
The asymmetry may arise from differential fidelity of the 

T-asymmetry
The direction of transcription 
creates a natural asymmetry 
between the two DNA strands. 
Although it is not always 
possible to estimate the 
mutation rate separately  
on the transcribed and the 
non-transcribed strands, 
because fixed mutations  
affect both strands, it is  
easy to calculate the  
imbalance between reverse 
complementary mutations 
located on one of the strands. 
For example, if lesions leading 
to A>g mutations are depleted 
on the transcribed strand, then 
the A>g rate would be higher 
than the T>C rate on this strand. 
if the aetiology of the damaging 
agent and resulting types of 
mutations are known, one  
may estimate differences  
in the mutation rate between 
the two strands.

R-loops
DNA–rNA hybrids  
that are usually formed 
co-transcriptionally on  
the transcribed strand.  
r-loops are important in  
the context of mutagenesis, 
because they stabilize 
non-transcribed strands  
in the single-stranded state.
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two major polymerases or from differential efficiency 
of co-replicative repair. Indeed, cancers with muta-
tions of major polymerases exhibit the highest levels of 
R-asymmetry48,51,52,118.

Alternatively, R-asymmetry may be attributed to 
damage-induced mutations. Bulky damage blocking 
the progression of major polymerases may be resolved 
asymmetrically between leading and lagging strands. 
Bulky damage may trigger fork collapse followed by 
error-free repair on the leading strand and error-prone 
bypass on the lagging strand38. For example, muta-
tion signatures associated with bulky mutagens show 
R-asymmetry in blood cancers119. Also, a large fraction of  
mutation types in the germ line have correlated levels 
of T-asymmetry and R-asymmetry, suggesting a role for 
differential damage resolution underlying both types 
of asymmetry96.

With the help of more subtle statistical approaches, 
it is possible to extract mutational processes in the 
germ line that have a much stronger R-asymmetry than 
T-asymmetry, separating a class of mutations primarily 
originating as replication errors67.

Influence of parental age and sex
Sequencing parent–child trios is the most direct way to 
detect de novo mutations and study mutagenesis in the 
germ line by statistical means. In contrast to other data 
types, trio sequencing studies help identify sex-specific 
patterns and the effect of parental age at conception. Trio 
sequencing can also discriminate between mutations 
private to sperm or oocytes, or mutations occurring 
early in development that affect somatic and germline 
cells. Contrasting rates and patterns of mutations in 
children of old versus young parents and mutations of 
maternal versus paternal origin is another tool to infer 
mechanisms of mutations.

Sex-specific differences in the rate and spectra of 
mutations. Overall, the number of mutations accu-
mulated during spermatogenesis exceeds the number 
of mutations accumulated in oogenesis by a factor of 
four93,94,109,110,120. The most likely explanation for the 
increased mutation rate in the male germ line is that 
spermatocytes go through multiple rounds of cell divi-
sions, whereas oocytes remain arrested in prophase I  
of meiosis. Despite the dissimilarity between female 
and male germ lines and the larger male contribution 
to the overall mutation rate, mutations of maternal and 
paternal origin have similar distributions across all  
six types of nucleotide substitutions. Only four out of six 
single-nucleotide mutation types are significantly differ-
ent between sexes, and these differences do not exceed 
40%109. However, mutation spectra appear more different 
if the extended sequence context is taken into account. 
For example, both transversions in AGCCT context 
(mutated nucleotide underlined) are 12-fold more 
common in the male germ line than in the female germ 
line, which is threefold more than randomly expected 
(Fig. 6a). Using data from Jónsson et al.109, we identified 
10 pentanucleotides most significantly biased towards 
either maternal or paternal mutations. These pentanu-
cleotides are twice as likely to mutate in mothers than 

in fathers (or the other way around), as evident from an 
independent data set110. Numerous additional contexts 
deviate from the ratio expected for the corresponding 
single-nucleotide and CpG>TpG mutation types (Fig. 6b). 
These context-specific differences probably point to 
mutational mechanisms specific to spermatogenesis 
or oogenesis. However, extreme outliers are uncom-
mon, and generally deviations are observed in opposite 
directions, making these observations consistent with 
quantitatively modest differences between paternal and 
maternal mononucleotide mutation spectra and the 
mostly stable ratio of maternal and paternal age effects 
on the total number of mutations108.

Age-dependent mutation accumulation in oocytes. 
Oocytes do not replicate postnatally, but the number 
of maternal mutations increases substantially with the 
mother’s age at conception109,120,121. This implies that 
the effect of maternal age on the mutation rate cannot be 
driven by a co-replicative process. As expected for muta-
tions caused by DNA damage, maternal mutations show 
strong T-asymmetry compared with paternal muta-
tions (P = 8.37 × 10−6, chi-squared test of homogeneity; 
Fig. 6c). Mutations accumulated in oocytes are highly 
enriched in several regions of the genome; just 10% of 
the genome is responsible for 35% of the maternal age 
effect and harbours 22% of all mutations of maternal 
origin67. Noticeably, these regions have characteristic 
mutational spectra marked by a high fraction of C>G 
mutations, probably reflecting a mechanism of mutagen-
esis specific to oocytes. Maternal mutations in these loci 
tend to occur in clusters67,109,121; two or more mutations 
of maternal origin in an offspring co-localize within a 
few kilobases with a frequency dramatically exceeding 
random expectation, suggesting that they arose from a 
single complex event. Clusters are approximately sixfold 
more frequent in these regions109,121. Mutation clusters 
are also highly enriched in C>G substitutions.

Although we lack a mechanistic understanding of 
localized mutagenesis in oocytes, two non-mutually 
exclusive hypotheses exist. The first hypothesis assumes 
that point mutations are a by-product of the repair of 
DSBs that accumulate with age70,109,121. The second 
hypothesis considers DNA lesions as a major contrib-
utor to maternal mutations67,108. If the lesions are left 
unrepaired or the repair is error-prone, the resulting 
mutations would scale with the mother’s age.

The DSB hypothesis relies on the solid experimental 
evidence that the homologous repair system is progres-
sively less efficient in ageing oocytes122,123. It is also sup-
ported by the spatial correlation between the maternal 
mutation rate (primarily for C>G mutations) and the 
non-crossover recombination rate, the latter serving as 
a proxy for the DSB rate109. One of the caveats of the DSB 
explanation is the difference between the known muta-
tion spectra of recombination-induced mutations70 and 
the mutation spectra in regions with a strong maternal 
age effect67,109,121.

The main observation that supports DNA damage as 
an explanation of the maternal age effect is a very strong 
T-asymmetry in regions with an accelerated maternal 
age effect67. It is also known that DNA lesions mediate 
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DSB formation124, so the correlation between the DSB 
rate and the mutation rate may be driven by an uneven 
distribution of DNA lesions across the genome.

Age-dependent mutation accumulation in sperm. The 
discovery of the effect of paternal age on mutation rate 
predates the discovery of DNA structure. Recent data 
recapitulate a linear dependence between paternal age 
and the number of mutations of paternal origin93,94,125. 
This observation was considered evidence for the major 
role of replicative errors leading to mutations arising in 
spermatocytes. However, as discussed above, theoretical 
considerations suggest that DNA damage may leave the 
same statistical footprint, making it harder to establish 
the origin of paternal mutations from trio sequencing 
data. Notably, the age-dependent accumulation of muta-
tions in both parents results in a relatively stable ratio 
between maternal and paternal mutations across ages 
of conception108.

Variability in mutation rate between families. Early trio 
sequencing studies suggested that the mutation rate 
is not substantially variable in the human population. 
Recent studies are inconclusive about mutation rate 
variation between families, with two papers reporting 
statistically significant variability in both the number 
and the patterns of mutations30,126. Another re-analysis 
study claims that this effect is very minor127. According 
to another recent report, the mutation rate in the Amish 
population is reduced by ~10% compared with other 
populations73. None of these studies was able to attribute 
the variability in mutation rate to genetic background 
and suggested that mutation rate differences, if pres-
ent, are primarily environmental. Still, genetic changes 
in some individuals may have a profound effect on the 
mutation rate. Preliminary results of an ongoing study 
suggested that rare genetic deficiency in repair systems 
increases the number of de novo nucleotide changes by 
a factor of four128. Rare genetic repair deficiencies are 
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(accelerated regions) and in the remaining genome.
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unlikely to generate substantial mutation rate variation 
at the population scale.

Early developmental mutations
Mutations that occur early in development may be 
broadly represented across tissues, including blood 
and germ cells. If present in germ cells, these mutations 
can be transmitted to children. Early developmental 
mutations have different properties from transmittable 
mosaic mutations that originated during gametogenesis, 
which are present in a fraction of germ cells but absent 
from other tissues29,30,129. A growing body of evidence 
suggests that the mutation rate during the first zygotic 
divisions is threefold to tenfold higher than the average 
rate during gametogenesis25,130. Mutations believed to 
arise early in development are characterized by a spe-
cific spectrum marked by elevated rates of TCT>TAT 
and GCA>GAA substitutions29,131,132.

It is still unclear whether this mutation rate increase 
is unique to early zygotic divisions or simply reflects 
the higher mutation rate per division in any tissue 
compared with the differentiated germ line130. If it is 
a specific feature of early cell divisions, two biologi-
cal explanations could be readily offered. First, DNA 
repair might be inefficient before zygotic genome acti-
vation, which takes place at the stage of the third cell 
division108,133. Alternatively, a temporary increase of 
the mutation rate during the first divisions could be 
caused by unrepaired DNA damage accumulated in 
gametes108,134.

Overall, a fraction (possibly as high as 5%) of de novo 
mutations arise in parents as early developmental 
mutations30,112. Owing to a smaller number of muta-
tions of maternal origin, a higher proportion of maternal 
mutations are not private to the germ line112.

Conclusions
The field of germline mutagenesis is entering a new excit-
ing phase. Extensive sequencing data offer a clear pic-
ture of the mutation process as it occurs in humans, as 
opposed to an artificial experimental system. Genomic 
data clearly point to a role of DNA damage in gener-
ating some de novo human mutations. It is impossible  
to explain asymmetry of mutation spectra with respect to  
transcription direction (that is, gene orientation) by 

replication errors. This asymmetry can easily be explained 
by the action of TC-NER repairing bulky DNA lesions.

By contrast, large-scale sequencing data reveal fea-
tures of replicative origin for one class of mutations 
that was widely believed to only result from DNA 
damage101,102,106. From experimental systems, it is known 
that transitions within the CpG context (CpG>TpG 
mutations) can arise from spontaneous deamination of 
methylated cytosines. Genome-scale analysis demon-
strated that the rate of CpG mutations depends on 
the direction of replication, implying that some CpG 
transitions result from base misincorporation during 
replication or from co-replicative deamination.

The analysis of sequencing data has also identified 
numerous surprising patterns that await mechanistic 
interpretation. Clustered mutations that accumulate 
in ageing oocytes provide an arguably most interesting 
example. The mutation clusters arise in non-dividing 
cells and cannot be attributed to inaccurate replica-
tion. They point to a specific mutagenic process that is 
highly localized in the genome and produces multiple 
mutations at a scale of tens of kilobases.

In this Review, we argue that the computational 
analy sis of genomic data sets should not be devoid of 
the body of existing knowledge on DNA replication and 
repair. Combined approaches that simultaneously aim 
for statistical detection of footprints of known mutagenic 
processes in the data and reconstruction of observed 
patterns in controlled experimental systems seem most 
promising. We believe that extensive collaborative efforts 
involving groups across fields ranging from DNA repli-
cation and repair to statistical and population genetics 
could be a highly productive way to translate analyses 
of mutational patterns into biochemical mechanisms. 
Indeed, we are optimistic that new data combined with 
innovative analytic approaches will explain statistical 
patterns in data with biochemical models.

Data availability
De novo mutations from trio sequencing studies were 
obtained from reFS110,112,135. The authors used rare 
polymorphisms from gnomAD v2 (https://gnomad.
broadinstitute.org/downloads).
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