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DEVELOPMENTAL BIOLOGY

Early divergence of mutational processes in human
fetal tissues
Ewart Kuijk1*, Francis Blokzijl1,2*, Myrthe Jager1, Nicolle Besselink1, Sander Boymans1,
Susana M. Chuva de Sousa Lopes3, Ruben van Boxtel2,4, Edwin Cuppen1,5†
A developing human fetus needs to balance rapid cellular expansion with maintaining genomic stability. Here, we
accurately quantified and characterized somatic mutation accumulation in fetal tissues by analyzing individual
stem cells from human fetal liver and intestine. Fetal mutation rates were about fivefold higher than in tissue-
matched adult stem cells. The mutational landscape of fetal intestinal stem cells resembled that of adult intestinal
stem cells, while the mutation spectrum of fetal liver stem cells is distinct from stem cells of the fetal intestine and
the adult liver. Our analyses indicate that variation in mutational mechanisms, including oxidative stress and
spontaneous deamination of methylated cytosines, contributes to the observed divergence in mutation accumulation patterns and drives genetic mosaicism in humans.

Mutations that arise during fetal development result in somatic
mosaicism and can affect a large population of cells in the adult
organism. Potential consequences for human health are congenital
disorders and increased cancer risk (1–4). Understanding the processes that drive somatic mosaicism in development would therefore expand our knowledge on the origin and evolution of diseases.
A powerful method for obtaining insight into active and past mutational processes is through the analysis of mutational profiles,
which reflect balances between DNA damage and activity of DNA
repair pathways. So far, 30 mutational signatures have been extracted from the mutational landscapes of cancer genomes and
listed in the COSMIC database (5). Mutational signature analysis of
human adult stem cells (SCs) has revealed that mutation accumulation in healthy cells is tissue specific and happens with a continuous
rate throughout adult life (6). Adult intestinal SCs have a large contribution of COSMIC signature 1, which is characterized by C to T
changes at CpG sites and has been attributed to spontaneous deamination of methylated cytosines. In contrast, adult liver SCs
show minimal signature 1 contribution, while signature 5, characterized by T to C transitions, is prevalent (6). Signatures 1 and 5
were found to accumulate with age and act in a clock-like manner
(7) and were also found to explain mutations that occur very early
in development in two-cell–stage embryos (8). To date, it is unknown
what the contribution of fetal development to cell-specific mutation
accumulation is and when in life patterns of mutation accumulation start to diverge between tissues. Therefore, we accurately
cataloged genome-wide somatic mutations in individual liver and
intestinal SCs of human fetuses ranging in age from 13 to 20 weeks
after conception.
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RESULTS

Fetal mutation accumulation rates
Measuring extremely low mutation loads in individual cells is challenging because of the high noise rates that are associated with single-
cell DNA sequencing techniques that typically involve error-prone
amplification methods (9). To circumvent this hurdle, we studied mutation accumulation in individual SCs by expanding them in vitro as
organoids before whole-genome sequencing (WGS) and bioinformatic
filtering for clonal variants—a method that we previously applied
successfully to identify somatic variants in adult SCs from different
tissues and donors of different ages (6, 10). Using routine organoid
culture conditions (11, 12), we successfully derived SC lines from
the liver and intestine of four fetuses at weeks 15, 17, and 22 (n = 2)
after gestation, which amounts to an estimated post-conceptional
age of 13, 15, and 20 weeks, respectively. Individual organoids from
the primary cultures were manually picked, expanded to obtain
14 clonal lines (6 of the intestine and 8 of the liver) (fig. S1), and whole
genome–sequenced to a minimum average coverage of 30×. No
chromosomal aberrations and aneuploidies were observed in the
copy number profiles. At the base pair level (see Materials and
Methods for details), we identified a total of 834 somatic base substitutions in 14 SCs from four independent fetuses (table S1). Independent validation using amplicon-based resequencing of 569 base
substitutions confirmed 556 (98%) of the variants (table S2).
On average, each SC accumulated 67 base substitutions. Particularly for the liver, there was a high degree of variation (minimum = 20,
maximum = 153), which is likely caused by the spread in fetal age, as
there was little variation between fetuses of the same age (Fig. 1A).
A linear mixed-effects random slope model analysis (in which the
fetus is a random effect) confirmed a significant correlation (corrected
P = 0.04) between the number of base substitutions in the liver SCs
and fetal age (Fig. 1A), indicating accumulation of mutations over
time. Because SC mutation accumulation rates have been measured
previously for adult liver and intestine (6), we can now directly compare
mutation accumulation rates between human adult and fetal SCs of
the same organ. For 13 of 14 fetal SCs, the mutation rates fell outside
the 95% confidence intervals of the slope estimates of the adult liver
and small intestine SCs (linear mixed-effects model, table S1), with
about fivefold more somatic variants per week of fetal life than per
week of adult life (Fig. 1B).
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The proportion of base substitutions in intergenic, genic, and
protein-coding sequences is found to be similar for SCs from both
fetal tissues and comparable to the proportions found in adult
SCs (Fig. 1C). Most of the identified base substitutions are located
outside genes. In fetal SCs, five nonsynonymous and one nonsense
mutations were detected in protein-coding sequences of six different
genes (Fig. 1C and table S3). None of these genes are involved in cell
proliferation or have been causally implicated in cancer according
to the COSMIC cancer gene census (13), suggesting that there was
no positive selection for cells with functional somatic mutations that
confer a selective advantage.
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Fetal mutational signature analysis
We reconstructed the mutational profiles of the adult and fetal SCs
with the pan-cancer–derived COSMIC signatures (14, 15). The
cosine similarities of the reconstructed profiles with the fetal SC
profiles were 0.95 to 0.99 (fig. S2), from which we conclude that the
mutational spectrum can be largely explained by the known COSMIC
signatures. However, to avoid biases originating from the existing
COSMIC signatures, we also performed a de novo extraction of
mutational signatures using nonnegative matrix factorization, using
the mutational landscapes of all adult and fetal samples as input (14).
We identified three signatures, of which signature A is highly similar
to COSMIC signatures 5 and 16, signature B resembled COSMIC
signature 1, and signature C showed resemblance to COSMIC signatures 8 and 18 (fig. S3).
The mutation profile of fetal as well as adult intestinal SCs is
most similar to COSMIC mutational signature 1 (Fig. 2, C to E). In
contrast, there was only a minimal contribution of signature 1 to the
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Fig. 1. Mutation accumulation in SCs of the human fetal liver and intestine. (A) Left panel: Number of somatic base substitutions in each intestinal fetal SC (extrapolated
to the whole autosomal genome). Right panel: Number of somatic base substitutions in each liver fetal SC (extrapolated to the whole autosomal genome) as a function
of the estimated fetal age in weeks after conception. Colors indicate the different fetuses. (B) Number of somatic base substitutions that accumulated per week during
life in SCs of adult and fetal liver and intestine. Each SC is represented by a data point. (C) Genomic location of somatic base substitutions for adults and fetuses per indicated
cell type. CDS, coding sequence.
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Mutational patterns of fetal somatic mutations are
tissue specific
The mutation spectrum of the fetal intestinal SCs was characterized
by a large fraction of C to T changes, particularly at CpG sites and
thus likely resulting from deamination of methylated cytosines
(Fig. 2A). The fetal intestinal SC mutation spectrum closely resembled that of adult intestinal SCs, with a cosine similarity of 0.94
between the 96-type mutational profiles (Fig. 2B). This similarity
suggests that the balance in activity of DNA damage and repair processes is similar in adult and fetal intestinal SCs. In contrast, the
spectrum of the fetal liver SCs was different between individuals of
different ages (P < 0.001, Pearson’s 2 test; Fig. 2A) largely caused by
increasing number of C to A changes with age. The fetal liver spectrum was also distinct from that of adult liver SCs (P < 2.2 × 10−16,

Pearson’s 2 test; Fig. 2, A and B), characterized by fewer T to G
changes and more C to A in the fetal than in the adult liver SCs.
Notably, the spectrum of the fetal liver was also significantly different from that of the fetal intestine (P < 1.2 × 10−12, Pearson’s 2 test;
Fig. 2, A and B), with more C to A changes in the liver and more C
to T changes at methylated cytosines in the intestine. These results
demonstrate that the liver and the intestine accumulate different
types of mutations during fetal development.
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Fig. 2. The fetal liver and fetal intestine have distinct mutational patterns. (A) Mutation spectra for all tissues and ages. Error bars represent SDs. The total number of
identified somatic base substitutions per spectrum is indicated. (B) Cosine similarities between the average 96-type mutational profiles of liver and intestinal SCs from
fetal and adult origin. (C) Relative contribution of the COSMIC signatures to the different SC types that have been analyzed in the current study. (D) Cosine similarity heat
map between the COSMIC signatures and the mutational profiles of the adult and fetal SCs. Samples are grouped by unsupervised hierarchical clustering. (E) Relative
contribution heat map of the COSMIC signatures to the mutational profiles of the adult and fetal SCs. Samples are grouped by unsupervised hierarchical clustering.

mutational profile of the fetal liver (Fig. 2, C to E). Instead, the fetal liver
mutation profiles show resemblance to COSMIC signatures 8 and
18, both of which are characterized by C to A changes, while adult
liver SCs are highly similar to COSMIC signatures 5 and 16, the
etiology of which is unknown (Fig. 2, C to E). The etiology of signatures
8 and 18 is also unknown but has been linked to oxidative stress–
related mechanisms (16). These findings demonstrate that in fetal
liver SCs, other mutational mechanisms are dominant than in adult
liver SCs.
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Because the fetal intestine and liver do not yet fulfill their adult
tissue functions, the observed divergence between these tissues in
mutation accumulation is probably not caused by differences in exposure to exogenous mutagens but is more likely the result of cellor tissue-intrinsic processes that are regulated differently between the
developing organs. Principal components analysis of RNA sequencing data revealed similar overall transcriptome profiles for fetal
and adult intestinal SCs, whereas the fetal liver SCs are distinct from
the intestinal SCs and the adult liver SCs (Fig. 3A). Unsupervised
3 of 8
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Fig. 3. RNA expression analysis. (A) Principal components analysis of the gene expression profiles. The individual samples are projected onto the first two principal
components. PC1, principal component 1; PC2, principal component 2. (B) Gene expression heat map of the top 100 differentially expressed genes between adult and
fetal liver and intestinal SCs. Genes are ordered by nonsupervised hierarchical clustering.
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DISCUSSION

We have previously demonstrated that adult SCs of different organs
show tissue-specific mutation accumulation (6). Here, we extend on
these findings by demonstrating divergence between liver and intestinal SCs in patterns of mutation accumulation at the second trimester
of fetal development. Moreover, we show that mutation accumulation rates in fetal SCs are higher than in adult SCs of the same organ.
The observed mutation accumulation rates in SCs of the fetal liver
and intestine are well below the ~36 base substitutions per week that
have been described for neural progenitors of similarly aged human
fetuses (25). Thus, in contrast to what has recently been hypothesized (25), mutation rates in prenatal development appear not to be equal
between tissues, although the effects of technical differences in measurement methods cannot be excluded. Nevertheless, elevated mutation
accumulation rates appear to be general for fetal cells of different
tissues, suggesting that the rapid cellular expansion in development
comes at the cost of increased mutation accumulation. Unlike neural
progenitors, SCs of the liver and the intestine fulfill important roles
throughout adult life in tissue self-renewal and regeneration upon
damage, thereby running a lifelong risk that somatic mutations are
propagated to daughter SCs and contribute to tumor development.
Kuijk et al., Sci. Adv. 2019; 5 : eaaw1271
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It may therefore be expected that these cells maintain higher levels
of genomic integrity in early development.
The mutation spectrum of the fetal liver is characterized by many
C to A changes. We have previously described that in vitro culture
also leads to more C to A substitutions (11). To discriminate somatic
mutations from mutations that arise during the culture, the variant
allele frequency filter (VAF) was set at ≥0.3. Nevertheless, in vitro–
acquired mutations may escape the VAF filter and cause the high
number of C to A changes in the fetal liver (Fig. 2A). To escape the
VAF filter, in vitro–induced mutations would have to arise at the
clonal step at the onset of the culture (fig. S1). Although we cannot
formally exclude this possibility, we consider this unlikely, because
we do not observe a high contribution of C to A changes in the fetal
intestine and the week 15 and 17 liver clones. Therefore, the relative
high contribution of C to A mutations probably has an in vivo origin,
as is the case for the adult liver (6). The mutation spectrum of fetal
intestinal SCs is dominated by C to T mutations at CpG sites, most
likely as a result of spontaneous deamination of methylated cytosines.
This process does not have a strong contribution in fetal liver SCs.
Thus, irrespective of the number of C to A substitutions, the low
(absolute) contribution of C to T mutations at CpG sites in the liver
also supports our conclusion that patterns of mutation accumulation diverge early between tissues.
Although liver cells divide rapidly during development (26), we
observed little contribution of signature 1 to the fetal liver, which
conflicts with the suggestion that cell types with a high cell division
rate exhibit more signature 1 mutations and that this signature could
serve as a clock that registers the number of mitoses that a cell has
experienced since fertilization (7). Our results indicate that a high
cell turnover rate is, at least in fetal development, not necessarily
associated with a pronounced contribution of signature 1–like
mutations.
In conclusion, our results show that fetal growth comes at the cost
of elevated mutation rates. Furthermore, distinct mutational mechanisms shape the mutational landscapes of the fetal liver and the fetal
intestine. Spontaneous deamination of methylated cytosines is the
main driver of mutation accumulation in fetal intestinal SCs, while
oxidative mechanisms appear to be important for mutation accumulation in fetal liver SCs.
MATERIALS AND METHODS

Collection of human material
The Medical Ethical Committee of the Leiden University Medical
Center approved this study (P08.087). Informed consent was obtained on the basis of the Declaration of Helsinki (World Medical
Association). Human fetal tissues (intestine, liver, and skin) at gestational age weeks 15 to 22 (weeks 13 to 20 after conception) were
collected from elective abortion material (vacuum aspiration) without medical indication. In this study, weeks of gestation, which is
equivalent to the last menstrual period, was determined by ultrasonography. The age in weeks after conception was determined by
subtracting 2 weeks from the weeks of gestation. After collection,
the material was washed with 0.9% NaCl (Fresenius Kabi, France)
and stored on ice until further processing.
Fetal SC isolation and clonal organoid culture
Organoid cultures from liver and intestinal tissue material were derived as previously described (12, 27). In short, liver biopsies were
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hierarchical clustering of the top 100 differentially expressed genes
yielded similar results (Fig. 3B).
To gain more insight into the putative mechanisms leading to fetal
tissue–specific mutation accumulation, we focused on the dominant
observed substitution types, i.e., C to A changes in the fetal liver and
C to T changes at CpG sites in the fetal intestine. C to A transversions
can result from DNA damage by oxidation, resulting in 8-oxoguanine
pairing aberrantly with adenine (17). MUTYH and OGG1 are the
major glycosylases that identify oxidized bases and initiate base excision repair (BER) (18). Inactivating mutations in these genes lead to
more C to A substitutions (19, 20). The expression of MUTYH and
OGG1 is lower in the fetal liver than in the fetal intestine (fig. S4),
which could result in increased C to A transversions in the fetal liver.
The predominant base changes in fetal and adult intestinal SCs
(C to T changes at CpG sites) are also frequent in early embryogenesis (8, 21). The underlying cause, spontaneous deamination of
methylated cytosines, therefore appears to be a dominant mutagenic
factor from fertilization until adulthood in intestinal SCs and their
progenitors. Spontaneous deamination of methylated cytosines at
CpG dinucleotides results in T:G mismatches (5). These mismatches
can be effectively repaired by BER (22) and potentially noncanonical
mismatch repair (23), but a mutation becomes fixed if the cell
divides before the mismatch is resolved, resulting in a C to T change
(7). Methyl-CpG binding domain 4 (MBD4) and thymine DNA
glycosylase (TDG) are the two major glycosylases that specifically
catalyze the removal of thymines opposite of guanines at CpG sites
(22, 24). Both glycosylases are expressed at higher levels in SCs of
the fetal liver than in SCs of the fetal intestine (fig. S4). This may lead
to tissue-specific rates of thymine excision at the T:G mismatches by
BER, resulting in differences in C to T substitution rates at CpG sites.
These results suggest that tissue-specific mutation accumulation in
fetal development may be the result of cell-intrinsic processes such
as differential expression of BER glycosylases, although the distinction between cause and consequences remains difficult and would
require induction and measurement of DNA damage and the activity
of DNA repair in fetal tissues.
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WGS and variant identification
DNA was isolated from the organoid cultures and skin and liver tissue
using the QIAsymphony DNA Mini Kit (Qiagen). DNA libraries for
Illumina sequencing were generated from 200 ng of genomic DNA
using standard protocols (Illumina) and sequenced 2 × 100 base pair
(bp) paired-end to 30× base coverage with the Illumina HiSeq Xten
at the Hartwig Medical Foundation. WGS data were processed, and
copy number analyses and base substitutions were called using
GATK (28) and filtered as described previously (10). Skin was used
as a control in the filtering pipeline. For one fetus (week 13), not
enough DNA was retrieved from the skin and a piece of bulk liver
tissue was used as reference instead. Because this tissue contains cells
from multiple germ layers (i.e., mesoderm-derived endothelial cells,
nucleated red blood cells, and mesenchyme, and endoderm-derived
hepatoblasts and biliary epithelium), only very early mutational
events will be shared by all these different cell types. The mutation
catalogs will not contain these very early mutational events, and
therefore, the actual fetal SC somatic mutation loads could be slightly
higher for this particular fetus.
In addition to the filtering described in (10), we filtered on
genotype quality (GQ): GQ ≥ 99 in the clonal organoid culture and
GQ ≥ 10 in the polyclonal control sample, as these positions commonly
represent false positive somatic variants. To generate a set of high-
confidence variants, we visually inspected all base substitutions using
Kuijk et al., Sci. Adv. 2019; 5 : eaaw1271

29 May 2019

the Integrative Genomics Viewer (IGV) (29) and excluded 44% of
all base substitutions. Base substitutions in repetitive sequences (e.g.,
poly-G stretches), nearby an indel (within ~20 bp of base substitution), in regions with a very high coverage (as these are most likely
mismapped reads), which were found in most of the other clones (as
these are most likely missed germline positions), and within a deletion or duplication were flagged as false positives. For adult SCs, we
used data from previously established human liver and intestinal SC
lines (6, 11).
For 569 of the variants that were identified in fetal SCs, 1138 custom capture probes of 120 bp were designed (one for the variant and
one for the reference allele) and ordered. DNA sequencing libraries
were prepared according to the manufacturer’s (Twist Bioscience)
protocol. In short, DNA was enzymatically fragmented followed by
end repair and dAMP tailing. Subsequently, index adapters were ligated
and a pre-capture polymerase chain reaction (PCR) amplification
was performed. Libraries were pooled, and a bead-based size selection was performed. The size-selected libraries were hybridized to
the capture probes. After binding to streptavidin beads, the enriched
libraries were PCR-amplified, purified, and sequenced 2 × 150 bp
on the NextSeq500 platform. All samples were thus analyzed for all
target loci, thereby functioning as each other’s controls. Variants
were called using GATK (28) and considered positive if unique to
the sample in which the sample was originally called. All other variants were manually inspected in IGV. This validation resulted in
the confirmation of 98% of all variants (555 after initial automated
filtering, 1 after manual inspection in IGV; table S2). For the 13 remaining variants, the results were inconclusive, because the custom
capture failed at these positions.
Base substitution load and type
True-positive base substitutions were extracted from the variant call
format (VCF) files. The base substitution load was computed by
extrapolating the number of mutations to the autosomal genome, as
described previously (10). To allow comparison between the accumulation during fetal development and adult life, we downloaded
VCF files and surveyed bed files of healthy liver and small intestine
adult SCs from https://wgs11.op.umcutrecht.nl/mutational_patterns_
ASCs/. In addition, mutation catalogs of five clonal liver organoid
cultures derived from four different healthy liver donors were included in this study (data available upon request).
Using the Linear and Nonlinear Mixed Effects Models R package
version 3.1-137, the slope and 95% confidence intervals for the mutation rates of the adult liver and small intestine were determined.
Next, we tested whether the mutation rates per week after conception fell within the 95% confidence interval.
Mutational pattern analysis was performed as described previously, using the MutationalPatterns R package (15). Seven-type mutation spectra were extracted from the VCF files. Ninety-six–type
mutational profiles were subsequently generated, and the average
profile (centroid) was determined for the assessed SC types. Centroids
were reconstructed with the 30 COSMIC mutational signatures. Subsequently, signatures that contributed at least 5% to one or more
centroids were selected, and the centroids were reconstructed again
using this subset of the mutational signatures. Cosine similarities between samples and signatures and relative contributions of signatures
were calculated using MutationalPatterns (15).
Gene definitions for hg19 were retrieved from the University of
California, Santa Cruz (UCSC) Genome Browser (30) as a TxDb
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minced and subsequently dissociated into single-cell solutions using
human liver digestion solution [Earle's balanced salt solution supplemented with collagenase type 1A (1 mg/ml) and deoxyribonuclease I
(0.1 mg/ml)]. Cells were plated at limiting dilution, and organoid
cultures were initiated by culturing these cells in basement membrane
extract (BME) overlaid with human liver isolation medium [60%
advanced Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (supplemented with 1% penicillin/streptomycin, 1% GlutaMAX, and
10 mM Hepes), 30% WNT3A conditioned medium (produced in
house), 10% R-spondin 1 conditioned medium (produced in house),
1× B27 supplement without retinoic acid, 1× N2 supplement, 1× Primocin,
1:1000 hES Cell Cloning & Recovery Supplement, 10 mM nicotinamide, 1.25 mM N-acetylcysteine, 5 M A83-01, 10 M forskolin,
10 M Rho kinase inhibitor, 10 nM gastrin I, Noggin (100 ng/ml),
FGF10 (100 ng/ml), human EGF (50 ng/ml), and HGF (25 ng/ml)]. For
the intestine, villi were removed from intestinal biopsies by applying mechanical strength. Subsequently, the biopsies were minced and
dissociated into single-cell solutions by incubating these tissue pieces
with TrypLE at 37°C for 10 to 20 min. Cells were plated at limiting
dilution, and organoid cultures were initiated by culturing these
cells in Matrigel overlaid with human intestinal isolation medium
[30% advanced DMEM/F-12 (supplemented with 1% penicillin/
streptomycin, 1% GlutaMAX, and 10 mM Hepes), 50% WNT3A
conditioned medium (produced in house), 20% RSPOI conditioned
medium (produced in house), 1× B27 supplement, 1× Primocin,
1:1000 hES Cell Cloning & Recovery Supplement,10 M SB 202190,
10 mM nicotinamide, 1.25 mM N-acetylcysteine, 0.5 M A83-01, 10 M
Rho kinase inhibitor, Noggin (100 ng/ml), and hEGF (50 ng/ml)]. After
2 to 3 days, organoids started to appear, and the medium was changed
to human liver expansion medium and human intestinal expansion
medium, respectively (recipe as described above, without Rho kinase
inhibitor and hES Cell Cloning & Recovery Supplement). Clonal cultures were derived by picking single organoids and expanding them
until there was sufficient material to perform WGS.
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annotation package from Bioconductor. Functional consequences
of coding mutations were identified using the VariantAnnotation R
package (31).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaaw1271/DC1
Fig. S1. Experimental setup.
Fig. S2. Reconstruction of mutational profiles using known mutational signatures.
Fig. S3. De novo identification of mutational signatures.
Fig. S4. Gene expression of important DNA repair components.
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