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Genome instability: causes and consequences

Maintenance of a stable genome is required for normal cellular function and faith-
ful transmission of DNA to daughter cells and their offspring. However, cells are 
exposed to many DNA lesions every day (1). These lesions can be caused by both 
endogenous and exogenous sources. Endogenous factors include reactive oxygen 
species and incorporation of incorrect nucleotides or ribonucleotides during DNA 
replication. Exogenous sources include harmful chemicals and different types of 
radiation. If DNA lesions are not repaired properly, the resulting mutations and loss 
of genome stability can lead to premature ageing, cancer and other disorders (2). 
Many factors, including sporadic errors during DNA replication and/or repair, envi-
ronmental factors, and inherited mutations in DNA maintenance genes can cause 
several distinct forms of mutations, including: (a) point mutations, short insertions 
and/or deletions (indels), contraction or expansion of DNA repeats and microsat-
ellites, (b) structural rearrangements, including inversions, translocations, copy 
number variations (CNVs), unequal sister chromatid exchange, and loss of hetero-
zygosity (LOH), and (c) chromosomal copy number variations or aneuploidy, often 
referred to as chromosomal instability (1).
In this chapter, I will review several causes and consequences of genome instability 
and discuss how genome instability can be detected using Strand-seq, a single-cell 
DNA template strand sequencing technique recently developed in our laboratory 
(3).

Replication-associated genome instability
During each cell division, the entire genome must be faithfully duplicated for 
transmission to daughter cells. As such, precise DNA replication is of critical im-
portance for maintaining genome stability in successive generations of cells. In 
order to ensure proper DNA replication, this process is tightly controlled from be-
ginning to end. However, problems and errors can still occur (4). Incorporation of 
incorrect nucleotides or ribonucleotides during DNA synthesis occurs several times 
during each cell cycle, although these errors are typically recognized and repaired 
before cells enter mitosis (5). More serious problems occur when DNA replication 
is paused because of stalled replication forks (6). Persistent replication fork stall-
ing can block mitosis, forcing cells into senescence or apoptosis, or can lead to 
chromosomal rearrangements that are passed on to daughter cells during mitosis.

Replication fork stalling and collapse
Cells start priming for DNA replication during G1-phase of the cell cycle, when an 
inactive form of the MCM2-7 helicase complex is assembled onto the DNA at ori-
gins of replication (7). Once a cell enters S-phase, the MCM2-7 complex becomes 
activated at a subset of these origins and other replication factors, including other 
helicases and polymerases, are assembled to form a functional complex of proteins 
collectively called the replisome. Once DNA replication commences, the MCM2-7 
complex moves along the chromosome to unwind the double-stranded DNA into 
two single strands. Both of the single stranded-DNA molecules are then used as 
a template for synthesis of a complementary, nascent strand by the replisome 
(4). Because the DNA polymerases which are part of the replisome can only syn-
thesize DNA in a 5’ to 3’ direction, only one DNA strand (the leading strand) can 
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be replicated in one continuous stretch. The second strand (the lagging strand) is 
synthesized in discrete Okazaki fragments, which are processed and ligated into a 
continuous DNA strand after synthesis (4).
When the replicative helicases encounter barriers in the DNA template that cannot 
be overcome, such as single-strand nicks, bulky adducts, inter-strand crosslinks, 
or secondary DNA structures, the replication fork will pause until the barrier is re-
moved and DNA replication can continue. In most cases, the replisome remains on 
the DNA during replication pausing and there are no major consequences. Howev-
er, when the barrier cannot be resolved properly, persistent fork stalling can occur 
(8). Persistent fork stalling can lead to fork regression, where the replication fork 
is pushed back along the chromosome, leading to a structure known as a chick-foot 
structure (see Figure 1). At this point, nascent DNA strands can be extended by 
means of ssDNA annealing or template switching, after which the replication fork 
can be reversed in order to bypass the barrier and continue replication (9). When 
replication fork restart is not possible the fork will collapse, leading to the forma-
tion of a single-ended double strand break (DSB) on one of the sister chromatids. 
The break is subsequently repaired via the homologous recombination (HR) path-
way, possibly leading to a reciprocal exchange of DNA between the newly formed 
sister chromatids known as a sister chromatid exchange (SCE) (9). Both replication 
fork restart and collapse are major potential contributors to genome instability.

Replication stress and fragile sites
Replication stress is the general term used to refer to a state where cells display 
decreased speed of replication fork progression and DNA synthesis. No clear defi-
nition of the term replication stress exists and replication stress can be induced 
in a number of ways, including disruption of nucleotide pools, inhibition of DNA 
polymerases, and oncogenic transformation (8). Replication stress is also charac-
terized by a high frequency of replication fork stalling and collapse, leading to 
double strand breaks (DSBs) and other chromosomal aberrations (4). Quite strik-
ingly, these breaks and aberrations often occur at specific sites in the genome 
called fragile sites (10).
Fragile sites are well-defined regions of the genome prone to breakage in cells 
undergoing replication stress (10). Common fragile sites (CFSs) are identical in 
all human genomes, while rare fragile sites only occur in a subset of individuals. 
Fragile sites can be visualized in vitro by treating cells with a low dose of the DNA 
polymerase inhibitor aphidicolin, which will lead to a high frequency of chromo-
somal aberrations, including breaks and quadriradial chromosomes, at these sites 
(11). In general, breakage at fragile sites is thought to occur in cells undergoing 
replication stress, for example the oncogenic stress observed in immortalized cell 
lines and tumour cells (10).
Fragile sites are associated with high frequencies of SCEs, translocations, dele-
tions, and insertions of exogenous DNA and they can represent up to 80% of chro-
mosomal breakpoints in (pre-)cancerous cells (10,12). Common fragile sites occur 
often in large, transcriptionally active genes containing AT-rich repeats (13). CFSs 
are often devoid of origins of replication, and they are replicated late during S-
phase or even during early M-phase (14). As such, fragile sites have been associated 
with ultrafine anaphase bridges, which form when DNA replication at fragile sites 
is not completed before chromosome segregation occurs during mitosis (14,15).
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Figure 1 - Replication fork management. Stalled replication forks can be processed using three differ-
ent pathways: Single-strand annealing (A), Template switching (B) and HR-mediated repair (C). Leading 
and lagging template strands are displayed in dark blue and dark red, respectively. Newly formed na-
scent strands are depicted in light blue and light red. Proteins involved in different steps are indicated 
in green.
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Incomplete DNA replication and ultrafine bridges
Ultrafine bridges (UFBs) are formed by chromosome fibres that stretch between 
two sister chromatids and are often the result of incomplete DNA replication per-
sisting into M-phase (16). UFBs do not contain histones and cannot be stained using 
DNA dyes such as 4’,6-diamidino-2-phenylindole (DAPI). However, they are coated 
by several proteins, including PICH, RIF1, and BLM, and can be visualized by stain-
ing for these proteins (17,18). Although their appearance is similar, three types 
of UFBs have been identified based on their positions on chromosomes: telomeric 
UFBs (T-UFBs), centromeric UFBs (C-UFBs), and fragile site UFBs (FS-UFBs) (19,20).
T-UFBs are believed to be caused by DNA catenates involving the telomeres of 
sister chromatids which persist into anaphase. This type of UFB can be readily 
detected in all anaphase cells and are normally resolved before mitosis by BLM 
and PICH (20). C-UFBs are also detected in unstressed cells and result from late 
replication of difficult-to-replicate centromeric DNA (17). In contrast to T-UFBs and 
C-UFBs, FS-UFBs are only found in cells undergoing replication stress and form at 
the location of fragile sites (21).
Although the three types of UFBs form at distinctive locations and under differ-
ent circumstances, they are believed to form similar structures once they arise. 
Because these structures form physical links between the sister chromatids while 
these are being pulled apart, UFBs contain stretched DNA which might adopt a dif-
ferent conformation than the typical B-DNA helix structure (17). These abnormal 
DNA structures would explain why no histones are present in the DNA and why UFBs 
cannot be stained with the usual DNA dyes. It is also believed that the torsional 
stress from both sister chromatids is the signal for PICH to be recruited to UFBs 
(17). PICH in turn recruits the RIF1 and BLM helicases, which resolve UFBs in con-
junction with topoisomerases and allow for proper chromosome segregation (18).
When UFBs are not resolved before chromosome segregation and cell division oc-
cur, the bridge will most likely break and both daughter cells will inherit incom-
pletely replicated chromosomes, leading to loss of genetic material (20). Alterna-
tively, persisting UFBs can lead to lagging chromosomes that either co-segregate 
with their sister chromatid into one daughter cell, leading to aneuploidy, or are 
segregated into micronuclei (20).

Telomeres
As described above, UFBs often form at telomeres, even in unstressed cells, due to 
the highly repetitive DNA sequence of telomeres and the abundance of telomere-
associated proteins that interfere with telomere replication. However, telomeres 
can also contribute to genome instability in other ways.
Telomeres are formed by long stretches of repetitive DNA (TTAGGG in mammals) 
at the end of linear chromosomes, coated by a complex of proteins called the 
shelterin proteins (22). Telomeres end in a 3’ overhang that loops back into the 
telomere and invades a double-stranded region to form a so-called T-loop (23) 
(Figure 2). This structure is then stabilized by the presence of shelterin proteins 
(22). Whether the very end is hidden by a T-loop structure or telomere protection 
results from exclusion of DNA damage proteins by shelterin mediated chromatin 
condensation (24) is currently under investigation. T-loops do need to be resolved 
during S-phase in order to replicate telomeres (25). Persistence of T-loops leads to 
breaks at the telomeres and increased speed of telomere shortening (26).
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Telomeres also serve a role in the end-replication problem. Because the ends of 
chromosomes cannot be fully replicated, some DNA sequence is lost during each 
cell division. Telomeres protect against the loss of unique DNA at the ends of 
chromosomes. Critically short telomeres are a signal for a cell to enter senes-
cence or apoptosis in order to prevent further loss of chromosomal DNA. When the 
cell keeps dividing, telomeres are lost completely and unique DNA is lost during 
cell division. Furthermore, the ends of chromosomes are recognized as DSBs and 
‘repaired’, often leading to end-to-end chromosome fusions. These fused chro-
mosomes are believed to break during the subsequent cell division (27), although 
it has also been shown that the fused chromosomes form anaphase bridges during 
mitosis, leading to chromotrypsis and kataegis (28). Either event will cause accu-
mulation of mutations, thus contributing to cancer formation.

Transcription-coupled genome instability
Transcriptional activity has also been linked to genome instability; a correlation 
has been shown between levels of gene transcription and accumulation of mu-
tations and chromosomal rearrangements occurring within that gene. Obviously, 
mutations occurring within genes can have serious consequences affecting either 
transcript levels and/or functional activity of the RNA/protein. As such, transcrip-
tion-coupled genome instability is a major contributor to the disruption of normal 
cellular processes and functions (29).

Collisions between transcription and replication
Simultaneous transcription and replication of the same regions of the DNA can lead 
to collisions between the transcription and replication machineries, often result-
ing in DSBs (30). Transcription-replication collisions can occur in two ways: head-
on collisions, and co-directional collisions (30). Head-on collisions occur when the 
leading strand for DNA replication is the transcribed strand of a gene and the 
replication and transcription machineries will move in opposite directions (31). Co-
directional collisions occur because the replisome moves along the chromosome at 
speeds which are ~12 times higher than the transcription machinery, often leading 
to the replisome catching up to and colliding with transcription machinery. These 
collisions will often lead to dissociation of the transcription machinery without 
pausing of the replication fork (30).

Figure 2 – Structure of a mammalian telomere. Telomeres consist of tandem TTAGGG (G-rich strand, 
red line) and complementary AATCCC (C-rich strand, blue line) repeats coated by shelterin proteins.
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Although co-directional collisions can lead to genome instability by disrupting 
transcription, head-on collisions are thought to occur more often and be more 
deleterious for the genome (30). A head-on collision will often lead to dissociation 
of the transcription machinery from the DNA, but also to replication fork stalling 
and collapse (31,32). As previously discussed, collapsed replication forks need to 
be repaired via HR and are a major source of genome instability.

Co-transcriptional R-loops
Transcription-induced genome instability can also occur as a result of co-transcrip-
tional R-loops, which are stable RNA:DNA hybrids that occur when a synthesized 
RNA molecule anneals to the complementary DNA strand it was transcribed from 
(33). Because transcription requires unwinding of the DNA helix to allow an RNA 
molecule to the synthesized, persistent binding of the RNA to the template DNA 
does not allow the displaced DNA strand to re-anneal, resulting in a three-way 
structure called an R-loop (33). R-loops can achieve lengths over 1Kb in highly 
transcribed genes, creating long stretches of ssDNA, which are highly sensitive to 
DNA damaging agents (34).
Besides damage to the displaced DNA strand, persistent R-loops can also pose a bar-
rier to the replisome, often leading to stalled and collapsed replication forks and 
further DNA damage and genome instability (35). This effect of R-loops is enhanced 
when the displaced DNA strand is capable of adopting a secondary structure, such 
as a G-quadruplex. G-quadruplexes occurring opposite R-loops have been dubbed 
G-loops and are capable of blocking both transcription and replication and lead to 
elevated levels of recombination (36).

Genome instability due to transformation and reprogramming
Genome instability can also be caused by changes to the DNA induced by exog-
enous agents. For example, viruses are capable of transforming cells into a cancer-
like state, often accompanied by immortalization (37,38). It is also possible to use 
viruses to induce expression of certain transcription factors in cells, allowing them 
to be reprogrammed into induced pluripotent stem cells (iPSCs) (39). 

Viral infection
Viruses can cause cancer in humans, with several types of cancer linked mainly 
to virus infection. For example, nearly all cases of cervical cancer are associated 
with infection with the human papillomavirus (40). Virus infection can also lead to 
increased cell proliferation, which is often associated with replication stress and 
high levels of DNA damage (41).Combined with (over)expression of telomerase, 
this can allow cells to proliferate indefinitely (42,43). As discussed, replication 
stress causes a high occurrence of DNA damage at fragile sites and fragile site 
breakage has been observed in up to 80% of cancer cells (10).
Viruses are also used often to immortalize cells in vitro for research purposes. 
For example, B lymphocytes can be immortalized by infection with the Eppstein 
Barr virus (EBV) (37) and fibroblasts using the simian virus 40 (38). High levels of 
genome instability have been detected in both cell types after immortalization 
(44,45), most likely reflecting the transformation into an oncogenic state that also 
occurs in vivo after infection with certain viruses.



General introduction & thesis outline

1

 14

Nuclear reprogramming
Nuclear reprogramming is the process by which (somatic) cells are transformed 
into another cell type, often into a stem cell-like state (46). Nuclear reprogram-
ming can be achieved in different ways, the most common method relying on the 
use of a cocktail of transcription factors to reprogram cells into induced pluripo-
tent stem cells. These cells resemble embryonic stem cells (ESCs) in morphology, 
gene expression profiles, and function (46).
Nuclear reprogramming into iPSCs is commonly achieved using the transcription 
factors Oct4, Sox2, Klf4, and c-Myc (OSKM) (39). Oct4 and Sox2 are transcriptional 
master regulators in ESCs, and are thought to be responsible for inducing expres-
sion of ESC-specific genes, including other pluripotency factors, during reprogram-
ming (39). Reprogramming also relies on a genome-wide DNA demethylation and 
(transient) euchromatization affected by Klf4 and c-Myc (47). However, both Klf4 
and Myc are known oncogenes and their overexpression has been linked to sev-
eral types of cancer (48-50). Indeed, chimeric mice generated using iPSCs display 
increased frequencies of cancer (51), likely reflecting elevated levels of genome 
instability induced by overexpression of the transgenes.

Double strand break repair and maintenance of genome stability
Although genome instability can be caused by a wide range of processes, many of 
these events lead to the same form of DNA damage, namely DSBs (52). DSBs are 
considered the most deleterious form of DNA damage and a single unrepaired DSB 
is sufficient to induce checkpoint arrest in a cell.
Two major repair pathways exist for DSBs: non-homologous end-joining (NHEJ) and 
homologous recombination (HR) (53). In mammalian cells, NHEJ is active through-
out the cell cycle, but is often associated with mutations. By contrast, HR is only 
active during S- and G2-phase and is generally considered to be an error-free 
repair pathway (54). DSB repair pathway choice is governed mainly by supressing 
expression and activity of HR proteins during G1. For example, the BRCA1-PALB2 
interaction, which is required for HR, is abrogated during G1 via ubiquitylation  of 
PALB2 and restored during S/G2 (55). HR is further supressed during G1 via the 
activity of 53BP1, which inhibits end-resection and promotes NHEJ (56,57).

Non-homologous end-joining
The first step in NHEJ is recognition of the DSB by the Ku70/Ku80 heterodimer (58), 
which then recruits DNA-PKCs (59), and the MRE11-RAD50-NSB1 (MRN) complex 
(60). Together, these proteins process the DNA ends to form a 3’ overhang, after 
which the ends of the broken chromosome are brought together for synapsis based 
on microhomology (61). The XRCC4/DNA Ligase IV complex is then recruited to li-
gate the ends together and fill in any gaps, effectively repairing the break (Figure 
3A). The repair proteins dissociate from the DNA once repair is completed (62).
Because repair by NHEJ is based on microhomology, DSBs are repaired faithfully 
only when the breaks results in complementary overhangs on either end of the 
break, allowing these ends to be ligated together properly. When a break results 
in blunt ends, or when one or more nucleotides are lost at the site of the break, 
the DNA ends will still be ligated together, but this will result in loss or gain of 
nucleotides and (small) insertions/deletions (indels) (61). When multiple DSBs are 
repaired at the same time, the ends of different DSBs can be ligated together, 
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leading to chromosomal rearrangements such as translocations (63). As such, NHEJ 
is considered to be an error-prone repair mechanism, while repair via HR is gener-
ally error-free (64).

Homologous recombination
DNA repair via HR relies on the presence of a homologous sequence that is used 
as a template for repair. During S-phase, this homologous sequence is synthesized 
in the form of identical sister chromatids. Using the sister chromatids as a repair 
template, any nucleotides lost during processing of the DSB can be replaced while 
the break is repaired (Figure 3B).
One of the first signals originating from a DSB is the presence of the histone variant 
γ-H2Ax (65). Once a DSB is recognized, repair by HR can be initiated by resect-
ing the 5’ ends of the break by EXO1 and DNA2 to create 3’ overhangs on either 
end of the break (66). This end-resection promotes repair via HR and inhibits end 
joining during S/G2 phase (67). The single stranded 3’ overhangs are recognized 
and coated by RPA (68), which in turns recruits BRCA2 and RAD51 (69). A RAD51 
filament is formed along the single-stranded overhang and this will be used to find 
and invade a homologous sequence, typically the identical location on the sister 
chromatid (70). One overhang will invade this homologous sequence, displacing 
one of the DNA strands, and the complementary strand is used as a template to 
extend the broken strand. This leads to the formation of a D-loop, which can be 
dissolved, allowing the invading strand to be used to fill in the other broken strand 
via a mechanism called synthesis-dependant strand annealing (SDSA) (71). This 
process ensures that both sister chromatids remain intact and does not result in 
any cross-over events (72). Alternatively, repair can continue via the double-strand 
break repair (DSBR) pathway (72). The second broken strand can be captured by 
the displaced strand from the sister chromatid and extended using this displaced 
strand as a template. This will lead to the formation of a double Holliday junction 
(dHJ) (72). This dHJ can subsequently be dissolved by the BLM-TOPOIIIα-RMI1-RMI2 
(BTRR) complex (73-76), leading to separation of the sister chromatids without 
crossing over. If the dHJ cannot be dissolved (for instance because BLM is absent), 
it is cleaved by the endonuclease complex MUS81/EME1 (77) or by GEN1 (78) in 
a process called dHJ resolution. This dHJ resolution will result in 50% crossovers 
(SCEs) and 50% non-crossovers.
Although HR can result in SCE formation, the exchange is typically between identi-
cal sister chromatids and will therefore not result in any mutations (64). However, 
in some cases the homologous sequence used for repair is not the same locus on 
the sister chromatid. For example, DSBs in highly repetitive DNA can cause homol-
ogy search to identify and invade a different region on the sister chromatid. If an 
exchange occurs during repair, this unequal SCE can result in loss or gain of genetic 
information (79). Alternatively, the homologous chromosome can be used for re-
pair instead of the sister chromatid. This will result in copying of material from one 
homologous chromosome onto the other, leading to loss of heterozygosity (LOH) 
(80). When an exchange event occurs, it can lead to whole chromosome arms be-
ing exchanged between homologs. When one of these homologs is inherited by a 
daughter cell along with the intact second homolog, this interhomolog exchange 
results in LOH across large chromosomal regions.



General introduction & thesis outline

1

 16

Figure 3 - Double strand break repair. Schematic representation of DSB repair by non-homologous 
end-joining or homologous recombination. Proteins involved in different steps are indicated in green.  
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Genome instability syndromes
It is clear now that maintenance of genome stability is a process that requires a 
wide range of mechanisms and proteins to function properly. The fragility of the 
system is exemplified by genome instability syndromes, often caused by mutations 
in a single gene required for maintaining genome stability (see Table 1). These 
syndromes often result in a strong cancer predisposition, although the types of 
cancer and other symptoms associated with these diseases vary. Genome instabil-
ity syndromes have been identified as the result of mutations in genes involved in 
DNA replication, telomere maintenance, and several DNA repair pathways. In this 
thesis, special attention is given to Bloom Syndrome and the genome instability 
associated with this disease.

Table 1 – Genome instability syndromes. Selection of genetic diseases associated with mutations in 
proteins involved in maintenance of genome stability. Nearly all genome instability syndromes are as-
sociated with cancer predisposition.
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Detection of genome instability using Strand-seq
Levels of genome instability can be assessed in a number of ways. For example, 
γ-H2Ax staining is used to detect levels of replication stress and the number of 
DSBs occurring in cells (93). Metaphase spreads can be used to count chromosome 
aberrations, such as breaks in the DNA, or to identify and count SCEs, which are 
considered sensitive indicators of genome instability (94). Detection of transloca-
tions and aneuploidy is also possible by means of a fluorescence in situ hybridiza-
tion (FISH) technique called spectral karyotyping or chromosome painting (95). 
However, each of these techniques is specific for one aspect of genome instability 
and typically cannot be performed in tandem.
We have recently developed a technique for single-cell DNA template strand se-
quencing (or Strand-seq), which can be used to detect several types of chromo-
somal rearrangements, including SCEs, inversions, and translocations, as well as 
local or whole-chromosome copy number variations, at the single-cell level (3). 
Because Strand-seq is a sequencing-based technique, these rearrangements can 
then be mapped at high resolution.

SCE detection methods
As previously discussed, SCEs are a possible outcome of DNA double strand break 
repair that involves a physical exchange of genetic material between replicated 
sister chromatids (96). Although an SCE typically represents error-free repair be-
cause no genetic material is gained, lost, or altered, studying SCE rates in the con-
text of genomic (in)stability, disease, and cancer is interesting for several reasons. 
Firstly, the number of SCEs occurring within a cell is considered an indicator for 
the number of DSBs that occurred during and after DNA replication and as such is 
used as a marker for genome instability (1). Secondly, although sister chromatid 
exchanges are typically error-free, a small percentage will result in gain or loss of 
genetic material through unequal SCE (97) or can lead to LOH when a cross-over 
occurs between homologs instead of sister chromatids (80). Finally, studying SCE 
rates in the context of treating cells with DNA damaging agents can yield insights 
into possible defects in DNA repair machinery in these cells. Because of this, SCE 
rates have been extensively studied in both normal and DNA repair deficient cells. 
Several different methods for SCE detection have been developed. These methods 
and their (dis)advantages are discussed in this section.

Autoradiography
SCEs were first detected and described in 1958 in plant cells grown in the presence 
radioactive tritium (3H) labelled thymidine, which was incorporated into the newly 
formed (nascent) DNA strands during replication (98). Cells harvested after two 
rounds of DNA replication will contain one sister chromatid with two 3H-labelled 
strands and one sister chromatid containing one labelled and one unlabelled strand 
(the original template strand) (Figure 4A). The levels of radioactivity from each 
sister chromatid can be detected using autoradiography, resulting in different ra-
dioactive intensities for both sister chromatids (Figure 4B). Taylor described that 
not all chromosomes would display this dichotic pattern, but instead some chro-
matids displayed a switch from light to dark staining, while their sister chromatid 
would show the inverse pattern (98). He concluded that these switches in staining 
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must be the result of physical exchanges of DNA between the sister chromatids 
that occurred during cell division, and termed these sister chromatid exchanges.
SCEs were later also shown to occur in eukaryotes (99). However, several stud-
ies reported a dose-dependent relationship between the amount of 3H-thymidine 
used and the number of SCEs detected in cells, suggesting induction of SCEs by 
treatment with 3H (100,101). Other studies reported no effect of 3H on SCE rates 
(102,103). Based on these studies it was unclear if all SCEs were induced by 3H or 
if a (low) spontaneous SCE rate would also occur. In order to solve this issue, a 
new method was developed that did not rely on the use of radioactively labelled 
thymidine.

Differential cytogenetic staining of sister chromatids
Several years after SCE detection by autoradiography was first described, a new 
method was developed that would bypass the requirement for radioactive labelling 
of chromosomes. Instead of using 3H-labelled thymidine, the use of the thymidine 
analogue bromodeoxyuridine (BrdU) was proposed (104-106). BrdU is also incorpo-
rated into newly synthesized DNA and this yields similar chromosome labelling, which 
can then be detected using dyes like Hoechst (94) and Giemsa (105) (Figure 4B).
However, similar concerns as with the autoradiography were raised when it was 
shown that increasing the concentration of BrdU also resulted in increasing SCE 
rates (107-109). It was hypothesized that BrdU could also induce SCEs, either by 
its incorporation into the DNA or by its presence in DNA strands used as a template 
for replication during the second cell cycle. Several studies performed on the 
relationship between BrdU and SCE rates indicated that there was a baseline SCE 
rate, which was believed to represent spontaneously occurring SCEs (107,109).
One major drawback of SCE detection by autoradiography or cytogenetic stain-
ing is the poor resolution at which SCEs can be localized within a chromo-
some. For both of these techniques SCEs could be localized to a region span-
ning several megabases (1), which made it impossible to properly asses their 
locations and extract new insights from this information. This means that the 
exact localization and potential clustering of SCEs could not be detected until 
the development of a more sensitive, single-cell sequencing based technique.

High resolution SCE mapping using Strand-seq
Single-cell DNA template strand sequencing technique (Strand-seq) can be used for 
high resolution mapping of structural genome rearrangements, including SCEs (3). 
Like cytogenetic SCE identification, Strand-seq relies on incorporation of BrdU into 
newly formed DNA strands, but only requires one round of DNA replication and cell 
division (Figure 4A). Single-cell sequencing libraries are made from these cells, 
and all BrdU labelled DNA is removed during the library construction. This results 
in sequencing libraries which contain only the original template DNA strands for 
each chromosome (one strand for each homolog). Because the library fragments 
maintain directionality, each fragment can be mapped to the Watson (negative, 
anti-sense) or the Crick (positive, sense) strands. As such, SCEs are detected as a 
switch in DNA template strand orientation within a chromosome (Figure 4C).
Because Strand-seq relies on a single round of DNA replication in the presence of 
BrdU, any potential effect of presence of BrdU within template DNA strands is re-
moved. However, the major advantage of Strand-seq lies in the fact that SCEs can 
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Figure 4 – SCE detection methods. Representation of different SCE detection methods: autoradiography, 
cytogenetics and Strand-seq. (A) DNA replication and cell division with BrdU. Original Watson and Crick 
template strands are shown as solid orange and green lines, respectively. BrdU labelled strands are indi-
cated by dashed lines. SCEs are indicated by red (first cell cycle) and purple (second cell cycle) stars. (B) SCE 
detection using autoradiography or cytogenetics requires two rounds of DNA replication with BrdU. SCEs are 
seen as reciprocal changes of lightly and darkly stained sister chromatids. (C) SCE detection using Strand-
seq relies on one cell division with BrdU,  SCEs are detected as changes in template strand directionality.
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be mapped at a kilobase resolution (3), several orders of magnitude more precise 
than what is possible using cytogenetics (1). Strand-seq can also be used to iden-
tify and map stable rearrangements, such as translocations and inversions, at the 
same high resolutions (3). 
Other applications for Strand-seq, such as identifying haplotypes and refining ge-
nome assemblies are currently being investigated. Furthermore, by modifying the 
technique by using cells which were not labelled with BrdU and removing the 
Hoechst/UV step from the protocol, it is possible to construct high quality single-
cell sequencing libraries without upfront amplification. This allows for high resolu-
tion detection and mapping of (small) copy number variations and whole chromo-
some aneuploidies (110,111).

Outline of this thesis
In chapter 2, I will discuss a rare genetic disorder called Bloom Syndrome, which 
is associated with high levels of genome instability. This disease is caused by muta-
tions in the BLM helicase gene and the different functions BLM has in maintaining 
genome stability are discussed.
For chapter 3, we used Strand-seq to show that the use of BrdU has no influence 
on SCE rates in either normal or Bloom syndrome cells, confirming that elevated 
SCE rates in Bloom syndrome cells occur spontaneously and are likely to contribute 
to the cancer predisposition associated with the disease.
Continued studies of SCEs in both normal and Bloom Syndrome cells are described 
in chapter 4.  We show that Strand-seq can be used to identify and map SCEs at 
high resolution, allowing us to perform subsequent analysis of SCE locations for 
the first time. We show that SCEs in Bloom syndrome cells frequently occur at sites 
of G-quadruplex motifs, especially those occurring in template strands of actively 
transcribed genes. We propose that this phenotype is indicative of elevated muta-
tion rates within (active) genes, which likely contributes to development of cancer.
For chapter 5, a new approach for direct haplotyping of individual genomes us-
ing Strand-seq was developed. Different uses for this direct haplotyping approach 
were investigated, including the mapping of meiotic recombination events and the 
detection and mapping of loss of heterozygosity at the single-cell level.
In chapter 6 we describe our studies of genome instability and chromosome con-
tent in reprogrammed cells. We show that reprogramming cells into induced plu-
ripotent stem cells can lead to elevated frequency of chromosome 8 and argue 
that this is associated with reduced capacity of these cells to contribute to embryo 
formation and dvelopment.
Finally, in chapter 7 I will summarize and discuss the results obtained from the 
different studies described in this thesis, placing them in a larger context, and 
discussing potential future directions for this research.

For a short video explaining 
the principles of Strand-seq, 
scan this QR code.
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