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Chapter 7

Discussion & future perspectives
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Summarizing discussion
As discussed in chapter 1 of this thesis, a stable genome is of critical importance 
for the normal functions of cells, tissues, organs, and whole organisms. However, 
cells are continuously challenged by both endogenous and exogenous DNA dam-
age that needs to be repaired properly in order to maintain genome stability (1). 
To that end, cells are equipped with a wide range of DNA repair pathways for 
specific types of DNA damage. However, no biological system is perfect and cells 
do accumulate mutations over time and successive generations. In part this is a 
desired process as mutations increase genetic diversity between individuals and 
species and drive evolution (2). However, the accumulation of too many mutations 
can lead to loss of genome instability, (premature) ageing, and cancer (1). The 
importance of a fully functional complement of DNA repair pathways is exempli-
fied is the range of genetic disorders associated with mutations in even a single 
gene involved in DNA repair. Such disorders (see Chapter 1, page 17 for examples) 
are almost invariably associated with cancer predisposition and a range of other 
serious symptoms. The work described in this thesis was mainly focussed on stud-
ies of genome instability in one such disease: Bloom syndrome. Bloom syndrome 
is caused by germline mutations in both copies of the BLM gene and is associated 
with a wide range of symptoms, including massive genome instability, a reduced 
lifespan and a very strong predisposition towards a wide range of cancers (3). The 
many roles and functions of the BLM helicase in maintenance of genome stability 
are discussed in chapter 2.

Genome instability in Bloom syndrome
Bloom syndrome (BS) may be considered an archetypal genome instability syn-
drome, as mutations in a single gene (BLM) lead to a highly complex phenotype 
consisting of different symptoms (reduced fertility, immunodefiency, UV sensi-
tivity, diabetes), cellular abnormalities (sister chromatid exchange, abnormal 
nuclear architecture, micronuclei formation), and a disposition towards a wide 
range of tumours also found in the general population (3). Although it is clear that 
the BLM helicase plays a role in cellular processes ranging from transcription and 
replication to chromosome segregation and homologous recombination, its exact 
function(s) are still not completely understood. In this thesis, I present different 
studies we performed to characterize genome instability in BS cells using a single-
cell DNA template strand sequencing technique (Strand-seq) that was developed 
in our lab (4). Strand-seq can be used to detect and map chromosomal rearrange-
ments, such as sister chromatid exchanges (SCEs), inversions, and translocations. 
Elevated SCE rates are a hallmark feature of BS cells (5) and we used Strand-seq 
to study this phenotype, hopefully leading to new insights into how and why SCEs 
occur so frequently in these cells.
However, Strand-seq relies on labelling newly formed DNA strands with the thy-
midine analogue bromodeoxyuridine (BrdU) by growing cells in BrdU for one cell 
division. It was previously reported that BrdU actually induces SCEs, using the 
classic cytogenetic SCE detection method that requires two rounds of DNA replica-
tion with BrdU (6-10). BrdU is thought to induce SCEs either during its incorpora-
tion into the DNA, or when DNA replication occurs using a BrdU-labelled template 
strand during the second cell cycle only. Conflicting studies have been published 
in support of both hypotheses (11-14). In chapter 3, we show that the incorpora-
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tion of BrdU into the DNA in fact does not lead to an increase in SCEs. This holds 
true for both normal and Bloom syndrome cells, even though it has been suggested 
that BrdU alone is responsible for the elevated SCE rates typically associated with 
Bloom syndrome (11,12). Our results show that BrdU does not induce elevated SCE 
rates during either the first cell division with BrdU, when BrdU is only incorporated 
into newly formed DNA, or during the second cell division, when BrdU-labelled DNA 
strands are used as a template for replication. However, it has previously been 
shown that BrdU sensitizes the DNA to a range of DNA damaging agents (6,15-18), 
leading to increased occurrence of DBSs and SCEs. Our results highlight the neces-
sity for minimizing exposure of cultured cells to external sources of DNA damage. 
This appears to be especially critical for cells cultured with BrdU, which is often 
used in studies of DNA damage, repair, and replication.

After confirming that the elevated SCE rates associated with Bloom syndrome do 
occur spontaneously, we next set out to study the locations of these SCEs in order 
to investigate their potential cause(s), as described in chapter 4. We show that 
Strand-seq can be used to identify and map SCEs at high resolutions and that this 
allows for robust analysis of SCE locations. Although neither normal nor BS cells 
display SCE hotspots based on location in the genome, Bloom syndrome cells do 
display SCE enrichments at sites of G-quadruplex (G4) motifs. This suggests that 
BLM is required to unwind G4 structures and that at least a fraction of the SCEs in 
BS cells are caused by replication fork stalling and collapse at persistent G4s, in 
a similar manner as previously reported for other helicases capable of unwinding 
G4s (19,20). Interestingly, SCE enrichments are strongest when G4 motifs occur 
on the template strands of actively transcribed genes. This result is in itself not 
surprising, as BLM has been shown to unwind G4 structures in vitro (21-23), and 
the formation of single-stranded DNA that must occur during transcription gener-
ates circumstances during which G4s can form (24). However, G4s are generally 
believed to preferentially form on the non-transcribed strand of genes (25), and 
it was previously reported that changes in gene expression in absence of BLM cor-
relate with the presence of G4 motifs on the non-transcribed strand (26). The fact 
that SCEs do appear to occur when G4s form on transcribed strands indicated that 
BLM is specifically required to process this class of G4 structures. Although, sev-
eral questions remain about the exact role BLM plays in G4 unwinding (some are 
discussed below), it seems clear that G4 structures pose a serious barrier for DNA 
replication in the absence of functional BLM.
It should be noted that although SCEs are actively supressed by BLM, SCE forma-
tion does not result in any lasting changes or mutations to the DNA: the exchange 
occurs between identical sister chromatids and while SCEs are a marker of genome 
instability, they do not contribute to genome instability. However, SCE locations 
can be used as surrogate markers for location of other mutagenic events. For 
example, although HR-mediated repair of collapsed replication forks and double-
strand breaks typically use the sister chromatid as a template for repair, it is 
believed that in rare occasions homologous regions of the chromosome homolog 
or even a completely different chromosome are used (27). This type of event can 
result in loss of heterozygosity (LOH) or unequal SCEs, both of which lead to poten-
tially deleterious mutations (28,29). Secondly, sites of replication fork stalling and 
collapse are more likely to accumulate somatic mutations as well (30). Given that 
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fact that SCEs frequently occur in actively transcribed genes in BS cells, it seems 
reasonable to hypothesize that LOH events, unequal SCEs, and other mutations are 
also more likely to occur at these sites.
Loss of heterozygosity is frequently seen in cancers (31-35) and elevated frequency 
of LOH is believed to play a major role in the genome instability and cancer pre-
disposition associated with Bloom syndrome. So far increased LOH in BLM deficient 
cells has only been shown for reported assays and/or single locations in the ge-
nome (36,37). Studies of LOH could benefit hugely from full haplotype informa-
tion on the cells of interest: this would allow us to assign heterozygous SNPs to 
chromosomes inherited from an individual’s father and mother and more reliably 
call LOH events and locations. The work described in chapter 5 is a new Strand-
seq based method for assigning variable positions to either paternal or maternal 
homologs without the need for sequencing information from the parents. This in-
formation can then be used to detect and map LOH events at the single-cell level, 
for example in BLM deficient cells. Haplotype information can also offer a major 
contribution to studying heritability of disease-causing genomic variants, as well 
as personalized medicine (38). Finally, if parental haplotypes are also generated, 
this approach can be used to map sites of meiotic recombination by assigning each 
of the haplotypes in a child to one of the haplotypes for each parent.

Genome instability in induced pluripotent stem cells
I have discussed how increased genome instability can lead to a wide range of dis-
eases and cancer, but it can also be a barrier towards curing disease. Research on 
stem cells has yielded the promise of treating a wide range of diseases using stem 
cell-based treatments in the future (39). The generation of induced pluripotent 
stem cells (iPSCs) containing a patient’s own genetic material has sparked much 
research into how these cells might be used to replace damaged or lost cells and 
organs in the future without the risk of rejection of the cells or organs. When 
combined with genome editing techniques, iPSCs might also be used to replace 
correct (inherited) mutations in patient cells and used these cells to replace the 
mutant cells in the body. However, a major risk of these stem cell treatments is 
that the cells have rearranged their genome or display elevated levels of genome 
instability which both might lead to tumour formation. As such, it is critical to 
fully characterize any type of cell that might be injected or implanted into pa-
tients in the future. For chapter 6, we applied Strand-seq and single-cell whole 
genome sequencing (ssWGS) to cells obtained by nuclear reprogramming. We spe-
cifically investigated induced pluripotent stem cells (iPSCs) generating using mixes 
of transcription factors consisting either of Oct4, Sox2, Klf4, and c-Myc (OSKM) or 
Sall4, Nanog, Esrrb, and Lin28 (SNEL) (40). We show that although SCE rates are 
similar between the different types of iPSCs, OSKM iPSCs display high frequencies 
of trisomy 8 where SNEL iPSCs do not. This correlates with the reduced quality 
and potential to contribute to embryogenesis of OSKM compared to SNEL iPSCs, as 
assessed by the tetraploid complementation assay (40). This assay is considered 
to be the most stringent test for mouse iPSC quality, since healthy living pups are 
only born if the iPSCs can fully differentiate into all somatic cells types required 
for normal in utero development (41). Obviously these assays cannot be used to 
assess quality of human iPSCs and all quality controls will need to be performed in 
vitro. This could potentially include in vitro differentiation of the iPSCs into dif-
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ferent cell types and lineages, although new protocols will need to be developed 
in order to cover the widest range of somatic cell types possible. Theunissen et al. 
recently proposed several molecular criteria for naïve human reprogrammed cells, 
including global DNA demethylation, X-chromosome status resembling that of pre-
implantation embryos, and poor incorporation into mouse morula or blastocysts 
(42). We propose that assessment of chromosome content (at the single-cell level) 
can also be used as a criterion to define fully functional reprogrammed cells before 
they can be used in any sort of clinical setting.

Strand-seq
Many of the studies described in this thesis were performed using Strand-seq. Al-
though this technique was originally developed to track inheritance of DNA strands 
during mitosis as a method to detect asymmetric cell division (43,44), it has turned 
out to be a powerful technique for the detection of genome structure, structural 
rearrangements, and copy number variations. Different applications for Strand-seq 
have been developed, including high-resolution detection and mapping of SCEs 
(chapters 3 and 4), meiotic recombination and LOH (chapter 5), as well as inver-
sions and translocations. Strand-seq can also be used for assembly of chromo-
some-wide haplotypes (chapter 5) and reference genomes (unpublished work). A 
variation on Strand-seq where the whole genome of a single cell is sequenced 
without pre-amplification can be used to detect aneuploidy and local copy number 
variations at the single-cell level (45,46), allowing for further study of potentially 
heterogeneous cell populations such as in tumours (45), the brain (46), and repro-
grammed cells (chapter 6).
The major strength of Strand-seq lies in the possibility to combine these different 
analyses on the same set of single-cell libraries, for example those obtained from 
a tumour sample. In this case it would be possible to fully characterize several dis-
tinct forms of genomic rearrangements (inversions, translocations, amplifications, 
deletions, and aneuploidy) in these cells, even if they occur only in a subpopula-
tion. If combined with libraries made from ‘healthy’ cells from the same indi-
vidual, it is also possible to characterize LOH regions at the single-cell level. This 
combinational approach should aid in the design of patient- and tumour-specific 
treatments, potentially leading to far more efficient treatment of cancer with 
reduced side effects.

Future perspectives
Homologous recombination and sister chromatid exchange
For much of the work described in this thesis, we used SCE rates and locations as 
surrogate markers for the number and locations of stalled or collapsed replica-
tion forks and DSBs occurring within a cell. However, the majority of DSBs do not 
result in SCEs and because SCE locations do not precisely reflect the location of 
the original DSBs. Staining for γH2AX is often used for DSB detection, where the 
number of foci is thought to reflect the number of DSBs in a cell (47,48). It is also 
possible to perform ChIP-seq for DSB markers such as γH2AX to determine DSB lo-
cations. However, γH2AX spreads over a region of several megabases around a DSB 
and therefore these techniques offer limited resolution (48). Sequencing-based 
techniques for the direct detection of DSBs could potentially offer similar or better 
resolutions than Strand-seq, without the need for use of SCEs as surrogate markers 
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for DSBs. Such techniques have been described, although most suffer from severe 
limitations. For example, GUIDE-seq in based on integration of a double-stranded 
oligonucleotide at the DSB site, which can then be amplified and sequenced (49). 
However, this technique relies on efficient ligation of the oligonucleotide at the 
break site by NHEJ. High-throughput genome-wide translocation sequencing (HT-
GTS) relies on ligation between a nuclease-induced DSB and an unknown DSB that 
will result in a translocation, which can subsequently be sequenced (50). This 
translocation requires both DSBs be in close proximity and that they are repaired 
by NHEJ. Direct detection of DSBs can be achieved using BLESS, which ligation of 
a barcoded linker directly to a DSB (51). However, this technique offers low ef-
ficiency and is associated with high background.
Two other techniques have recently been described and appear to offer high ef-
ficiency combined with high-resolution mapping of break sites: END-seq (52) and 
DSBCapture (53). It should be noted that both techniques generally rely on captur-
ing breaks before they are repaired, creating only a brief window of opportunity 
for detecting these events. By contrast, an SCE that occurs at any stage during the 
cell cycle will be detected using Strand-seq. A combinational approach of Strand-
seq and a method for detecting and mapping DSBs could be used to study causes 
and consequences of DNA damage at previously impossible resolutions.
The fact that dHJs can migrate, potentially resulting in SCEs at different locations 
than the originating DSBs (54), poses several interesting questions regarding the 
mechanics of repair via HR. Do SCEs in fact occur at different sites than originating 
DSBs? If so, is this true for all SCEs or only a fraction of them? What is the aver-
age distance a dHJ will migrate before it is resolved into an SCE? Is this distance 
affected by genomic features of the surrounding DNA, such as genes, repeats, or 
secondary structures? Using Strand-seq, we should be able to provide, for the first 
time, some answers to these questions. This would require induction of DSBs at 
precise and known locations in the genome to identify how many of these breaks 
result in SCEs and where exactly these SCEs occur in relation to the breaks. Several 
options already exist for inducing DSBs in cells, such as the expression of restric-
tion enzymes, zinc-finger nucleases, or the small guide RNAs used for CRISPR/
Cas9-mediated genome editing. By inducing dozens or even hundreds of DSBs in 
every cell, we can then assess how many of these breaks result in an SCE, how far 
this SCE is located away from the DSB, and how this distance is affected by ge-
nomic context. Of course, such experiments would also be highly interesting in the 
absence of BLM, which should result in a much higher fraction of DSBs resulting in 
an SCE. BLM promotes branch migration (55) and could theoretically unwind sec-
ondary structures that block branch migration, suggesting a BLM deficiency could 
result in a reduced distance between DSBs and SCEs. Alternatively, BLM might also 
promote branch migration towards the centre of the dHJ instead of promoting the 
dHJ to migrate as a whole, which would result in a larger distance between DSBs 
and SCEs in BLM deficient cells. The proposed experiments should yield answers to 
all of these questions and others.

Bloom syndrome and the BLM helicase
As discussed above, Strand-seq can be used to detect distances between SCEs and 
the originating DSBs in both normal and BS cells, yielding new insights into the 
mechanics behind the function of BLM in dHJ dissolution and HR in general. We 



7

 145

Discussion & perspectives

have also shown that Strand-seq can be used to phase haplotypes and detect LOH 
at the single cell level. It has previously been shown that BLM deficiency leads to 
increased LOH using different reporter assays and it has been hypothesized that 
LOH is one of the main contributors to the cancer predisposition associated with 
Bloom syndrome (36). We plan to use Strand-seq to confirm that LOH does indeed 
occur at elevated levels throughout the genome in BLM deficient cells. Strand-seq 
allows these LOH events to be identified and mapped at high resolution, allowing 
us to perform similar enrichment analysis as for SCE locations. We hypothesize that 
LOH events and SCEs occur via the same pathways, in which case the LOH events 
should show similar enrichment and depletion patterns to those of the SCE regions 
described in chapter 4. However, it is also possible that LOH and SCEs occur at 
distinct sites in the genome, possibly due to a preference for using either the ho-
mologous chromosome or the sister chromatid as a template for repair during HR. 
This type of study will be facilitated be recent advances made in genome editing 
with the development of the CRISPR/Cas9 system (56). This system will allow us to 
generate BLM knockout cell lines and use the original cells, which contain the same 
exact genetic background, as negative controls. As such we will not only eliminate 
(genetic) differences between cells from healthy donors and BS patients, but we 
will also be able to track LOH levels over time and determine if they are stable or 
increase over time in either normal cells, BLM deficient cells, or both. Generation 
of these mutant cell lines will also allow us new opportunities to study the effect 
of BLM deficiency over time. We expect these studies will significantly add to our 
knowledge of the BLM helicase and to our understanding of the Bloom syndrome 
phenotype.

BLM and G-quadruplexes
The research presented in this thesis also highlights the role of G4 structures as 
a cause of genome instability, particularly in the absence of BLM. Although the 
existence G-tetrads was shown over 50 years ago (57), G4 structures have only 
currently been recognized as biologically relevant structures. This is highlighted 
by the number of publications about G4s found on Pubmed, which has increased 
steadily from 1 publication in 1991 to 475 publications in 2015 (Figure 1). However, 
it is still unclear what the exact physiological functions of G4 structures are. Many 
studies, including the work described here, focussed on negative aspects of (per-
sistent) G4s, for example as barriers for DNA replication (19,20). The fact that G4s 
occur throughout the genome of all organisms tested and that G4 motifs are often 
highly conserved between species must mean that they play positive and necessary 
roles in normal cellular processes. Indeed, evolution would have selected against 
the presence of G4 motifs in the genome if they would only lead to genome insta-
bility. Two physiological roles for G4s are protection of telomeres and regulation 
of transcription. Telomeres consist of several kilobases of TTAGGG repeats in all 
mammals and many other species, and the G-rich nature of telomeres is conserved 
throughout all eukaryotes (58). As such, telomeres form long stretches of perfect 
G4 motifs. It is believed that formation of G4s could stabilize the T-loop found at 
the end of telomeres or somehow promotes binding of shelterin proteins to the 
telomeres, or both (59-61). G4 structures also appear to function as transcriptional 
regulators, as evidence by the high frequencies of G4 motifs in both genes and 
gene promoter regions (62,63). Indeed, presence of G4s appears to have a strong 
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effect on gene expression, being able to either promote or inhibit transcription, 
and it has been proposed that G4s are a new class of epigenetic marks (64).
Whatever the physiological roles of G4 structures are, it is clear that they need to 
be unwound during DNA replication in S-phase. Many helicases are known to un-
wind G4 structures in vitro and genome instability has been shown to occur at G4 
motifs in absence of the Pif1 (20) and FANCJ helicases (19). The work presented in 
this thesis shows that a BLM deficiency also leads to genome instability at G4 mo-
tifs in the form of increased SCEs, and potentially rapid accumulation of somatic 
mutations. Bloom syndrome SCEs appear to occur most frequently at G4 motifs 
containing relatively long spacers: no clear SCE enrichments are found if spacers 
motifs consist of 3 nucleotides, while enrichments become stronger for motifs with 
7 or 12 nucleotide spacers. Interestingly, smaller spacers result in more stable G4 
structures (65) and the fact that we found no enrichments for these G4 motifs in 
our data indicates that these smaller G4 motifs could be processed by another 
G4 helicase. It seems plausible that the different G4 helicases each have their 
strongest specificity for a certain class of G4 structure (large vs small spacers, 
long G-stretches vs small G4-stretches, intermolecular vs intramolecular, etc). This 
hypothesis is worth investigating, either by testing the kinetics of G4 unwinding in 
vitro or by looking for locations of SCEs and other types of mutations in cells lack-
ing one or more G4 helicases.
In case of the BLM helicase, analysis of SCE locations to look for specific classes of 
G4 motifs is hampered by the elevated SCE rates caused by the HR-defect caused 
by absence of BLM. It would therefore be very interesting to separate BLMs func-
tions in G4 unwinding and dHJ dissolution and study both functions separately. 
This could for example be done by identifying the BLM residues that confer binding 
specificity for G4 structures or dHJs and inducing point-mutations at these resi-
dues. It would be interesting to see if a dHJ dissolution mutant would still display 
SCE enrichments at G4 motifs, and if a G4 mutant would still display elevated SCE 
rates.

Figure 1 - Number of publication on G-quadruplexes listed on Pubmed over the last 25 years.
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