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Summary
Bloom syndrome is a rare recessive genetic disorder associated with marked ge-
nome instability and a strong cancer predisposition. The disease is caused by mu-
tations in the gene encoding for the BLM helicase, which plays a critical, but 
incompletely understood role in the maintenance of genome stability. A hallmark 
of Bloom syndrome cells are elevated rates of sister chromatid exchange (SCE) 
events. We recently described a single-cell DNA template strand sequencing tech-
nique that can be used to identify and map SCEs at a kilobase resolution. Here 
we apply this technique to map SCEs in both normal and Bloom syndrome cells 
and perform enrichment analysis to identify significant overlap between SCEs and 
genome features of interest. Whereas SCEs appear to be randomly distributed in 
normal cells, we found a significant enrichment of SCEs in Bloom syndrome cells at 
sites of G-quadruplex motifs, often in genes and gene promoters, and specifically 
on transcribed strands within active genes. We postulate that BLM is required for 
unwinding of G-quadruplexes forming during transcription and DNA replication and 
that in the absence of functional BLM, the genome is prone to break and acquire 
mutations at these sites.

Introduction
Bloom syndrome (BS) is a rare, recessive genetic disorder caused by mutations in 
the BLM gene, which encodes for the BLM helicase protein. BS is associated with 
short stature, immunodeficiency, reduced fertility, UV sensitivity, and a strong 
predisposition towards a wide range of tumours (1). Cells from BS patients dis-
play marked genome instability, including disrupted nuclear architecture (2-4), 
high spontaneous somatic mutation rates (5,6) and an elevated frequency of sister 
chromatid exchanges (SCEs) (7).
SCEs are a potential outcome of collapsed replication forks and DNA double strand 
breaks (DSBs) which are repaired via the homologous recombination (HR) pathway. 
HR makes use of a sister chromatid to repair DSBs without loss of genetic infor-
mation. However, this type of repair requires a physical crossover of DNA strands 
between the sister chromatids and formation of a double Holliday junction (dhJ) 
structure. After repair is completed, the dHJ is preferentially dissolved by BLM, in 
association with TOPOIIIα, RMI1, and RMI2 (8-10). When dHJ dissolution is not pos-
sible (e.g. in the absence of BLM), dHJs are cleaved by MUS81-EME1 (11) or GEN1 
(12), often leading to SCE formation. As such, SCEs can be used as surrogate mark-
ers for genomic locations where replication fork stalling and/or DSB formation 
has occurred. Although most SCEs presumably represent perfectly repaired breaks 
as the identical sister chromatid was used as a template for repair, erroneous 
exchanges between homologous chromosomes can lead to loss of heterozygosity 
(LOH) (13). Indeed, BLM deficient cells were found to display elevated levels of 
LOH (14).
SCEs are typically detected cytogenetically in metaphase spreads, but this tech-
nique does not allow for high resolution SCE mapping (15). Thus, it was previously 
impossible to determine exactly where in the genome SCEs occur. We recently 
described a single-cell sequencing based technique, Strand-seq, which can be used 
to identify and map SCEs at a kilobase resolution (16), allowing for further analysis 
of SCE locations. We used Strand-seq to map SCEs in both normal and BS cells, in 
order to identify regions in the genome where SCEs are likely to occur, and uncover 
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mechanisms through which BLM maintains genome stability. We found that BS cells 
display a high frequency of SCEs at sites containing G-quadruplex motifs. G-qua-
druplexes (G4s) are highly stable secondary DNA structures formed in GC-rich DNA 
(17), and BLM is known to bind and unwind these structures (18-20). We conclude 
that BLM is required to maintain genome stability at G4s, likely by unwinding G4s 
during S-phase and preventing replication fork stalling and collapse at these sites. 
We also show that SCEs in BS cells occur frequently at genes and gene promoters, 
and specifically at G4 motifs on actively transcribed template strands. We propose 
that these sites are likely to also accumulate (deleterious) mutations and that the 
accumulation of mutations in actively transcribed genes in BS cells helps explain 
the strong cancer predisposition associated with Bloom syndrome.

Results
High resolution SCE mapping using Strand-seq
We have previously confirmed that elevated SCE rates in BS cells can be detected 
using Strand-seq and that these SCEs occur spontaneously and are not induced by 
the presence of BrdU in cell culture medium (Chapter 3/ref. 21). For this study we 
expanded on these results by generating Strand-seq libraries from eight different 
cell lines: four cell lines derived from healthy individuals and four from individu-
als with Bloom syndrome. For each, we used two primary fibroblast lines and two 
Epstein-Barr virus (EBV) transformed lymphoblastoid cell lines. We determined av-
erage SCE rates for each cell line and confirmed that BS cells display ~10x higher 
SCE rates than normal cells (Figure 1A-B).
We generated several hundred single-cell Strand-seq libraries for each of the cell 
lines to identify and map SCEs to their exact locations in the genome (Table S1). 
Median mapping resolutions for the different cell lines were between 7.9 and 16.1 
Kb, while some could be mapped to regions smaller than 10 bp (Figure 1C). For 
each cell line, ~90 % of SCEs could be mapped to regions smaller than 100 Kb and 
>99 % to regions smaller than 1 Mb. These resolutions allowed us to perform further 
analysis on their exact locations.

SCE hotspots occur at fragile sites in EBV-transformed cells
We first investigated if SCEs were distributed randomly over chromosomes and the 
genome. In case of a random distribution over the chromosomes, chromosome size 
should be the only determinant for SCE frequency on any given chromosome. We 
therefore determined the average number of SCEs occurring on each chromosome 
for each cell line and plotted this number of SCEs/chromosome/library against 
chromosome size (Figure 2A-B). All cell lines display strong correlations between 
SCEs frequency and chromosomes size (R2 values ranging 0,92-0,97) and we could 
not detect evidence for any chromosome displaying SCE enrichment or depletion 
across the different cell lines.
Next, we looked for potential SCE hotspots by investigating the distribution of SCEs 
within chromosomes. Specifically, we looked for hotspots where overlapping SCEs 
occurred more frequently than expected by chance (see Methods section). We de-
tected several SCE hotspots on different chromosomes, but only in lymphoblastoid 
cells from both normal and BS cell lines (Figure 2C, Table S2). Further investigation 
of these SCE hotspots revealed that all of them overlapped with known common 
fragile sites (CFSs). CFSs are known to break frequently in cells undergoing replica-
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tion stress (22). We localized SCE hotspots to the fragile sites FRA3B and FRA16D 
in three lymphoblastoid cell lines and two of these cell lines (one normal and one 
BS cell line) also displayed SCE hotspots at other fragile sites. This suggests these 
regions are prone to breakage and SCE formation specifically in a lymphoblastoid 
background, most likely due to replication stress induced by EBV transformation. 
Interestingly, no SCE hotspots were detected in the fourth lymphoblastoid cell line 
(WT4), indicating that not all EBV-transformed cells display similar levels of break-
age at fragile sites.

Bloom syndrome cells display SCE enrichments at G-quadruplex motifs
Next, we investigated the possibility that SCEs occur preferentially at certain 
genomic features. Because the SCE regions identified in each cell line reflect a 
unique dataset based on number of libraries, number of SCEs, and size of each 
SCE region, it is not possible to directly compare the different cell lines. Instead, 
we made use of a permutation model to test if SCEs showed increased or reduced 
overlap with the selected genomic features compared to expected (random) dis-
tributions. Briefly, each test consisted of 1000 permutations where all SCEs were 
shifted along the same, circularized chromosome for a given, random distance. We 

Figure 1 – High resolution SCE mapping using Strand-seq. (A-B) Average SCE rates for fibroblast (A) 
and lymphoblast (B) cell lines pulsed with 40µM BrdU.  Boxes indicate the median values with upper 
and lower quartiles, whiskers indiciate minimum to maximum values. P-values were calculated using 
Student’s t-test. (C) SCE mapping resolutions across all Strand-seq libraries. Each point indicates what 
percentage of total SCEs could be mapped below indicated resolution for each of the cell lines.
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argued that in this way the relative position of SCEs and features of interest would 
be preserved. For each permutation, we determined how many of the permutated 
SCEs overlapped with a feature of interest and compared this to the number of 
actual SCEs overlapping with this feature. P-values were calculated based on the 
number of times permutated SCEs overlapped with a feature of interest more or 
less frequently than the original SCE location (see Methods section). We then com-
pared these results between the WT and BS cell lines and drew conclusions based 
enrichment or depletion trends across the different cell lines and how many of 
these results were significant (P<0.05)
BLM is known to unwind G4 structures (18-20) and G4s are known barriers for DNA 
replication (23,24). G4s are believed to occur mainly at specific G-rich motifs, with 
the canonical G4 motif consisting of four stretches of 3 or more G4 separated by 
variable length spacers consisting of any nucleotide: G3+NxG3+NxG3+NxG3+. We inves-
tigated how frequently SCEs occur at G4 motifs in WT and BS cells by performing 
permutation analyses for two different canonical G4 motifs: G3+N1-7 (n=376.683) 
and G3+N1-12 (n=763.217) (Figure 3A-B). We found that all four BS cell lines displayed 
significant enrichments for SCEs overlapping with these G4 motifs, while no clear 
trend was detectable between the WT cell lines, suggesting a casual relationship 
between G4 motifs and SCE formation in BS cells. In order to exclude that these 
results were caused by high GC content of SCE regions or by nucleotide slippage, 
we performed enrichment analysis for SCE GC content (Figure 3C) and for the ‘A4 
motif’ A3+N1-7 (Figure 3D). In both cases we saw clear depletions for all eight cell 
lines tested here, indicating that GC content of the SCE regions is actually low and 

Figure 2 – Absence of SCE hotspots in BS cells. (A-B) Correlations between chromosome size and aver-
age number of SCEs/chromosome/library for normal (A) and Bloom syndrome (B) cells. (C) Example of 
an SCE hotspot at FRA3B/FHIT gene in lymphoblastoid cell lines. Files containing SCE locations for each 
cell line were uploaded to the UCSC genome browser. Each black box represents an SCE mapping to the 
indicated region of the genome. SCE hotspot region are highlighted in shaded boxes.
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Figure 3 – SCE enrichment at G4 motifs. SCE enrichment patterns for the canonical G4 motifs G3+N1-7 
(A) and G3+N1-12 (B), GC content of SCEs (C) and A4 motif A3+N1-7 (D) for each cell line. Normal cell lines 
are indicated in light grey, BS cell lines in dark grey. Violin plots represent the expected range for ran-
dom overlap. Red dots represent overlap of SCE with feature of interest.
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that SCEs do not occur at regions prone to nucleotide slippage. As such, we con-
cluded that SCEs frequently occur at sites of G4 motifs in BS cells.
We subsequently repeated the enrichment analysis for other types of G4 motifs 
containing differently sized spacers between the G-stretches. While no clear 
trends were detected for the G3+N1-3 motifs (n=122.755) (Figure S1A), we did de-
tect SCE enrichments in BS cell lines for G3+N3-7 (n=217.240) and G3+N7-12 (n=180.148) 
motifs (Figure S1B-C), indicating SCEs occur specifically at larger G4 structures. 
We also analysed SCEs overlapping sites of previously observed quadruplex form-
ing regions (n=716.310), which reportedly represent a more comprehensive set of 
regions in the genome capable of forming G-quadruplexes (25). We found a general 
enrichment of SCEs overlapping these regions in all cell lines, although these en-
richments were stronger in the BS cell lines than in the WT cell lines (Figure S1D). 
These results indicate that G-quadruplexes might be a general cause replication 
fork stalling and SCE formation, but that this effect is stronger in the absence of 
BLM.
Since every cell line has its own unique number of SCEs, it is possible that the 
different enrichment patterns are caused by the analysis of different numbers 
of SCEs. Indeed, the violin plots for permutated data show more narrow distribu-
tions in the BS cell lines because of the higher numbers of SCEs included in these 
analyses. In order to exclude that the G4 enrichments in BS cell lines are caused 
by these differences, we repeated the analysis of G3+N1-7 (Figure S2A) motifs and 
observed quadruplex regions (Figure S2B) for the same number of SCEs for all cell 
lines. A fixed number of SCEs was randomly sampled for each permutation of the 
enrichment analysis, as well as for the actual overlap between SCEs and feature 
of interest. Although the permutated ranges did change, the enrichment patterns 
across the different cell lines look remarkably similar to those for all SCEs. Based 
on this, we conclude that the higher number of SCEs analysed for the BS cell lines 
does not affect the results of the enrichment analysis.
 
Bloom syndrome SCEs frequently occur in active genes
Collisions between transcription and replication are a known cause of replication 
fork stalling and collapse and are a potential source of SCEs (26). We therefore in-
vestigated if we could detect any enrichment of SCEs in genes and promoters in our 
cell lines. Strikingly, we detected SCE enrichments for both gene bodies and gene 
promoters in all BS cell lines but no such trends in WT cell lines (Figure 4A-B). We 
also repeated the subsampling analysis for the gene bodies and saw highly similar 
enrichment patterns as in the original data (Figure S2C).
Because genes and promoters are rich in G4 motifs (27,28) and the enrichment 
patterns in the BS cell lines look similar to the G4 motifs enrichments in the same 
lines, we divided the genes and promoters into two categories: those containing 
one or more G4 motifs, and those not containing any G4 motifs. We detected SCE 
enrichments in BS cells for all both categories of genes and promoters (Figure S3), 
indicating that the presence of G4 motifs is not the major cause for the observed 
enrichment patterns. However, the BS cell lines did display slightly stronger SCE 
enrichments for gene with G4 motifs than for those without G4 motifs. This sug-
gests that although the high SCE rates within genes are not caused solely by the 
presence of G4 structures, they might still play a role in the observed phenotype.
In order to investigate any effect of transcriptional activity on SCE locations, we 
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Figure 4 – SCE enrichment in genes and gene promoters. Violin plots of SCE enrichment and depletion 
patterns for gene bodies (A), gene promoters (B), active genes (C), and silent genes (D). Normal cell 
lines are indicated in light grey, BS cell lines in dark grey. Violin plots represent the expected range 
for random overlap, red dots represent overlap between original SCE regions and feature of interest.
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generated RNA-seq data from our cell lines, classified all genes as either actively 
expressed (FKPM>1) or silent (FKPM<1), and performed enrichment analyses for 
the active and silent genes separately. Strikingly, we found nearly identical enrich-
ment patterns between the active genes and silent genes (Figure 4C-D).
At this point we decided to look for any potential synergistic effects of transcrip-
tional activity and the presence or absence of G4 motifs. To do this, we divided 
all genes into four categories: active genes containing G4 motif(s), active genes 
without G4 motifs, silent genes containing G4 motif(s), and silent genes without 
G4 motifs. Upon running the enrichment analysis for each category of genes sepa-
rately, we detected clear SCE enrichment patterns in BS cells for the first three 
categories, but not for silent genes that do not contain G4 motifs (Figure S4). Quite 
strikingly, the detected enrichments in the BS cell lines were stronger for active 
genes containing one or more G4 motifs than for both active genes without G4 mo-
tifs and silent genes with G4 motifs. These results indicate that the presence of G4 
structures and transcriptional activity are two separate causes for SCE formation, 
but that their effects on SCE formation is synergistic.

SCE enrichments in BS cells are strongest for G4 motifs on actively transcribed 
DNA strands
The results described above point towards a synergistic effect of transcription and 
presence of G4 structures in SCE formation, and presumably replication fork stall-
ing. However, intergenic G4 motifs can occur on either the transcribed template 
strand, or on the non-transcribed coding strand. We decided to investigate if the 
G4 ‘strandedness’ has any effect on SCE formation by separating the G4 motifs that 
occur on either template or coding strands and performing SCE enrichments analy-
ses for both. We found minor SCE enrichments at G4 motifs in template strands 
in all BS cell lines, but not for coding strand G4 motifs (Figure 5A-B). The WT 
cell lines displayed varying levels of SCE depletion for G4 motifs on either strand 
and the enrichment patterns appear nearly identical in both cases. We then once 
again divided the genes into active and silent genes and reran the enrichment 
analysis. We saw a minor effect of transcriptional activity on SCE enrichments for 
coding strand G4 motifs in BS cells, while enrichments increased much more for 
the template strand G4 motifs (Figure 5 C-D). In this case we found no consistent 
enrichment patterns in WT cells, although the patterns again looked highly similar 
between coding and template strand G4s motifs. For silent genes, we detected an 
SCE depletion for G4 motifs on coding strands in all eight cell lines, and in 7/8 cell 
lines for silent template strands (4 WT cell lines, 3 BS cell lines) (Figure 5 E-F). 
Once again, enrichment patterns looked remarkably similar for active and silent 
coding strands G4 motifs in WT cells. Finally, no clear SCE enrichment patterns 
were found for intergenic G4 motifs on in either WT or BS cells (Figure 5G).
Taken together, these results indicate that the SCE enrichments for G4 motifs in 
BS cells are mainly caused by persistent G4 structures occurring on actively tran-
scribed template strands, and to a lesser degree on G4 structures on the coding 
strands of active genes. Although we do see different enrichment patterns between 
active genes and silent genes in WT cells, the similar enrichment patterns between 
coding and template strand G4 motifs suggests that G4 strandedness has no effect 
on SCE formation in these cells. This further suggestes that BLM is required to 
unwind G4 structures and prevent fork stalling and DSB formation at these sites.
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Figure continued on next page
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Evidence for SCE depletions in repetitive DNA
Finally, we also performed SCE enrichment analyses for several types of repetitive 
DNA in order to assess the frequency of SCEs. Quite strikingly, we found significant 
SCE depletions for simple repeats (dust elements), long interspersed nuclear ele-
ments (LINEs), and short interspersed nuclear elements (SINEs) in both normal and 
BS cell lines (Figure 6A-C), suggesting that either DSBs occur infrequently in these 
regions or that the DSBs that do occur there are preferentially repaired via a dif-
ferent repair pathway than HR.
We did detect SCE enrichments at LTR retrotransposons across all the cell lines, in-
dicating that SCEs are more likely to occur at LTRs than expected based on random 

Figure 5 – SCE enrichments for G4 motifs on coding and template DNA strands. SCE enrichment 
analyses for G4 motifs occurring on coding strands for all genes (A), active genes (B), and silent genes 
(C), as well as template strands for all genes (D), active genes (E), and silent genes (F), and G4 motifs 
in intergenic regions (G). Violin plots represent the expected range for random overlap (1000 permuta-
tions each), red dots represent overlap between original SCE regions and feature of interest.
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distributions. Next, we investigated this further by dividing LTRs into different 
subclasses and running the enrichment analysis for each separately. Strikingly, we 
did not detect any clear enrichment patterns in any of these LTR subclasses. It is 
unclear if the enrichment across all LTR elements are due to a cumulative effect 
of all classes, or if it is caused by another factor not detected in our subsequent 
analyses. 
 
Discussion
Elevated SCE rates are the hallmark feature of Bloom syndrome cells, but the 
exact mechanism behind this phenotype is not fully understood. BLM appears to 
play a dual role in suppressing SCE formation by preventing replication fork stalling 
and DSB formation (29) and by pushing repair of these events by HR into a non-
crossover outcome (8). A major obstacle to unravelling the cause of BS SCEs is that 
SCEs cannot be accurately mapped using standard cytogenetic detection methods 
(15). In this study we used Strand-seq for SCE detection, as this technique does 
allow for high-resolution mapping (16). We show here that SCEs in both normal and 
BS cells could be mapped at median resolutions in the range of several kilobases. 
This high-resolution mapping approach allowed us to perform robust analysis on 
SCE locations in order to investigate potential causes of these SCEs.
Using our own enrichment analysis pipeline, we show that SCEs in BS cells fre-
quently overlap with both canonical G4 motifs and previously reported quadru-
plex-forming regions. These results are consistent with BLM being able to bind and 
unwind G4 structures in vitro (18-20). Since SCEs in all cell lines display low GC 
content, we conclude that the enrichments are indeed caused by G4 motifs and 
not by SCEs occurring in GC-rich DNA in general. It should be noted that while both 
canonical G4 motifs and the observed quadruplex sites can form G4 structures in 
vitro, it is believed that only a subset of these motifs will actually form a G4 struc-
ture in vivo (17). Because our enrichment analysis is based on all G4 motifs identi-
fied throughout the genome, the results are likely an underestimation of the actual 
enrichments occurring at those sites which actually form the G4 structure in vivo.
We also found strong SCE enrichments for genes and gene promoters in BS cells. 
Further investigation revealed that these SCEs occurred preferentially in actively 
transcribed genes that contain one or more G4 motifs, and that this effect occurs 
most frequently on the transcribed template strands of these genes. This is consis-
tent with the high frequency of G4 motifs in both genes and promoters (27,28) and 
the fact that G4 structures will readily form in ssDNA generated during processes 
such as transcription and replication. 
Based on these results, we propose that the BLM helicase is required to unwind 
G4 structures during DNA replication and that BLM deficiency leads to a higher 
frequency of replication fork stalling and SCE formation at the sites of G4s, as pre-
viously suggested (30,31). Indeed, G4s are known to pose barriers for DNA replica-
tion (32) and similar roles have previously been reported for the G4 helicases Pif1 
(24) and dog-1 (33) and its human homolog FANCJ (23). The fact that this effect 
is the strongest when G4 motifs occur on actively transcribed DNA strands, could 
indicate an increased frequency of collisio ns between replication and transcrip-
tion causes replication fork stalling and collapse. These collisions are known to be 
highly deleterious and can contribute to genome instability (26). It is also possible 
that BLM plays a role in preventing G4 structure formation during transcription, 
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Figure 6 – SCE enrichments for repeat elements and retrotransposon elements. SCE enrichment 
analyses for simple repeats (A), LINEs (B), SINES (C), and LTRs (D),. Violin plots represent the expected 
range for random overlap (1000 permutations each), red dots represent overlap between original SCE 
regions and feature of interest.
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when conditions favour G4 formation because the DNA duplex is unwound to form 
ssDNA strands. Alternatively, transcription might induce formation of G4 struc-
tures, which need to be resolved by BLM during DNA replication. Finally, it is also 
possible that BLM prevents RNA polymerase stalling at G4s by unwinding these 
structures during transcription. BLM is known to play a role in regulating gene ex-
pression, particularly in genes containing G4 motifs around the transcription start 
site and the first exon (34,35). Interestingly, it was shown that G4 motifs which 
appear to affect transcription occur predominantly on the coding strand (35), indi-
cating different mechanisms behind the roles of BLM in transcriptional regulation 
and preventing replication fork stalling.
The fact that so many SCEs occur in active genes in BS cells, suggests that the in-
creased somatic mutations seen in BS cells (5) also frequently occur within these 
genes. Because such mutations are most likely to have a deleterious effect on nor-
mal cellular function, we propose that elevated mutation rates in coding regions of 
the genome are likely to contribute to the strong cancer predisposition associated 
with Bloom syndrome (1).
Strong SCEs depletions were detected in repetitive DNA regions in both normal 
and BS cells, suggesting that either these regions are less likely to break, or that 
HR is supressed in these regions. It has previously been shown that HR is indeed 
repressed in repetitive DNA to prevent repair using the wrong template (36).
Although Strand-seq requires cells to incorporate the thymidine analogue BrdU 
during DNA replication, we have previously shown that the presence of BrdU cell 
culture medium does not affect SCE rates and that SCEs detected using Strand-seq 
occur spontaneously (21). As such, the enrichment analyses performed in this study 
are not affected by BrdU and the results reflect biologically relevant events occur-
ring during the cell cycle in both normal and BS cells.
For this study, we use SCE locations as indicators for the sites of stalled replica-
tion forks and DSBs. However, migration of double Holliday junctions during HR 
can cause SCEs to occur some distance away from the originating event (37). Al-
though the SCE mapping resolutions achieved here do allow for robust enrichment 
analysis, the fact that most SCEs are mapped to a region of several kilobases does 
increase the chances that SCE regions include the site of the originating event. 
Finally, events where this is not the case will likely lead us to underestimate en-
richments rather than overestimate them.
Lastly, we did not find any evidence for occurrence of SCE hotspots in BS cells. 
We did detect these hotspots at common fragile sites in 3 out of 4 lymphoblastoid 
cell lines tested here, but these occurred in both normal cell lines and one of the 
BS cell lines. As such, these hotspots likely reflect a phenotype specific for this 
type of cell, or it was caused by the previous transformation of these cells using 
EBV. Indeed, it has previously been shown that fragile sites are highly expressed 
in cells undergoing replication and/or oncogenic stress associated with viral trans-
formation (22). It is unclear why three of the lymphoblastoid cell lines display SCE 
hotspots at fragile sites, while no SCE hotspots were detected at all in the fourth 
cell line. It is possible that transformation with the Epstein-Barr virus did not af-
fect this cell line as strongly as the others. However, the RNA-seq data from these 
cell lines does not show lower expression of EBV-genes in this cell lines compared 
to the other three (data not shown). It is possible that virus locations of these in-
tegrations caused the different phenotypes, but this was not investigated further. 
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In conclusion, we show evidence that the BLM helicase is required for unwinding 
of G4 structures during transcription and replication in order to prevent stalling of 
replication forks at these known barriers for DNA replication. These results help 
explain the elevated SCE rates occurring in BS cells and also suggest that mutation 
rates are higher in (actively transcribed) genes in these cells, potentially con-
tributing to the high frequency of cancer seen in patients with Bloom syndrome. 
Finally, we show that Strand-seq is a powerful technique for mapping SCEs and 
elucidating the causes of DBSs and genome instability.

Methods
Cell culture. The following cell lines were obtained from the Corriell Cell Reposi-
tory: GM07492 and GM07545 (primary fibroblasts, normal), GM02085 and GM03402 
(primary fibroblasts, Bloom Syndrome), GM12891 and GM12892 (EBV-transformed 
lymphoblasts, normal), GM16375 and GM17361 (EBV-transformed lymphoblasts, 
Bloom Syndrome). Fibroblasts were cultured in DMEM (Life Technologies) supple-
mented with 15% v/v FBS (Sigma Aldrich) and 1% v/v penicillin-streptomycin (Life 
Technologies), lymphoblasts in RPMI1640 (Life Technologies) supplemented with 
15% v/v FBS and 1% v/v penicillin-streptomycin. All cells were cultured at 37°C 
in 5% CO2. BrdU (Invitrogen) was added to cultures at final concentrations ranging 
from 10 to 200 µM. BrdU pulses were 18 hours for fibroblast cell lines and 24 hours 
for lymphoblastoid cell lines.
Strand-seq. Cells were sorted and Strand-seq libraries were constructed and se-
quenced as previously described (21).
RNA-seq. RNA was isolated from exponentially growing cells using the Nucleospin 
RNA Isolation kit (Macherey Nagel) and RNA-sequencing libraries were constructed 
using the NEBNext Ultra RNA Library Prep kit for Illumina (NEB) combined with 
the NEBNext rRNA Depletion kit (NEB). For each cell line, 3 technical replicate 
libraries were constructed. For sequencing, 12 individual libraries from 4 cell lines 
were pooled and sequenced on a single flow cell using the HiSeq2500 sequencing 
platform (Illumina). Reads were mapped using STAR aligner (38).
SCE detection. Indexed bam files were aligned using bowtie2 (39) and SCEs were 
identified and mapped using the BAIT software package (40). Strand-seq also de-
tects stable chromosomal rearrangements, such as inversions and translocations, 
that resemble SCEs but occur in the same exact location across many to all Strand-
seq libraries. We removed any events that occurred at the same location in more 
than 5% of Strand-seq libraries made from a single cell line, as these events are 
very likely to reflect stable rearrangements and not actual SCEs.
Detection and analysis of SCE hotspots. We generated .bed files containing SCE 
locations for each cell line and uploaded these files to the UCSC genome browser. 
We then inspected each chromosome for clusters of SCEs occurring at the same lo-
cation. Because SCEs are dynamic events that can occur some distance away from 
the causal DSB, we required overlap between multiple, but not all SCEs across 
the entire hotspot region. The size of hotspots was set as the distance between 
the start of the first SCE region and the end of the last SCE region within the SCE 
cluster. We then used a custom capture-recapture statistics script to determine 
significance by dividing the genome into bins of the same size as the hotspot region 
and determining the chance of the detected number of SCEs occurring within any 
of these bins based on the total number of SCEs detected for the cell line.
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Enrichment analysis. A custom Perl script was used for the permutation model. 
For each of 1000 permutations we generated a random number n and shifted all 
SCEs downstream by n bases on the same chromosome. To prevent small-scale lo-
cal shifts we required n to be a random number between 1 Mbp and 50 Mbp.  If the 
resulted coordinate exceeded chromosome size we subtracted the size of chromo-
some, so that the SCE is mapped to beginning part of the chromosome, as if the 
chromosome was circular. We also excluded all annotated assembly gaps before 
our analysis, to prevent permuted SCE mapping to one of the gap regions. We then 
determined the number of SCEs overlapping with a feature of interest in each per-
mutation, as well as the original SCE regions. 
Significance was determined based on how many permutations showed the same or 
exceeding (enrichment) or the same or receding (depletion) overlap with a given 
genomic feature compared to overlap between the original SCEs and the same 
feature. Any experimental overlap that lies outside of the 95% confidence interval 
found in the permutations has a p-value below 0.05 and was deemed significant. 
Experimental overlaps lying outside of the permutated range were given a p-value 
below 0.001 as there was a less than 0.1% (1/1000) chance of such an overlap oc-
curring by chance.
Genome, gene, and repeat annotations were obtained from Ensembl release 75 
(GRCh37 assembly, http://www.ensembl.org).  Regions with potential to form 
G-quadruplex structures were predicted using custom Perl script by matching 
genome sequence against patterns of G4 motifs using indicated spacers (Nx): 
G3+NxG3+NxG3+NxG3+.
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Table S1 - Cell lines and SCEs. Overview of the cell lines used for Strand-seq experiments, including 
cell type and disease state. Also shown are the number of Strand-seq libraries made from each cell line, 
the total number of SCEs identified in these libraries, median mapping resolutions, and percentages of 
SCEs mapped below 100Kb and 1Mb.

Table S2 - SCE hotspots at fragile sites. Overview of SCE hotspots in the lymphoblastoid cell lines. For 
each of the cell lines, size, which fragile site the hotspot occurs in, and SCE frequency of each SCE 
hotspot is given. P-values were calculated using capture-recapture statistics.
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Figure S1 – SCE enrichment patterns at differently sized G4 motifs. SCE enrichment patterns for G4 
motif variations G3+N1-3 (A), G3+N3-7 (B), and G3+N7-12 (C), and observed quadruplex regions (D) for each 
cell line. Normal cell lines are indicated in light grey, BS cell lines in dark grey. Violin plots represent 
random overlaps, red dots represent overlap between SCEs regions and feature of interest.
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Figure S2 – Subsampling of different enrichment analyses. SCE enrichment analyses for G3+N1-7 motifs 
(A), observed quadruplex regions (B), and gene bodies (C) were repeated for smaller SCE sample sized. 
For each cell line, 1267 SCEs were randomly sampled for each permutation and overlap with feature of 
interest was determined. Normal cell lines are indicated in light grey, BS cell lines in dark grey. Violin 
plots represent the expected range for random overlap (1000 permutations each) with whiskers indi-
cating 95% confidence intervals, red dots represent overlap between original SCE regions and feature 
of interest.



4

 93

Bloom syndrome SCEs frequently occur at G-quadruplexes

Figure S3 – SCE enrichment in genes and gene promoters containing or lacking G4 motifs. SCE 
enrichment patterns for genes containing G4 motif(s) (A), genes lacking G4 motifs (B), promoters con-
taining G4 motifs (C), and promoters lacking G4 motifs (D). Violin plots represent the expected range 
for random overlap, red dots represent overlap between original SCE regions and feature of interest.
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Figure S4 – SCE enrichment in active and silent genes containing or lacking G4 motifs. SCE enrich-
ment patterns for active genes containing G4 motif(s) (A), active genes lacking G4 motifs (B), silent 
genes containing G4 motifs (C), and silent genes lacking G4 motifs (D). Violin plots represent the ran-
dom overlaps, red dots represent overlap between original SCE regions and feature of interest.
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Table S3 – SCE enrichment patterns in BS cells. Overview of enrichment and depletion patterns for 
different features of interest. For each feature in each cell line, P-values are shown and color-coded 
based enrichment (blue) or depletion (red). Significant P-values are printed in bold.




