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Summary 

 

Genomic double-stranded DNA (dsDNA) becomes single-stranded (ssDNA) during 

replication, transcription, and DNA repair. ssDNA is therefore believed to be transient, 

occurring in only a fraction of the genome at a given time, and variable amongst a population 

of cells. These transiently formed ssDNA segments can also adopt alternative, dynamic DNA 

conformations, such as cruciform DNA, triplexes, quadruplexes and others.  To determine 

whether there are stable and conserved regions of ssDNA, we utilized our previously 

developed method S1-END-seq 1 to convert ssDNA to DNA double strand breaks (DSBs), 

which are then processed for high-throughput sequencing. This approach revealed two 

predominant dynamic DNA structures: cruciform DNA formed by expanded (TA)n repeats 

that accumulated uniquely in microsatellite unstable human cancer cell lines, and DNA 

triplexes (H-DNA) formed by homopurine/homopyrimidine (hPu/hPy) mirror repeats 

common across a variety of human cell lines. Triplex-forming repeats accumulated during 

replication,  blocked DNA synthesis and were hotspots of somatic mutation. In contrast,  

pathologically expanded (hPu/hPy) repeats in Friedreich’s ataxia patient cells formed a 

replication-independent and transcription-inducible DNA secondary structure. Our results 

identify dynamic DNA secondary structures in vivo that contribute to elevated genome 

instability.  
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Introduction 

Following the discovery of Z-DNA in 1979, it became evident that DNA repeats can adopt multiple 

structures that are radically different from the right handed double-helical DNA 2. Besides Z-DNA, 

the best studied examples of such alternative DNA structures are cruciform DNA formed by 

inverted repeats 3, triplexes (H-DNA) formed by homopurine-homopyrimidine (hPu/hPy) mirror 

repeats 4, G-quadruplexes (G4) formed by orderly spaced Gn runs 5 and hairpins and/or slipped-

strand DNA formed by direct tandem repeats 6. The structural, biophysical, and biochemical 

characteristics of these structures have been well documented in vitro over recent decades. One 

fundamental similarity between all of these structures is that they are thermodynamically 

unfavorable in linear DNA at physiological conditions, but are formed under conditions favoring 

DNA unwinding, such as negative supercoiling7. Furthermore, since AT-rich sequences are more 

prone to unwinding than GC-rich sequences, the kinetics of alternative DNA structure formation 

depends on the sequence composition of the structure-prone DNA repeat 8. 

Negative DNA supercoiling forms transiently upstream of elongating RNA polymerases 

during transcription 9. The wave of negative supercoiling spreads for substantial distances: up to 

1.5 kilobases in both E. coli and mammalian cells 10,11. Consequently, alternative DNA structures, 

including cruciform DNA and H-DNA can be detected upstream of active promoters under 

physiological conditions 12-16.  

 Another genetic process that contributes to the formation of alternative DNA structures 

is DNA replication. While the replicative DNA helicase unwinds DNA in front of DNA 

polymerases, a transiently single-stranded segment of the lagging strand template called the 
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Okazaki initiation zone is formed 17. This single-stranded segment, if not instantly covered by 

RPA, can fold into alternative DNA structures, such as G4-DNA 18 or fold back to form a triplex 

either in front of the helicase 19, or in front of the lagging strand DNA polymerase 20. These 

triplexes can then stall replication fork progression or compromise lagging strand synthesis. 

Furthermore, uncoupling of a replicative DNA-helicase from the leading strand DNA polymerase, 

which creates a single-stranded DNA segment in the leading strand template that might also serve 

as a nucleus for the formation of an alternative DNA structure 21. This could occur at low 

complexity repetitive runs owing to a local dNTP pool imbalance 22,23. Finally, DNA repair could 

also drive the formation of alternative DNA structures 24. For example, single-stranded flaps 

formed during repair DNA synthesis could fold onto the adjacent duplex DNA, forming a triplex 

25.  

 Notably, in all of these scenarios, alternative DNA structures would not be steadily 

present in genomic DNA in vivo, but rather form transiently during the course of various genetic 

processes. The dynamic nature of alternative DNA structures makes it particularly challenging to 

directly prove their existence in vivo in large eukaryotic genomes, given that a particular structure 

may only be present for a fraction of the cell cycle. Several approaches have been used so far for 

the detection of dynamic DNA structures in vivo. One of them involves interaction with DNA 

structure-specific antibodies: for example, an antibody that specifically recognizes triplex DNA 

was shown to bind to many locations in the human genome 26,27. Notably, however, that the limited 

resolution of this approach did not allow the detection of H-DNA at a nucleotide sequence level 

genome-wide. Another approach uses chemicals that specifically modify alternative DNA 

structures, such as chloroacetaldehyde, potassium permanganate, or osmium tetroxide. While this 

method was successful in detecting dynamic DNA structures in bacterial plasmids 12,13, it has been 
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difficult to apply to eukaryotes. One successful study combined potassium permanganate 

modification with S1 nuclease footprinting to detect dynamic DNA structures in the genome of 

mouse B cells 14. Lastly, double-stranded breaks resulting from the processing of H-DNA or 

cruciform DNA in replicating eukaryotic episomes were detected using ligation-mediated PCR 28, 

but this approach would not be amenable to genome-wide mapping of these structures.    

Numerous indirect, genetic approaches in various experimental systems have implicated 

dynamic DNA structures in human physiology and disease 29,30. Nevertheless, direct detection of 

dynamic DNA structures in vivo remains a challenge. Taking advantage of the fact that these 

regions contain single-stranded DNA segments we, thus, attempted to directly detect dynamic 

DNA structures genome-wide at single nucleotide resolution using our previously described 

method S1-END-seq 1. In this approach, S1 nuclease is used to convert ssDNA to DNA double 

strand breaks (DSBs) which are then detected by high-throughput sequencing. Here we provide 

compelling evidence for the presence of two types of dynamic DNA structures in living cells: 

cruciform DNA formed by (TA)n repeats and H-DNA formed by long homopurine-

homopyrimidine mirror repeats. (TA)n cruciform structures accumulated uniquely in cancer cell 

lines characterized by microsatellite instability (MSI).  H-DNA, in contrast, was detected across a 

variety of cell lines at conserved locations. Remarkably, the majority of triplex structures 

accumulated during DNA replication and were associated with replication fork stalling and 

elevated mutagenesis. In addition, we found an unusual form of transcription-inducible DNA 

secondary structure at the pathological  (GAA)n repeat expansion in Friedreich’s ataxia patient 

cells. Herein, we describe the mechanisms leading to the formation of these dynamic DNA 

structures and their impact on genome maintenance.  
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Results  

 

Accumulation of cruciform DNA secondary structures in microsatellite unstable cells  

Recently, we found that (TA)n dinucleotide repeats undergo large-scale expansion in 

microsatellite unstable (MSI) cancer cells 31. Loss of WRN helicase in MSI cells leads to highly 

resected DSBs at (TA)n repeats detected by END-seq 31 (see Figure 1B, top panel).  We proposed 

that expanded repeats form non-B DNA structures that require WRN for their resolution. In the 

prescence of WRN, DSBs were undetectable 31, but (TA)n repeats were susceptible to the 

structure-specific nuclease MUS81, which cleaves cruciform structures by a nick and counter nick 

mechanism 32,33. To provide further evidence, we treated DNA in agarose plugs with  the ssDNA 

specific S1 nuclease, which opens hairpins and cleavages diagonally at the four-way junction of a 

cruciform to generate two-ended DSBs (Figure 1A). Following S1 treatment, the DNA ends were 

captured by END-seq 1,34 (Figure 1A).   We compared the S1-END-seq signal in microsatellite 

unstable cells lines (MSI: RKO, KM12, SW48) and microsatellite stable (MSS: SW620 and 

SW837) colon cancer cell lines (Figure 1B). Strikingly, MSI cells exhibited 5.8 fold greater 

number of peaks at (TA)n repeats compared to MSS cell lines (Figures 1B and 1C). S1-END-seq 

peaks at (TA)n repeats were symmetric with respect to plus- (right end) and minus-strand (left 

end) reads, as would be expected of S1-derived two-ended DSBs (Figure 1B). Moreover, S1-

END-seq peaks in WRN-proficient cells overlapped significantly with the subset of expanded 

(TA)n repeats that were subject to massive dsDNA breakage and resection in the absence of WRN 

(Figures 1B and 1D). 

 

S1-END-seq peaks in hPu-hPy repeats 
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In addition to (TA)n repeats, we found that approximately one half of the S1-END-seq peaks were 

at hPu/hPy mirror repeats (RKO: 49%; KM12 43%; SW48 49%; SW620: 62%; SW837: 60% of 

the total peaks) (Figure 2A). Importantly, these peaks were not detectable with END-seq alone; 

that is, without S1 treatment (Figures 2B and 2C).  Therefore, the peaks at hPu/hPy mirror repeats 

correspond to stable structures with S1-cleavable ssDNA regions rather than endogenous DSBs.  

S1-END-seq peaks at (TA)n repeats in MSI cells exhibit symmetrical plus and minus strand 

reads, corresponding to left-and right end of the cruciform DNA structure (Figures 1 and S1A). 

Peaks at hPu/hPy mirror repeats were distinct in that they harbored a consistent strand polarity 

(Figures 3A and 3B; Figure S1A). When homopyrimidine or homopurine repeats were on the 

plus strand, plus or minus S1-END-seq reads were detected respectively (Figures 3A and 3B; 

Figure S1B). Sequencing reads were present from the center to the edge of the repeats (Figure 

3B, left panel), but the intensity of the peaks was maximum near the border, as was the 5’ end of 

the read (the first nucleotide sequenced) (Figure 3B, right panel). Homopurine runs on the plus 

strand showed a S1-END-seq peak enrichment flanking the repeat on the left, while 

homopyrimidine runs on the plus strand showed an opposite pattern with enrichment on the the 

right end of the repeats (Figure 3B). Thus, in addition to the strand polarity, S1-END-seq  reads 

associated with the hPu/Py repeats tend to map at the border of these structures.  

This strand bias was consistent across all five colon cancer cell lines (Figure S1B). Moreover, 

the genomic locations of the peaks were highly conserved (Figure S2A). The number of peaks at 

hPu/hPy mirror repeats in individual cell lines ranged from 5,554 to 9,474, of which 3,110 were 

shared (Figure S2A). While annotated hPu/hPy mirror repeats are very abundant in human 

genome (approximately 50,000),  S1-sensitive sites mapped to significantly longer repeats, 

averaging 202 bp (Figure S2B). S1-sensitive sites also tended to have fewer sequence 
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interruptions in the hPu/hPy mirror repeats suggesting that both hPu/hPy length and purity 

contribute to structure formation (Figure S2C). Among all hPu/hPy mirror repeats, 

(GAAA)n/(TTTC)n were the most sensitive to S1 cleavage, both in terms of their absolute 

abundance, as well as relative to the total number of repeats within each hPu/hPy class (Figure 

S2D). Finally, we observed that S1-sensitive sites were enriched at late replicating regions of the 

genome (Figure S3). Notably, triplex-specific antibodies have been shown to inhibit replication, 

particularly in late S phase 27. 

 

hPu/hPy mirror repeats form replication-dependent DNA triplexes 

hPu/hPy mirror repeats can adopt intramolecular triple helical DNA structures called H-DNA in 

vitro 35, and the likelihood of H-DNA formation increases with the increasing length of a hPu/hPy 

mirror repeat 36. Within this structure, a DNA strand from one half of the mirror repeat folds back 

forming a triplex with the repeat's duplex half, while its complement remains single-stranded that 

is sensitive to S1 nuclease  35,37,38,39. Thus, our finding that S1 cleavage yields only one end that 

can be ligated to an adapter and that S1-END-seq peaks are always localized in just one half of 

long, uninterrupted hPu/hPy mirror repeats strongly suggest the presence of H-DNA (Figure 3C).  

H-DNA formation is thermodynamically unfavorable in linear double-stranded DNA, but 

becomes favorable during DNA replication 19,40.  To examine whether DNA replication contributes 

to H-DNA formation, we treated cells with either CDK4/6 or CDK1 inhibitors to arrest cells  in 

G1 or G2 respectively. Cells were then  processed for S1-END-seq (Figures 4A and 4B).  We 

observed a 4.1-fold decrease of H-DNA peak intensity in G1 and a 2.4-fold decrease in G2 arrested 

cells (Figures 4A and 4B),  suggesting that DNA triplexes tend to be formed and/or resolved 

during S-phase. We then treated cells with aphidicolin (APH), which arrested cells in S phase 
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(Figure 4C). APH-treated cells showed an increase in H-DNA signal at the same genomic 

locations that were detected in asynchronous cells (Figures 4C and S4A). The loss of S1-END-

seq signal at hPu/hPy mirror repeats in G1/G2 arrested cells and its enrichment upon APH 

treatment suggests that H-DNA structures are dynamic in vivo and associated with replication. 

 

DNA triplexes inhibit DNA synthesis 

To determine whether there is a relationship between replication fork direction and S1-END-seq 

strand asymmetry, we examined replication directionality by Okazaki fragment sequencing (OK-

seq). Rightward-moving replication forks generate Okazaki fragments (OFs) that map to the minus 

strand, while leftward-moving forks generate plus-strand fragments. Replication fork 

directionality (RFD) is computed as the difference between the proportions of right-and left-

moving forks within a 1kb window 41. In the region immediately surrounding the S1-sensitive 

sites, there was a greater fraction of left-moving forks approaching the center of the homopurine 

repeat, and immediately to the left of the repeat, there were more forks moving to the right (Figure 

S4B, left panel). The opposite RFD trend was observed at hompyrimidine repeats (Figure S4B, 

right panel). This suggests the possibility that S1-sensitive sites could be associated with 

replication termination or fork stalling.  

To test whether H-DNA can inhibit DNA synthesis, we released cells from G1 in the 

presence of APH to restrict replication fork progression (Figure 5A). During the 4 hour release, 

replicating zones were detected by labeling the cells with EdU, after which EdU-incorporated 

DNA was processed for sequencing (Figure 5A) 23. Aggregate plots of the replication zones 

centered on S1-sensitive H-DNA demonstrated that EdU incorporation exhibited a sharp decrease 

at the repeats themselves as well as a more gradual drop on one side (Figure 5A).  For example, 
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when purine repeats were found on the plus strand (corresponding to minus strand S1-END-seq 

reads), EdU incorporation was lower on the right site of the repeat (Figure 5A). The decrease in 

EdU incorporation suggests that right-moving replication forks were inhibited when they 

encountered the purine repeat on the plus strand.  Similarly, left moving forks were blocked when 

they encountered pyrimidine repeats on the minus strand (Figure 5A). Overall, these results 

support a model wherein replication-dependent DNA triplexes are formed during lagging strand 

synthesis as the replication fork passes through the repeats which compromises replication of the 

lagging strand (Figure 5B) 19,40,42,43.  

 

DNA triplexes are hotspots of genome instability 

Alternative DNA structures are known to stimulate genome instability 44.  A recent study has 

shown that non-B DNA motifs are associated with increased mutation in cancer genomes 45 . 

Somatic mutations cataloged from whole genome sequencing of 10 cancer types were specifically 

elevated within H-DNA motifs 45. Strikingly, we observed a strong and significant enrichment of 

cancer somatic mutations from the International Cancer Genome Consortium dataset at S1-

sensitive hPu/Py peaks (Figure 6A). Thus, there is excess mutability at sites that form H-DNA in 

vivo.  

Given that replication stress generated by APH treatment increases H-DNA (Figure 4C), 

we asked whether repeated APH treatment could induce mutagenesis in H-DNA forming hPu/hPy 

mirror repeats. To elevate different classes of mutations, we knocked out the mismatch repair gene 

MLH1 in RPE-hTERT cells by CRISPR/CAS9-mediated editing (Figure S5A). We then treated 

the MLH1-/- parental clone with low dose APH for 24 hours and allowed cells to recover for 2 to 3 

days. APH pulses were then applied 20 additional times, after which individual clones were 
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isolated. Long-read whole genome sequencing was then performed using the Pacific Biosciences 

(PacBio) long-read sequencing (Figure 6B). Mutations in three individual APH-pulsed clones 

were determined  by using the MLH1-/- parental clone that did not receive APH pulses as a 

reference genome. Strikingly, APH treatment induced a large increase in the frequency of somatic 

mutations (SNV), small insertions/deletions (indels) and structural variation (including 

translocations, inversions, large deletions/insertions and copy number changes) at S1-sensitive 

hPu/hPy repeats relative to S1-insensitive hPu/hPy in all three clones (Figure 6C and S5B). 

Together, these data demonstrate H-DNA detected by S1-END-seq is prone to genome instability 

upon replication stress.  

 

 

FRDA-associated H-DNA is transcription-dependent 

Friedreich’s ataxia (FRDA) is the most common hereditary ataxia in Caucasians 46. FRDA is 

caused by the expansion of the (GAA)n repeat within the first intron of the FXN gene, which 

encodes for the mitochondrial protein frataxin 47-50. Unaffected humans harbor 8 to 34 (GAA) 

repeat units, while affected individuals have more than 70 repeats, and commonly hundreds 47-50. 

Expanded hPu/hPy mirror repeats in FRDA patient cells form H-DNA in vitro 38,51,52, and the 

number of repeats correlates with both the extent of FXN gene repression and severity of the 

disease 53,54.  

 To test whether H-DNA forms under physiological conditions in FRDA cells, we 

performed S1-END-seq in lymphoblasts derived from a FRDA patient (GM15850) and an 

unaffected sibling (GM15851) (Figure 7A).  Strikingly, S1-END-seq peaks at the FXN locus were 

detected in FRDA lymphoblasts cells, but not in healthy cells without repeat expansion (Figure 
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7B). Distinct from the vast majority of S1-END-seq peaks at other hPu/hPy repeats, the signal at 

the FXN locus was symmetrical, resembling a two-ended DSB (see Discussion).  However, when 

DNA was processed by END-seq alone without S1, the signal at FXN was undetectable, suggesting 

that the FXN signal was also associated with ssDNA (Figure S5). Another unique feature of the 

FXN locus was that the S1-END-seq signal persisted upon G1 arrest (Figure 7C), unlike the 

majority of hPu/hPy S1-END-seq peaks, which decreased upon G1 arrest (Figures 7D and 4A).   

 Transcription in vitro over hPu/hPy mirror repeats create triplexes that block RNA-

polymerase processivity 55-59. One prevailing model is that induction of the H-DNA conformation 

impedes transcription, resulting in a barrier to productive elongation of FXN transcripts 56. To 

examine the role of transcription in H-DNA formation, we evaluated the impact of targeted re-

expression of FXN in FRDA cells. To do so, we treated patient lymphoblasts with a synthetic 

transcription elongation factor named SynTEF1. SynTEF1 is a chimeric chemical compound 

composed of a sequence selective polyamide that binds (GAA)n repeats linked to the BRD4 ligand 

JQ1 that recruits the transcription elongation machinery to the silenced FXN locus60 (Figure 7E). 

As a result,  FXN transcription is preferentially stimulated by SynTEF1 in the diseased cell line 60. 

Strikingly, the S1-END-seq signal at FXN increased when mutant cells expressed the gene (Figure 

7F and S6). Although SynTEF1 can potentially bind triplex forming (GAA)n repeats in dozens of 

gene bodies, the induction of H-DNA correlated with the singular ability of SynTEF1 permit 

transcription elongation at the FXN locus (Figures 7G) and was not affected by G1 arrest (Figure 

7H).  These data suggest that the process of transcription elongation fuels the induction of H-DNA 

at the FXN locus. To further test the role of the endogenous elongation machinery, we blocked 

elongation with the CDK9 inhibitor DRB. Treatment of FRDA lymphoblasts with DRB led to 

lower level of FXN expression and inhibited the induction of the S1-END-seq signal at FXN by 
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SynTEF1 (Figure 7I). Thus, transcriptional elongation promotes H-DNA formation at (GAA)n 

expanded repeats in FRDA patient cells. 

 

Discussion  

Sequences that have the capacity to adopt alternative DNA secondary structures have been 

implicated in numerous heredity diseases and cancer 45,61-66. The presence of long structure-

forming repeats can inhibit DNA replication67-70, repress transcription 56,71,72, and promote genome 

instability 31,65,66,73. For example, highly expanded (TA)n repeats found in cancers with MSI are 

susceptible to replication fork stalling, collapse and chromosomal deletions 31. Here we provide 

evidence that the same subset of expanded (TA)n repeats in MSI cell lines which require WRN 

dependent helicase activity extrude into stable cruciform structures.  

Our study also reveals the existence of thousands of hPu/hPy mirror repeats that form H-

DNA structures in vivo. We provide evidence that the presence of homopurine repeat tracts on the 

lagging strand template inhibit DNA synthesis (see Figure 5). Interestingly, the average length of 

these repeats is similar to the size of an Okazaki fragment (~200 bp long)74. Since RPA affinity 

for purines is approximately 50-fold lower than its affinity for pyrimidines 75, long stretch of purine 

ssDNA formed during the lagging strand synthesis may go unprotected, increasing the probability 

to form a triplex between the lagging strand template and the nascent lagging strand.  

Triplexes consist of either one pyrimidine and two purine strands (YR*R triplex) or one 

purine and two pyrimidine strands (YR*Y) (Figure 3C). Two isoforms of H-DNA are also 

possible: one single stranded in the 5 ' part of the purine or pyrimidine strand (H-r3 or H-y3 

respectively) and the other single stranded in the 3 ' part of the corresponding strands (H-r5 or H-

y5). The polarity of the observed replication dependent S1-END-seq signal would be consistent 
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with either H-r5 or H-y3 (Figure 3C).  However, based on our finding that the purine containing 

lagging strand folds into H-DNA (Figure 5B), we infer that the triplex most likely detected by S1-

END-seq is H-r5.  

WRN plays a critical role in replication fork restart and preventing fork collapse 76. 

Presumably, unwinding of H-DNA by as yet-to-be identified helicases77 similarly allows for 

resumption of lagging strand synthesis.  Recently, it was suggested that specialized low fidelity 

polymerases might play a role in restarting lagging-strand synthesis at structure forming repeats 

20. This might explain why non-B DNA motifs, including potential H-DNA forming sequences, 

are correlated with increased mutability 45,66,78. Consistent with these observations, we found that 

a subset of sequences with triplex-forming potential (S1-END-seq peaks) are strongly enriched in 

mutations in human cancer. Morever, we demonstrate that replication stress induces genetic 

modifications, including somatic mutations, indels and structural variants, at hPu/hPy repeats that 

form triplexes. All together, these data support the role of H-DNA in the etiology of cancer.  

Expanded (GAA)n repeats in Friedreich’s ataxia patient cells create an unusual form of 

replication-independent triplexes that are induced by transcription, which is relevant because the 

pathology manifests in non-dividing neurons and cardiomyocytes. Moreover, the FXN locus 

exhibited a unique two-ended S1-END-seq pattern. The expanded repeat tract in FXN is 

embeddeded within repressive chromatin, and is associated with downregulation of FXN 

expression.  It has been suggested that R-loop formation, followed by anti-sense transcription, 

could lead to dsRNA-induced local chromatin changes by the Argonaute/Dicer RNAi machinery 

leading to heterochromatin formation 79-81. Bi-directional transcription at FXN or R-loops (which 

can be targeted by S1-cleavage) could potentially be responsible for the observed two-ended peak 

surrounding the (GAA)n repeat at FXN. In contrast to previous models suggesting that DNA 
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secondary structures are causative of FXN transcriptional arrest, we find that transcriptional 

elongation and restoration of normal frataxin gene expression unexpectedly increased the S1-

END-seq signal at FXN.  Thus,  our data suggest that DNA secondary structure formation per se 

is not a direct cause of gene silencing in FRDA cells. Rather than silencing transcription, we 

speculate that the aberrant DNA structure formed at FXN contributes to instability of the (GAA)n 

repeat, fueling expansions and contractions 61-63,82.  

Using a similar methodology to probe ssDNA, a recent report detected 144,000 sites in the 

mouse genome with H-DNA forming potential 83. However, Maekawa et al. did not distinguish 

whether the H-DNA formed in vivo or during sample processing. Based on our finding that H-

DNA is dynamic- formed during replication, enhanced by replication stress and targeted for 

mutagenesis- we conclude that S1-END-seq reveals the existence of H-DNA structures in vivo. 

Visualizing non-B DNA structures genome-wide at high resolution should provide futher insight 

into their biological functions.  
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Main Figures 

 

Figure 1: S1-END-seq reveals cruciform structures at expanded (TA)n repeats in 

microsatellite unstable cells. (A) Schematic representation of the S1-END-seq method. Cells are 

embedded in agarose, S1 endonuclease converts ssDNA gaps/breaks into DSBs and the DSB ends 

are ligated to biotinylated adaptors. After DNA sonication, DSBs are captured by streptavidin 

magnetic beads, Illumina sequencing adaptors are added to the DNA ends, and the samples are 

subject to sequencing. Left end reads are aligned to minus stand and right end reads are aligned to 

the plus strand. A typical two-ended DSB is displayed. (B) Genome browser screenshots as 

normalized read density (reads per million, RPM) for END-seq in KM12 cells after WRN 

knockdown (shWRN) for 48h (top track) and S1-END-seq in MSI (KM12, SW48 and RKO) and 

MSS (SW620 and SW837) colon cancer cell lines (2nd to 6th tracks). Plus- and minus-strand reads 

are displayed in black and grey, respectively. MSI: microsatellite unstable. MSS: microsatellite 

stable. (C) Number of (TA)n repeats detected at S1-END-seq peaks in each cell line. (D) Venn-

diagram comparing END-seq breaks at (TA)n repeats in KM12 cells after WRN knockdown and 

S1-END-seq peaks at (TA)n repeats in WRN-proficient KM12 cells.  

 

Figure 2: S1-END-seq reveals S1-sensitive homopurine/homopyrimidine (hPu/hPy) repeats 

genome wide. (A) Number of S1-END-seq peaks at hPu/hPy repeats (red), (TA)n repeats (grey) 

and other peaks (black) in MSI (KM12, SW48 and RKO) and MSS (SW620 and SW837) colon 

cancer cell lines.  (B) Quantification of S1-END-seq vs. END-seq intensities (RPKM, reads per 

kilobase per million mapped reads) at hPu/Py repeat peaks in two independent experimental 

replicates in KM12 cells performed in parallel. The top, center mark, and bottom hinges of the box 
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plots, respectively, indicate the 90th, median, and 10th percentile values. Statistical analysis: 

Wilcoxon rank sum test, **** p<0,0001. (C) Genome browser screenshots as normalized read 

density (reads per million, RPM) for S1-END-seq and END-seq in KM12 cells. Plus- and minus-

strand reads are displayed in black and grey, respectively.  

 

Figure 3: S1-END-seq peaks in hPu/hPy mirror repeats display asymmetric strand polarity. 

(A) Representative genome browser screenshots as normalized read density (reads per million, 

RPM) for S1-END-seq peaks at hPu/hPy repeats (GAAA and TTTC) in five different colon cancer 

cell lines KM12, SW48, RKO, SW620 and SW837. Plus- and minus-strand reads are displayed in 

black and grey, respectively. (B) Aggregate plots (top) and heatmaps (bottom) of S1-END-seq 

intensity flanking 500bp at the center of S1 sensitive hPu/hPy mirror repeats in KM12. The data 

displays S1-ENDseq intensity using full read length (left) or using the first (5’) nucleotide 

sequenced (right). (C) Schematic representation of potential H-DNA structures (H-r5 and H-y3) 

that are consistent with the strand bias observed in S1-END-seq peaks. Homopurine (hPu) mirror 

repeats are represented in red and homopyrimidine (hPy) mirror repeats are represented in blue. 

 

Figure 4: H-DNA is formed during replication. (A, B and C) Analysis of cell cycle distribution 

by EdU (S-phase) and DAPI (nucleus) staining (left panel) and quantification of S1-END-seq 

peaks in hPu/hPy mirror repeats (right panel) after the treatment with (A) CDK4/6 inhibitor 

(Palbociclib, 10µM) or (B) CDK1 inhibitor (RO-3306, 10µM) or (C) aphidicolin (APH, 600nM) 

or vehicle (DMSO) for 24 hours. Experiments were performed in KM12 cells. The top, centre 

mark, and bottom hinges of the box plots, respectively, indicate the 90th, median, and 10th 

percentile values. Statistical analysis: Wilcoxon rank sum test, **** p<0,0001.  
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Figure 5: H-DNA inhibits DNA synthesis. (A) Top panel: experimental design. MCF10A cells 

were arrested in G1 with the CDK4/6 inhibitor (Palbociclib – 2µM) for 20 hours and then released 

in the presence of aphidicolin (APH – 4µM) for 4 hours. Middle panel: genome browser 

screenshots as RPM (reads per million) for S1-END-seq and EdU-seq in released cells described 

above. For S1-END-seq, plus- and minus-strand reads are displayed in black and grey, 

respectively. Bottom panel: aggregate plots of S1-END-seq and EdU-seq in relation to the S1-

END-seq peak summits at hPu/hPy repeats in EdU+ replicating zones. The graph in the left show 

peaks in hPu/hPy repeats with plus strand bias and the graph in the left show peaks at hPu/hPy 

repeats with minus strand bias. (B) Model for replication-dependent H-DNA. In this representation 

a fork moving to the right replicates a genomic region containing a hPu/hPy repeat with purines 

on the top strand. When the replication fork crosses the repeat, the lagging strand template folds 

back generating an H-DNA structure that blocks DNA synthesis. S1 nuclease treatment cleaves 

the ssDNA region generating a one-ended DSB detected as minus strand reads. Homopurine (hPu) 

mirror repeats are represented in red and homopyrimidine (hPy) mirror repeats are represented in 

blue.  

 

Figure 6: H-DNA forming repeats are hotspots for genome instability. (A) Aggregate plot 

comparing the frequency of somatic single mutation in cancer genomes from the International 

Cancer Genome Consortium at S1-sensitive hPu/Py repeats (shared peaks- see Figure S2) versus 

S1-insensitive hPu/Py repeats (annotated hPu/hPy repeats excluding peaks detected by S1 in the 5 

colon cancer cell lines) relative to the center of the hPu/hPy repeats. (B) RPE-MLH1 knockout 

cells were plated on 10 cm plates and treated next day with 200 nM of APH for 24 hours. Cells 
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were allowed to recover in APH free medium for two to three days. This cycle of APH treatment 

was repeated 20 times before picking single cell clones. Whole genome sequencing was then 

performed using PacBio highly accurate long-read sequencing.  (C) Aggregate plots comparing 

the frequency of somatic mutations (left), structure variation breakpoints (middle) and indels 

(right) at the center of S1-sensitive repeats versus S1-insensitive repeats for one of the APH pulsed 

clones. Analyses of two other clones are shown in Figure S5B. 

 

Figure 7: Pathological hPu/hPy repeat expansion in Friedreich ataxia patient cells generates 

a replication-independent and transcription-inducible S1-END-seq peak (A) Schematic 

representation of (GAA)n repeat size within the first intron of the FXN locus in lymphoblasts cell 

lines derived from a FRDA patient (GM15850) and its unaffected sibling (GM15851). (B) Genome 

browser screenshots shown as as RPM, reads per million for S1-END-seq at the FXN intron 1 of 

GM15850 and GM15851 cells. Plus- and minus-strand reads are displayed in black and grey, 

respectively. (GAA)n repeat annotated in reference genome are shown. (C) Genome browser 

screenshots shown as as RPM, reads per million for S1-END-seq reads at the FXN locus in 

GM15850 cells arrested in G1. Plus- and minus-strand reads are displayed in black and grey, 

respectively. (D) Quantification of S1-END-seq peak intensities at hPu/hPy repeats in 

asynchronous or G1-arrested GM15850 cells. G1 arrest was performed using the CDK4/6 inhibitor 

(Palbociclib, 15µM) for 30 hours. The top, centre mark, and bottom hinges of the box plots, 

respectively, indicate the 90th, median, and 10th percentile values. Statistical analysis: Wilcoxon 

rank sum test, **** p<0,0001. (E) Schematic representation of the SynTEF1 synthetic 

transcription elongation factor. SynTEF1 is a chimeric chemical compound composed of a 

polyamide that binds (GAA)n repeats linked to the BRD4 ligand JQ1 that recruits the transcription 
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elongation machinery driving targeted FXN expression in FRDA cells (F) Genome browser 

screenshots shown as as RPM, reads per million for S1-END-seq reads at the FXN intron 1 of 

GM15850 treated with SynTEF1 1µM or vehicle (DMSO) for 48 hours . Plus- and minus-strand 

reads are displayed in black and grey, respectively. (G) Quantification of S1-END-seq intensity 

changes in (GAA)n repeats inside gene bodies versus expression changes 60. (H) Quantification of 

S1-END-seq intensity in (GAA)n repeats comparing asynchronous versus G1-arrested cells that 

were treated with CDK4/6 inhibitor (Palbociclib, 15µM) for 24 hours prior to the start of SynTEF1 

(1µM) treatment. RPKM, reads per kilobase per million mapped reads. (I) Top panel, experimental 

design. GM15850 cells were arrested in G1 using the CDK4/6 inhibitor (Palbociclib, 15µM) for 

24 hours. Cells were incubated or not with the CDK9 inhibitor (DRB, 100µM) one hour prior to 

the SynTEF1 treatment 1µM (which lasted for 8 hours). Bottom panel, quantification of FXN 

mRNA levels by qRT-PCR (left) and S1-END-seq reads at the expanded (GAA)n repeats at the 

FXN locus (right). Results of two independent experiments are displayed. 
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Supplementary Figures 

 

Figure S1: Polarity of S1-END-seq peaks in hPu/hPy and (TA)n repeats. Related to Figure 

1. A, Quantification of S1-END-seq peak symmetry (two-ended) or asymmetry (one-ended) at 

(TA)n and hPu/hPy repeats in five different colon cancer cell lines KM12, SW48, RKO, SW620 

and SW837. ‘0’ value represents an asymmetric one-ended peak and ‘+1’ value a symmetric two-

ended peak. B, Quantification of S1-END-seq peak bias in relation to the presence of purines (G/A) 

or pyrimidine (T/C) repeats on the plus (Watson) strand in five different colon cancer cell lines 

KM12, SW48, RKO, SW620 and SW837. ‘+1’ represents asymmetric minus strand peak bias and 

‘0’ represents asymmetric plus strand peak bias. 

 

Figure S2: Characterization of S1-sensitive hPu/hPy repeats. Related to Figure 2. A, Venn-

diagram comparing the overlap of S1-END-seq peaks at hPu/hPy repeats in five different colon 

cancer cell lines KM12, SW48, RKO, SW620 and SW837. B, Quantification of repeat lengths in 

annotated hPu/hPy repeats and S1-END-seq shared peaks (3110). C, Quantification of 

uninterrupted (perfect) repeat length in shared and annotated hPu/Py repeats. The top, centre mark, 

and bottom hinges of the box plots, respectively, indicate the 90th, median, and 10th percentile 

values. Statistical analysis: Wilcoxon rank sum test, **** p<0,0001. D,  Distribution of hPu/hPy 

repeat type among S1-END-seq shared peaks (left) and the proportion of peaks shared relative to 

the number of annotated hPu/hPy repeats of each type (right).  

 

Figure S3: H-DNA forming repeats are enriched at late-replicating regions. Related to 

Figure 2. A, Genome browser screenshots of Repli-seq performed in HeLa cells relative to the 
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hotspots for H-DNA formation (peaks shared, see Figure S2). B, Replication timing profile, 

plotted on a scale from 0 to 100, that represent the range of late and early replicating regions 

comparing annotated hPu/hPy repeats and peaks shared. The dotted red line divides late and early 

replicating regions. The top, centre mark, and bottom hinges of the box plots, respectively, indicate 

the 90th, median, and 10th percentile values. Statistical analysis: Wilcoxon rank sum test, **** 

p<0,0001. 

 

Figure S4: Replication fork direction at S1-sensitive hPu/hPy repeats and impact of APH. 

Related to Figure 5. A, Scatter plot comparing S1-END-seq peak intensity as RPKM (reads per 

kilobase per million mapped reads) at hPu/hPy repeats in KM12 cells treated with aphidicolin 

(APH) 600nM for 24 hours versus vehicle (DMSO). S1-END-seq peaks in APH treated cells are 

generally more intense compared to untreated cells. The slope and r2 of the linear regression (red 

line) are shown in the graph.  B, Okazaki-fragment sequencing (OK-seq) quantification of 

replication fork directionality (RFD) in relation to the center of shared peaks in hPu (left) and hPy 

(right) repeats (for shared peaks, see Figure S2). Grey and black arrows represent replication forks 

moving to the left and right, respectively. 

 

Figure S5: H-DNA forming repeats are hotspots for mutation. Related to Figure 6. (A) 

Western blot analysis of a RPE-hTERT TP53 knockout cell line (first column) and selected clones 

from CRISPR/CAS9 editing with sgRNA for MLH1. The last clone (red box) was selected, 

expanded and used as MLH1-/- parental cell line. (B) Aggregate plots comparing the frequency of 

somatic mutations (SNV), structure variation breakpoints (SV) and indels (Indel) at the center of 
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S1-sensitive repeats (red) versus S1-insensitive repeats (grey) for two APH pulsed clones (Clones 

2 and 3). Analyses of Clone 1 is shown in Figure 6. 

 

 

Figure S6: Pathological hPu/hPy repeat expansion in Friedreich’s ataxia cells does not 

generate DSBs. Related to Figure 7. Genome browser screenshots shown as RPM, reads per 

million for  S1-END-seq and END-seq experiments showing the FXN intron 1 of GM15850 treated 

or not with SynTEF1 1µM or vehicle (DMSO) for 48 hours or 24 hours. Plus- and minus-strand 

reads are displayed in black and grey, respectively. (GAA)n repeat annotated in reference genome 

is shown.  

 

Figure S7: Replicates of S1-END-seq peak intensity quantification after SynTEF1 

treatement. Related to Figure 7. Quantification of S1-END-seq peaks (all peaks) in GM15850 

cells treated with SynTEF1 1µM versus cells treated with DMSO for 48 hours in two independent 

experimental replicates. RPKM, reads per kilobase per million mapped reads. 
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