£FEBS

Journal
VIEWPOINT

'.) Check for updates

9
:@' FEBSPRESS

® science publishing by scientists

Exploring the SSBreakome: genome-wide mapping of DNA
single-strand breaks by next-generation sequencing

Nicola Zilio

and Helle D. Ulrich

Institute of Molecular Biology (IMB) gGmbH, Mainz, Germany

Keywords

DNA damage mapping; DNA single-strand

breaks; genome stability; GLOE-Seq; next-
generation sequencing; Nick-Seq; SSB-Seq;
SSINGLe

Correspondence

H. D. Ulrich, Institute of Molecular Biology
(IMB) gGmbH, Ackermannweg 4, D — 55128
Mainz, Germany

Tel: +49 6131 3921490

E-mail: h.ulrich@imb-mainz.de

[Correction added on 17 December 2020,
after first online publication: Peer review
history is not available for this article, so the
peer review history statement has been
removed.]

(Received 17 July 2020, revised 7
September 2020, accepted 14 September
2020)

doi:10.1111/febs. 156568

Mapping the genome-wide distribution of DNA lesions is key to under-
standing damage signalling and DNA repair in the context of genome and
chromatin structure. Analytical tools based on high-throughput next-gener-
ation sequencing have revolutionized our progress with such investigations,
and numerous methods are now available for various base lesions and
modifications as well as for DNA double-strand breaks. Considering that
single-strand breaks are by far the most common type of lesion and arise
not only from exposure to exogenous DNA-damaging agents, but also as
obligatory intermediates of DNA replication, recombination and repair, it
is surprising that our insight into their genome-wide patterns, that is the
‘SSBreakome’, has remained rather obscure until recently, due to a lack of
suitable mapping technology. Here we briefly review classical methods for
analysing single-strand breaks and discuss and compare in detail a series of
recently developed high-resolution approaches for the genome-wide map-
ping of these lesions, their advantages and limitations and how they have
already provided valuable insight into the impact of this type of damage
on the genome.

Introduction

A human cell experiences ~ 70 000 DNA lesions per
day [1]. Among these, single-strand breaks (SSBs), that
is discontinuities in one of the two phosphodiester
backbones of the DNA duplex, are by far the most
frequent, amounting to ~ 75%. SSBs can assume the
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form of nicks or gaps, depending on whether their
flanking nucleotides are adjacent or not, and the corre-
sponding 5 and 3’ termini may carry hydroxy (OH)
groups, phosphate (POy4) or other structures [2,3]. SSBs
most frequently originate from oxidative attack by
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reactive oxygen species, a common by-product of
metabolism, or from disintegration of oxidized sugars
[2,3]. In addition, they arise indirectly as intermediates
of base or nucleotide excision repair pathways, during
discontinuous replication of the lagging strand [4,5] or
due to abortive activity of topoisomerases [2,3]. If left
unrepaired, SSBs can have serious consequences for
genome stability and cell survival. By collision with
replisomes, SSBs can stall or collapse replication forks
or — in the worst-case scenario — be converted into
double-strand breaks (DSBs) [6]. Even on their own,
SSBs can cause havoc: they interfere with transcription
by inhibiting RNA polymerase progression, they can
initiate mutagenesis, apoptosis and senescence, and
they induce the expression of inflammatory cytokines
[7-11]. The importance of dealing with SSBs is under-
scored by the existence of dedicated repair pathways
and of hereditary diseases resulting from misregulation
of these pathways. SSB-associated illnesses, such as
spinocerebellar ataxia with axonal neuropathy
(SCANI1) or ataxia oculomotor apraxia (AOALl), are
mostly of a neurodegenerative nature [2,3]. However,
both cancer and cardiac disease have also been linked
to SSB repair defects [9,10].

Pivotal for understanding the genesis and the repair of
any DNA lesions as well as their implications for genome
stability are tools for their detection and analysis. Beyond
methods for the identification of particular types of
lesion, being able to map their positions with high resolu-
tion and to accurately quantify their incidence in specific
regions of the genome under defined conditions, for
example in response to specific environmental stresses or
at certain developmental stages, in different cell types or
organisms, could provide profound insight into a variety
of fundamental biological processes in health and disease.
This type of information could also be extremely valuable
in other, more applied fields of biomedicine, such as gen-
ome engineering, as well as toxicology and biomarker
development, where it could help better understand can-
cer development and treatment.

Traditionally, the detection of DNA damage has
involved either radioactive labelling of bulk DNA or
microscopic visualization in individual cells by means of
fluorescent probes (Fig. 1). Although powerful for over-
all quantification, these methods suffer from several
shortcomings, such as low resolution and throughput.
The advent of next-generation sequencing (NGS) has
revolutionized genome stability research by allowing the
genome-wide mapping and quantification of DNA dam-
age at an unprecedented resolution. Although several
NGS methods are available to map various kinds of
DNA damage, such as abasic sites, oxidative or methy-
lation damage, incorporated ribonucleotides and DSBs,
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until very recently methods for accurately mapping
SSBs were missing. Here, we briefly review common
‘classical’ methods for detecting SSBs before discussing
in detail the development of NGS-based tools for this
important lesion, their respective advantages and limita-
tions as well as their potential for future development.

‘Classical’ methods to detect and
quantify SSBs

Early methods to detect SSBs involved the elution of
radioactively labelled DNA from cellulose membranes
or sedimentation through a sucrose gradient under
denaturing conditions to liberate small fragments aris-
ing from the presence of SSBs [12]. An alternative bulk
technique currently in use is nick translation, where a
DNA polymerase harbouring 5-3'-exonucleolytic
activity is used to incorporate labelled nucleotides at
templated 3’-OH groups, thus ‘translating’ the position
of the original break [13]. On the single-cell level, the
same principle is exploited by the highly sensitive
STRIDE (SensiTive Recognition of Individual DNA
Ends) assay [14], which combines in situ nick transla-
tion with the proximity ligation assay (PLA) to detect
either SSBs (sSTRIDE) or DSBs (dSTRIDE). Here,
lesions labelled by nick translation with biotinylated
nucleotides are detected by a PLA signal originating
from two anti-biotin antibodies from different species.
The strategy of in situ labelling of lesions also applies
to the more established TUNEL (Terminal deoxynu-
cleotidyl transferase dUTP Nick End Labelling) assay,
originally developed to identify apoptotic cells [15] and
capable of detecting both SSBs and DSBs. Here,
labelled nucleotides are added enzymatically to 3’-OH
termini in a nontemplated manner and subsequently
detected by fluorescence microscopy.

Best known among single-cell SSB assays is the
comet assay [16,17], which uses an electrical field to
extrude damaged DNA out of the nuclei (‘heads’) of
agarose-embedded cells, thereby producing a ‘tail’. The
length of this tail and the fraction of DNA in it, visual-
ized by a relevant dye, are used to calculate the tail
moment [18], which positively correlates with the
amount of DNA damage. Like the TUNEL assay, the
comet assay detects both DSBs and SSBs. Usually, neu-
tral versus alkaline conditions are used to distinguish
DSBs from SSBs; however, SSBs can apparently also
be detected under neutral conditions [19,20]. The tradi-
tional comet assay has been adapted to two-dimen-
sional (2D) gel electrophoresis in order to distinguish
the signals from SSBs and DSBs (two-tailed comet
assay, 2T-Comet [21,22]). When used on bulk purified
DNA, separation of DNA by length, strandness,
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structure and shape via 2D gel electrophoresis is known
as the Northern Lights assay [23,24]. Finally, a simpli-
fied variation of the comet assay is the halo assay,
where damaged DNA is liberated from embedded
nuclei by passive diffusion, thus forming a ‘halo’ whose
area is proportional to the amount of damage [25,26].

As an alternative to detecting DNA lesions directly,
dedicated DNA repair factors or specific post-transla-
tional modifications, detected via fluorescence micro-
scopy, are widely used as sensitive damage reporters.
Accordingly, localization of a core SSB repair factor,
XRCCI1, has allowed for monitoring SSBs [27-31].
Obvious limitations to this approach are common
problems associated with chromatin accessibility and
the staining procedure, a dependence on the repair
process itself, a possible accumulation of DNA dam-
age makers at nondamaged sites [32,33], and the
uncertainty of how well the position and intensity of a
repair focus correlate to the properties and number of
the causative lesion(s) [29,34].

Perhaps the most serious drawback of these classical
methods is their inability to assign the position of a
lesion in the nucleus to a genomic locus with an accu-
racy that goes beyond a crude differentiation between
hetero- and euchromatin or nuclear compartments.
Combination with fluorescence in situ hybridization
[35-37] or quantitative PCR approaches that exploit the
interference of lesions with efficient amplification [38—
41] can in principle overcome this limitation; however,
both techniques realistically restrict analysis to a small
number of loci, and PCR-based methods are insensitive
to the type of lesion interfering with amplification.

NGS-based methods for genome-wide
mapping of SSBs

The first genome-wide approaches for mapping DNA
damage predate NGS technology, as they relied — like
RNA analyses and chromatin immunoprecipitation
(ChIP) — on the use of microarrays for sequence identifi-
cation [42-44]. However, the advent of commercial high-
throughput sequencers has transformed the ways in
which DNA damage can be analysed. On the basis of this
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disruptive technology, a multitude of creative new proto-
cols have been developed that now provide the means of
identifying various types of lesions with accurate quantifi-
cation at single nucleotide resolution [45,46].

Double-strand breaks were the first lesions to be tar-
geted for genome-wide mapping [43,44,47], and many
NGS-based techniques are available today for this type
of damage [48-58]. Most of them rely on ‘polishing’
DSBs to generate blunt ends for ligation to suitable
sequencing  adaptors.  Mis-incorporated  ribonu-
cleotides, alkylated bases and UV-induced pyrimidine
dimers have been mapped via cleavage by a damage-
specific endonuclease and capture of the resulting ends
[59-64]. Some base lesions, such as UV damage, cis-
platin and benzo[a]pyrene DNA adducts can be affin-
ity-enriched using specific antibodies, lesion-binding
proteins or DNA damage markers [42,65-68] and
chemical labelling with a specific probe has proven
useful for capturing abasic sites [69,70].

To date, four NGS-based methods have been devel-
oped for the genome-wide mapping of SSBs: SSB-Seq
[71,72], Nick-Seq [73], SSiNGLe [74] and GLOE-Seq
[75] (Table 1). Although the molecular steps involved
in generating sequencing libraries vary, they all rely on
the common principle of detecting SSBs by capturing
free 3’-OH termini.

SSB-Seq

An early attempt at genome-wide SSB mapping made
use of nick translation in the presence of digoxigenin-
labelled dUTP to label 3’-OH termini for subsequent
capture with an antibody, followed by standard
dsDNA library preparation (Fig. 2A) [71,72]. Omis-
sion of the digoxigenin label served as a negative con-
trol in this approach. Although in principle feasible,
SSB-Seq has not been thoroughly validated; therefore,
no information about resolution, sensitivity or
sequence bias is presently available. Although inclu-
sion of a small amount of dideoxynucleotides to
reduce the size of the labelled patches of DNA is used
to increase mapping resolution, the method is unlikely
to provide true nucleotide resolution, since the position

Fig. 1. Common methods for the detection and quantification of SSBs. Techniques based on bulk genomic DNA (left) or single cells or
nuclei (right) are depicted schematically to illustrate the principles by which SSBs are detected. While alkaline elution and the halo assay
exploit the increased mobility of small DNA fragments under denaturing conditions, the Northern Lights and the comet assay separate DNA
fragments by means of an electric field. Like nick translation of isolated DNA, the cell-based STRIDE assay marks 3’-OH termini by
polymerase-mediated extension with labelled nucleotides for detection by fluorescent antibodies or PLA with fluorescent oligonucleotides.
Similarly, the TUNEL assay makes use of TdT for tailing 3-OH ends with labelled nucleotides, and standard immunofluorescence detects
proteins associated with SSBs. PCR can be used to analyse SSBs in defined sequences via the inhibitory effect of a break on the

amplification of this template.
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of the lesion is lost during the random fragmentation
and end-polishing steps involved in library prepara-
= g’ tion. Nevertheless, SSB-Seq has the potential to detect
£ S very rare events, since the degree of labelling could in
*3 ” § principle be increased, at the expense of resolution, by
2 % é extending the nick translation reaction.
L o
g8E8
g = ‘E‘j é g z Nick-Seq
ué %;” o @ (3% % g %) Nick-Seq is perhaps a misnomer for a method
Qe > == designed to detect base lesions or modifications rather
” than SSBs (Fig. 2B) [73]. In fact, pre-existing 3’-OH
é ends are initially blocked by appending dideoxynu-
g cleotides. The lesions of interest are then converted
g enzymatically or chemically into clean 3’-OH termini
3 and further processed in parallel by two complemen-
Z’ tary strategies. One portion of the DNA is subjected
5 . é to nick translation using o-thio-dNTPs, which, upon
5 g = incorporation into DNA, form a nuclease-resistant
s & g IS phosphorothioate bond. Nonlabelled DNA is removed
% § = 2:8 with a cocktail of nucleases and the remaining phos-
= S 5 § 2 phorothioate-containing polynucleotides are converted
2 § S S K into sequencing libraries. The other portion is treated
ol § 22 é with terminal deoxynucleotidyl transferase (TdT) to
% 2. O §§§ add poly(dT) tails, which are then used to anneal
215 © 2 953 oligo(dA) primers for the synthesis of cDNA libraries
- by reverse transcriptase. High confidence signals are
“g identified by combining the results from both libraries.
- Thus, while each of the two strategies suffers from
c é § limitations such as high background (for nick transla-
3o gw_ tion) or poor resolution (for poly(dT) tailing), in com-
223 < bination they are capable of producing high-quality
%% :23 Z’ single nucleotide resolution maps of DNA damage.
g5 a8 Although certainly powerful, one potential limitation
é s 8 § of this two-pronged tactic is that it inherently requires
S g E § @ é a certain amount of penetrance for a lesion at a par-
212 o o2 § § s ticular site to be detected by both procedures. Nick-
S2lse o £282¢53 Seq’s biggest current limitation, its inability to detect
pre-existing nicks, could potentially be overcome by
2 simply omitting the initial blocking step as well as any
% further chemical or enzymatic treatment of the DNA,
g to map naturally occurring strand breaks.
° k)
- £ 8 .
E K 1§ SSiNGLe
E ﬁ ‘_éj = SSiNGLe (Single-strand break mapping at Nucleotide
- @ i o o 2 = Genome Level) is the first NGS-based method pur-
3|l = = = posely developed and properly validated for mapping
% 5= SSBs (Fig. 2C) [74]. However, like Nick-Seq and
8 é ‘g 5 . % g GLOE-Seq, it could be easily adapted to any lesion
- 22588 % i that can be converted, enzymatically or chemically, to
2 é % = 2 e i: E a nick with a free 3-OH group. In SSiNGLe, cells are
e initially crosslinked in situ with formaldehyde and
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processed to isolate nuclei. Next, high-molecular-
weight DNA is fragmented to a size compatible with
NGS using micrococcal nuclease (MNase), which gen-
erates 3’-PO, termini. After deproteinization and de-
crosslinking, TdT in the presence of dATP serves to
add poly(dA) tails selectively to all free 3’-OH termini.
In this manner, biologically significant SSBs are differ-
entiated from the 3/-POy-protected MNase-derived
breaks and can be directly subjected to amplification-
free sequencing on a Helicos/SeqLL sequencer, which
uses flow cells coated with oligo(dT) (SSiNGLe-SMS).
Because of the limited availability of this platform, the
authors also adapted their core library workflow for
the more commonly used Illumina system (SSiNGLe-
ILM) by limited linear amplification with an oligo(dT)
primer and subsequent poly(dC) tailing of the 3’ ends
of the newly generated DNA. Unwanted poly(dC) tail-
ing of any remaining oligo(dT) primer is prevented by
including three thymidine ribonucleotides at the 3’ end
of this primer, which cannot be extended by TdT. The
resulting  oligo(dT)/poly(dC)-tagged molecules are
PCR-amplified using primers that include oligo(dT)
and oligo(dG) tracts at their 3’ ends, respectively, and
relevant Illumina-compatible sequences at their 5
extremities. Once mapped, the 3’ end of a read marks
the original position of break.

Leveraging the unique features of the Helicos/SeqLL
platform to directly sequence the captured molecules at
their original break sites is an elegant approach because
it obviates the need for amplification and therefore
avoids the problem of ‘PCR duplicates’. These are iden-
tical reads derived from amplification of a single mole-
cule, which, in the context of break mapping, can
complicate quantification or distort the original repre-
sentation of sequences [76-78]. Direct comparison of
SSiNGLe-SMS and SSiNGLe-ILM on the same input
DNA yielded comparable results, indicating that ampli-
fication bias is unlikely to be problematic in SSiNGLe-
ILM. Nevertheless, accessibility to the Helicos/SeqLL
platform is at present very limited; thus, the Illumina-
based protocol is expected to become more widely used,
despite a few clear limitations.

N. Zilio and H. D. Ulrich

While introducing unique molecular identifier (UMI)
sequences into the oligo(dT) primer would allow the
elimination of PCR duplicates [79], the presence of
homopolymeric runs of nucleotides at both ends of each
read further complicates analysis on the Illumina sys-
tem, as accurate base calling requires all four bases to
be represented approximately evenly, especially during
the first few sequencing cycles. Employing patterned
flow cells could help; alternatively, cycles without imag-
ing could be used to bypass the homopolymers, or
libraries could be diluted by spiking in a whole-genome
library, such as one produced from the phi X174 gen-
ome, at the expense of relevant sequencing output.
Another caveat concerns the use of MNase for frag-
mentation, which produces unligatable 3'-PO, termini
and thus cannot be used in situations where this type of
modification is of interest. After all, 3'-PO,, together
with 3/-phosphoglycolate, represent the majority of
direct SSBs inflicted by reactive oxygen species [2].
Treatment with a phosphatase before poly(dA) tailing
of 3’ ends and replacing the MNase treatment with a
mechanical fragmentation step after the tailing reaction
would overcome this problem. Finally, SSiNGLe suffers
from the same inherent limitation as other poly(dA)
tailing-based methods, that is the inability to accurately
map SSBs adjacent to one or more dA residues.

GLOE-Seq

GLOE-Seq (Genome-wide Ligation of 3’-OH Ends) has
been developed to specifically map pre-existing 3'-OH
groups but has also been validated for a number of
base lesions (Fig. 2D) [75]. It employs tried-and-tested
steps from protocols originally designed for mapping
modified bases [80], but combines them in a unique
fashion and optimizes the entire workflow to efficiently
capture and recover SSBs. Genomic DNA is initially
heat-denatured to make free 3’-OH termini accessible
for ligation to a proximal adaptor that bears a random
single-stranded hexanucleotide overhang at one end and
a biotin moiety at the other. After removal of excess
unligated proximal adaptor, the ligated DNA is

Fig. 2. NGS methods for the genome-wide mapping of SSBs. (A) SSB-Seq makes use of nick translation to label and subsequently capture
sequences terminating with a 3'-OH group. (B) Nick-Seq exploits a combination of nick translation (left) and poly(dT) tailing (right) to identify
3’-OH termini. The need for capturing the labelled DNA is overcome by using nuclease-resistant nucleotide analogues for nick translation
(left) and selective reverse transcriptase (RT)-mediated template switching followed by amplification of the tailed DNA (right). (C) SSINGLe
relies on poly(dA) tailing of 3'-OH termini. Conversion to lllumina (ILM)-compatible libraries involves additional tailing and ligation of specific
adaptors. (D) GLOE-Seq (scheme adapted from Ref. [75]) is based on the direct ligation of 3’-OH termini to an adaptor containing an
overhang of 6 random nucleotides, followed by capture, second-strand synthesis and amplification of the captured DNA.
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fragmented to 200-300 nt and captured on streptavidin
beads. The purified ssDNA is converted to dsDNA and
then ligated to a second, distal, adaptor, which allows

Mapping the SSBreakome with NGS tools

its amplification by PCR in preparation for Illumina
sequencing. After mapping, the 5 end of a read pin-
points the original location of a 3'-OH.

A SSB-Seq

l Nick translation with
DIG-labelled dUTP

TWWWHW

| Fragmentation & capture

Anti-DIG beads

Adaptor ligation
l & amplification

ettt

B Nick-Seq

Nick translation with ST Denaturation &
a-thio-dNTPs/ \poly(dT) tailing

e
ST
Degradation of
unlabelled DNA ¥ _
l Extension/template
s switching by R

Poly(dT) tailing &
extension/template
switching by RT

YT

Adaptor ligation
& amplification |

TTIYYWTITIT IO

T

Adaptor ligation
l & amplification

C SSiNGLe-ILM

| MNase-based
fragmentation

| Denaturation &
poly(dA) tailing

—

| Extension by RT &
poly(dC) tailing

TTTITT

Adaptor ligation
| & anqplific%tion

T

—

D GLOE-Seq

| Denaturation
Biotinylated adaptor

————

l Proximal adaptor ligation

»
LT

| Fragmentation & capture
—°—’* StrAv beads

12”d strand synthesis, distal

Distal adaptor *adaptor ligation & amplification

[EENRERERRRRNENAREEN

TIIITt sample DNA extension, 2" strand synthesis ° 3-OH - dA
— nick translation * 3'-PO4 - dT
adaptors s (a-thio-dNTPs) * 3'-H (ddNMP) -dG
Tt _
dC
The FEBS Journal 288 (2021) 3948-3961 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3955

Federation of European Biochemical Societies



Mapping the SSBreakome with NGS tools

GLOE-Seq’s biggest advantage is that 3’-OH ends
are directly captured in preparations of total, intact
genomic DNA and fragmentation is delayed until after
ligation to the biotinylated adaptor. This ensures that
very little unwanted ‘technical’ background is intro-
duced due to handling the DNA during library prepa-
ration. Paradoxically, however, this virtue has also
revealed a problematic feature inherent in all methods
based on 3’ end capturing: GLOE-Seq efficiently
detects what appears to be a biologically meaningful,
and therefore unavoidable, ‘background’ pattern of
SSBs (see below).

Like SSiNGLe, and most other sequencing work-
flows based on the Illumina platform, GLOE-Seq in
its current form cannot determine whether identical
reads represent PCR duplicates or originated from two
independent breaks at the same location. However,
unlike in SSiNGLe, this limitation can be circum-
vented in GLOE-Seq by introducing UMIs in either
the proximal or the distal adaptor.

GLOE-Seq also has a size limitation: the need to
remove unincorporated oligonucleotides/adaptors of
various stages of library preparation translates into
poor recovery of DNA fragments smaller than 100 nt.
This means that multiple events in close proximity
cannot be efficiently detected. Whether SSiNGLe or
Nick-Seq handle closely spaced events any better has
not been reported.

Applications and implications

SSiNGLe and GLOE-Seq have provided us with a first
glimpse into the previously unknown genome-wide dis-
tribution of spontaneous SSBs in both yeast and
human cells. Unexpected biases and asymmetries in
the cellular SSBreakome revealed in this manner
underscore the importance of investigating the under-
lying mechanisms responsible for SSB formation and
processing.

First and foremost, it has become clear that SSBs
are not distributed randomly in the genome. In unper-
turbed yeast cells, SSBs are highly enriched around
centromeres and in well-defined peaks within pericen-
tromeric areas [75]. The former may well represent
sites of topological stress or topoisomerase activity,
but the origin of the latter is unclear and deserves fur-
ther investigation. In human cultured cells, GLOE-
Seq, which detects the 3’ ends of both SSBs and DSBs,
has revealed a transcription-dependent depletion of
breaks around transcription start sites, a pattern con-
trary to that of DSBs as detected by END-Seq [81]
and illustrating the predominance of SSBs over DSBs
even at loci where DSBs accumulate. In contrast,
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SSiNGLe analysis reports the strongest overlap of
SSBs with promoters within coding regions [74], a
finding echoed by SSB-Seq data [71]. The reason for
this discrepancy is unclear but may be related to the
use of different cell types. SSiNGLe also revealed an
enrichment of breaks at exons and other transcrip-
tional regulatory elements, active histone marks and
CTCF binding sites, but not introns. The difference
between introns and exons, identified by GLOE-Seq
only for apparently untranscribed genes, is intriguing
and should be further pursued.

Other correlations between the SSiNGLe SSBrea-
kome and functionally relevant genomic regions
include an enrichment of breaks at early replicating
regions. Fork stalling and collapse at poly(dA:dT) loci
often found adjacent to replication origins [82] could
explain this phenomenon. In this case, SSiNGLe
would likely underestimate the incidence of breaks
because of its problems with reads within poly(dA)
stretches. Breaks were also found to correlate with
satellite repeats, topoisomerase ITA cleavage clusters,
SNPs and evolutionarily less conserved loci, which
would be consistent with the mutagenic nature of
DNA damage [83,84]. Remarkably, the association of
breaks with sequence variants is not constant through-
out the genome. For example, a depletion within exons
suggests that different parts of the genome experience
different levels of DNA damage and/or repair.

Perhaps the most intriguing finding presented by
SSiNGLe is that specific biological states, for example
cell type, particular treatments or even age of the
organism, appear to be associated with unique, identi-
fiable genome-wide SSB patterns. Not only will this
information provide new insight into disease and
development, but if correlations between the specific
SSBreakome of a diseased state, such as cancer, and
its response to a drug can be identified, the use of such
patterns as biomarkers is worth exploring further.

GLOE-Seq data have raised the intriguing possibility
that nicks or gaps formed during excision of ribonu-
cleotides mis-incorporated in DNA might be a signifi-
cant source of ‘spontaneous’ SSBs. In unperturbed
yeast and human cells, the incidence of SSBs follows
the activity of the leading strand-specific DNA poly-
merase €. This bias is unexpected given that SSBs
should emerge on the lagging strand with a consider-
ably higher frequency than on the leading strand, due
to its discontinuous synthesis. Accordingly, GLOE-Seq
in combination with depletion of the replicative DNA
ligase I has allowed the reliable mapping of replication
origins by means of a lagging strand bias of SSBs.
However, polymerase € mis-incorporates ribonucleotides
about four times as frequently as the lagging strand-
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specific DNA polymerase 6 [85]. The leading strand bias
in ligase-competent cells could therefore suggest that
mis-incorporated ribonucleotides are processed signifi-
cantly more slowly than unligated Okazaki fragments.
Intriguingly, an alternative explanation for this bias has
been proposed in a very recent report that made use of
yet another 3’-end capturing strategy, called TrAEL-
seq, designed specifically to map 3'-overhangs of
resected DSBs [53]. Here, TdT is used to append a
short tail of 1-3 (ribo-)adenosine nucleotides that is
ligatable to a suitable adaptor by a specialized RNA
ligase. Since TdT requires at least 3 nucleotides of
ssDNA [86], TrAEL-seq should capture protruding sin-
gle-stranded 3’-ends with much better efficiency than
SSBs with annealed termini. Nevertheless, application
of the procedure to undamaged DNA produced an even
stronger lagging strand bias than GLOE-Seq, which led
the authors to propose that partially or fully reversed
replication forks could be responsible for the pattern.

These findings highlight an inherent, and unfortu-
nately most likely insurmountable, limitation of all
methods designed to capture DNA ends. They imply
that the mapping of any SSBs, whether arising from
the action of genotoxins or generated as intermediates
of DNA repair, recombination or replication, has to
be performed against a significant, possibly biologi-
cally meaningful ‘background’.

Future developments

With a handful of techniques released in just over a
year, the field of SSB mapping is still in its infancy,
leaving significant scope for further improvements.

For example, methods for absolute quantification of
breaks will need to be implemented. As a first step,
UMIs — although not without caveats [87] — would
help eliminate reads derived from PCR duplicates and
therefore allow an estimation of the ‘true’ number of
breaks per cell [57]. PCR-derived biases and distor-
tions [78] could be further reduced by linear or quasi-
linear amplification methods [88-91]. An interesting
alternative to UMIs, developed specifically for DSBs
but easily adaptable to SSBs, uses ‘spike-in’ DSBs,
generated by predigesting samples with a rare-cutting
restriction enzyme, to quantify biologically relevant
DSBs via comparison [87].

Sensitivity of detection and minimization down to
the single-cell level are important issues to be tackled,
as cell-to-cell variation can have significant conse-
quences for the behaviour of a population [92,93] and
should therefore be taken into account when assessing
the SSBreakome in the context of diseases such as can-
cer or of developmental processes.

Mapping the SSBreakome with NGS tools

Complementary to the approach of mapping 3'-OH
ends, developing corresponding procedures for captur-
ing 5’ termini would be a valuable addition to the cur-
rent toolbox, particularly on a single-cell scale. For
termini on the same strand, simultaneous mapping of
both ends would be useful for investigating Okazaki
fragments or postreplicative daughter-strand gaps [94—
96]. When applied to DSBs, this strategy has the poten-
tial to access untapped information about the process-
ing of such lesions. So far, all protocols developed for
DSBs suffer from one major drawback: in preparation
for DSB capture, the 3'-ssDNA overhangs generated by
the cell during the resection process are removed to
produce blunt ends compatible with adaptor ligation,
thus effectively obfuscating the original position of the
break. Individual capture of both ends would overcome
this limitation. Even the current GLOE-Seq method has
been used to reveal exposed 3’ overhangs of genomic
DSBs. In combination with DSB-specific protocols or
by carefully avoiding denaturation of the genomic
DNA, a differentiation between SSBs and (resected)
DSBs should thus become possible. Adaptation to the
single-cell scale could then provide unprecedented
insight into matched pairs of 5" and 3’ termini.

Last but not least, advances in third-generation
sequencing platforms, such as nanopore-based
sequencing (e.g. Oxford Nanopore) [97], promises new
opportunities for simplified SSB mapping. Following
heat denaturation of genomic DNA and one-step liga-
tion of relevant adaptor-motor enzyme complexes for
nanopore sequencing, protocols for the sequencing of
ssDNA fragments [98] could potentially reveal the
positions of 5 and 3’ extremities resulting from SSBs
directly and without PCR amplification, and even pro-
vide information about their absolute frequency.

Conclusion

The ever-increasing number of NGS-based tools testifies
to the notion that applications of high-throughput
sequencing have by now well outgrown their original
purpose of assembling new genomes or detecting
sequence variants. Compared to such staple technology
as RNA-Seq and ChIP-Seq, the development of NGS
methods designed to detect DNA damage at single
nucleotide resolution has somewhat lagged behind. This
is particularly true for SSBs, which, unlike DSBs, have
only very recently been tackled productively — partly
due to technical challenges involved in capturing such
lesions, but possibly also because they are often per-
ceived to be less dangerous. SSBs arguably pose less of a
risk to a cell’s survival than DSBs. However, arising
both from the direct action of several genotoxins and as
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common intermediates of most DNA transactions, they
are no less biologically meaningful and capable of shap-
ing the genome, not only in evolution but also in cancer
development. The value of reliable techniques for gen-
ome-wide mapping of SSBs is clear: they have revealed
intriguing physiological patterns of SSBs along the gen-
ome that have already raised a multitude of questions
and should pave the way for a new age of studying the
underlying molecular processes of genome maintenance.
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