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The main objective of this research is the development of a method to

guantify and localize DNA single-strand breaks (SSBs) in the genome. SSBs are discontinuities in one

strand of the DNA double helix. It is one of the most frequent damage in the DNA and its mainly

produced by endogenous sources, although it can be also the consequence of exposure to UV,
irradiation or to genotoxic agents. | have developed a method to quantify and localize DNA
single-strand breaks (SSBs) in the genome. After checking the sensitivity detecting induced SSBs in

vitro and in vivo | applied it to map the activity of Topoisomerase 1 in the genome, which creates a

SSB as part of its catalytic cycle.
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1. WERBYPIDER (Background at the beginning of the research)

The main objective of this research is the development of a method to quantify and localize DNA
single-strand breaks (SSBs) in the genome. SSBs are discontinuities in one strand of the DNA
double helix. It is one of the most frequent damage in the DNA and its mainly produced by
endogenous sources, although it can be also the consequence of exposure to UV, irradiation or
to genotoxic agents. The most common sources of SSBs are: (1) oxidative attack on bases or
nucleotides, (2) intermediate products of the Base Excision Repair (BER) pathway, (3) aborted
activity of DNA topoisomerases (4) base modifications by APOBEC and TET proteins and (5)
intermediates of DNA replication, recombination. Unrepaired SSBs can result in genome
instability by causing DNA replication stress, transcriptional stalling, and excessive PARP
activation leading to DNA double-strand breaks (DSBs). Accumulation of SSBs is implicated in
pathologies of cancer, neurodegenerative diseases, and heart failure. SSBs have received much
attention recently as defects in its repair are associated with neurological disorders. In order to
understand better the origin and repair of this type of DNA damage is important to develop a
quantitative method that map the location, persistence, structure, and rate of generation.

2. WD B (Purpose of research)

Although DNA single-strand breaks (SSBs) is one of the most common damage in the DNA, how
SSBs are generated, sensed, repaired, and signaled remains still incomplete, largely because of
the lack of efficient methods to detect them. Only in the recent years, Next-generation sequencing
technologies opened the development of genome-wide mapping methods for mapping DNA
damage. Here, | propose the development of a method to quantify and localize DNA single-strand
breaks (SSBs) in the genome.

3. WD (method of research)

| have proposed the following research plan:

-1- Development of a methodology to map in the genome DNA single strand breaks. |
tried 2 different approaches to label, purify and sequence SSB:

(i) Direct ligation of sequencing adapter to the SSB, based on the ligation of a biotin-
labelled DNA sequencing adapter to the 3'-OH end of the SSB.

(i) SSB labeling by nick translation. Nick translation incorporation of biotynilated
nucleotides to the SSB.

In both cases, after labeling in each approach, genomic DNAis is sheared and fragments
containing the SSB captured with streptavidin beads, ligated to sequencing adapters,
PCR amplified and sequenced.

To test he specificity and sensitivity of the approaches, | used a nicking endonuclease
that cleaves only one strand of DNA in vitro, and also CRISPR/CAS9-nickase, in vivo.
-2- Characterization of SSBs produced by Topoisomerase | (TOP1). During the TOP1
normal catalytic cycle, the enzyme creates a SSB and forms a covalent intermediate that
can be used stabilized using drugs and used to map the activity of TOP1 in the genome.

4. IR (research results)

| developed a method based on the direct ligation of a sequencing adapter to the 3' end of the
SSB. After checking the sensitivity detecting induced SSBs in vitro and in vivo | applied it to map
the activity of Topoisomerase | in the genome, which creates a SSB as part of its catalytic cycle.

-1- Development of a methodology to map in the genome DNA single strand breaks.



To avoid artificial generation of SSBs as a result of mechanical shearing during sample
preparation, | embed live cells in agarose and after digestion of proteins and RNA | performed the
enzymatic reactions inside of agarose plugs, based on a previous method that | developed to map
DNA double-strand breaks in the genome (END-seq). | assayed 2 different approaches to label
and capture SSB (Figure 1):

(i) Direct ligation of a biotinylated sequencing adapter to the SSB. | used a biotin-labelled DNA
sequencing adapter to ligated directly to the 3’-OH of the SSB. The sequencing adapter starts in
the 5' with the sequence of the lllumina p5, in this way the first base sequenced corresponds to
the first base of the SSB.

(i) SSB labeling by nick translation. The 3'OH end of the SSB is used for nick translation
incorporation of biotinylated nucleotides to the SSB followed by ligation of the two ends of the
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Figure 1. Detection of single-strand breaks. After RNAse and Proteinase K digestion of cells embedded in agarose plugs, (1) a biotin-
labeled single stranded oligonucleotide sequencing adapter is ligated to the 3’-OH of the SSB. Other approach, (2) is labelling SSBs

by nick translation using biotin-dNTPs. In both cases, after the DNA is recovered and sheared, fragments with SSB are captured with
streptavidin beads and sequencing adapters ligated allowing PCR amplification and sequencing.
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In both approaches, the DNA was recovered from the melted agarose plugs, sheared and the
fragments containing the SSB labeled with biotin are captured with streptavidin beads, ligated to
sequencing adapters, PCR amplified and sequenced. To setup and compare both approaches we
used a nicking endonuclease Nt.BspQl to induce sequence specific SSBs in the DNA inside of
the agarose plugs. Both approaches worked to detect Nt.BspQl SSB, but the direct ligation
approach allowed to identify the position of the SSB at nucleotide resolution and the strand
specificity. In contrast in the nick translation approach although it was very sensitive it lacks the
information about SSB position and strand as the whole fragment is capture with streptavidin and
sequencing adapters are ligated at the DNA ends of the fragment generated during the shearing.
Next, | tried CRISPR Cas9 nickases D10A and H840A, that cleave the target and non-target
strand respectively, both in vitro (inside of the agarose plug) and in vivo, inducing their expression
in Abelson-immortalized mouse preB cells arrested in G1. The direct ligation approach was
successfully able to detect both in vitro and in vivo the SSBs and the strand specificity.

-2- Characterization of SSBs produced by Topoisomerase | (TOP1).

Next, | used the direct ligation approach to map in the genome the activity of Topoisomerase |
(TOP1). TOP1 relaxes supercoiling during transcription and replication by generating a transient
SSB that we can use as a readout of its activity. During this process, TOP1 covalently binds to
the 3' of the SSB forming a short-lived protein-DNA intermediate and the 5' can rotate around the
unbroken strand releasing the torsional stress. TOP1 poisons such us camptothecin, can trap
TOP1 in the covalent complex. | briefly treated with camptothecin G1 arrested Abelson-
immortalized mouse preB cells and mapped TOP1-induced SSBs. After digestion of proteins and
RNA, the 3'-tyrosine was removed by treatment by TDP1 followed by removal of the resulting 3'-
phosphate by PNK, and SSBs were mapped using the direct ligation approach. | found that the
activity of TOP1 is in actively transcribed genes both in the TSS and in the gene bodies, and the
activity correlates with transcription.
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