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Abstract

The structure of broken DNA ends is a critical determinant of the pathway used for DNA double 

strand break (DSB) repair. Here, we develop an approach, hairpin capture of DNA end structures 

(HCoDES), which elucidates chromosomal DNA end structures at single nucleotide resolution. 

HCoDES defines structures of physiologic DSBs generated by the RAG endonuclease, as well as 

those generated by nucleases widely used for genome editing. Analysis of G1-phase cells deficient 

in H2AX or 53BP1 reveals DNA ends that are frequently resected to form long single-stranded 
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overhangs that can be repaired by mutagenic pathways. In addition to 3′ overhangs, many of these 

DNA ends unexpectedly form long 5′ single-stranded overhangs. The divergence in DNA end 

structures resolved by HCoDES suggests that H2AX and 53BP1 may have distinct activities in 

end protection. Thus, the high-resolution end structures obtained by HCoDES identify new 

features of DNA end processing during DSB repair.

Introduction

The structure of broken DNA ends plays a pivotal role in directing DNA double strand break 

(DSB) repair by either homologous recombination (HR) or non-homologous end joining 

(NHEJ) (Ciccia and Elledge, 2010; Huertas, 2010; Symington and Gautier, 2011). HR uses 

the sister chromatid as a template for precise DSB repair in S and G2 phase cells. Initiation 

of HR requires that broken DNA ends be resected to form long 3′ single-stranded DNA 

(ssDNA) overhangs. In mammalian cells, the Mre11 and CtIP nucleases initiate resection 

and, along with other nucleases, generate long 3′ ssDNA overhangs, which are bound by the 

RPA complex, initiating DSB repair by the HR pathway (Huertas, 2010; Makharashvili et 

al., 2014; Sartori et al., 2007; Symington and Gautier, 2011; Wang et al., 2014).

In contrast to HR, NHEJ directly ligates broken DNA ends during all phases of the cell cycle 

and is the main DSB repair pathway in G1 (Lieber, 2010). Extensive resection of DNA ends 

prior to NHEJ could generate potentially harmful chromosomal deletions. Moreover, 

formation of ssDNA overhangs prevents efficient repair by NHEJ and, in G1-phase cells, 

may allow DNA ends to access mutagenic repair pathways that have been implicated in the 

formation of chromosomal deletions and translocations (Gostissa et al., 2011; Huertas, 

2010). Thus, mechanisms must be in place to limit DNA end resection prior to NHEJ-

mediated repair. The core NHEJ factors include DNA ligase IV, XRCC4 and the Ku70/80 

heterodimer (Lieber, 2010). Ku70/80 binds double stranded, but not single stranded, DNA 

with high affinity, possibly explaining why NHEJ does not efficiently repair ends with 

significant ssDNA overhangs (Blier et al., 1993; Foster et al., 2011; Grundy et al., 2014). 

DNA Ligase IV ligates broken DNA ends, while XRCC4 binds to DNA Ligase IV and 

stimulates its activity (Lieber, 2010).

In addition to genotoxic DSBs, NHEJ is also required to repair physiologic DSBs generated 

during processes such as V(D)J recombination, the reaction that assembles antigen receptor 

genes in developing lymphocytes (Helmink and Sleckman, 2012). V(D)J recombination is 

initiated when the RAG endonuclease introduces DNA DSBs at a pair of recombining gene 

segments (Bassing et al., 2002; Fugmann et al., 2000). RAG cleavage forms pairs of hairpin-

sealed coding DNA ends and blunt signal ends, which are processed and joined by NHEJ to 

form a coding joint and signal joint, respectively (Fugmann et al., 2000; Helmink and 

Sleckman, 2012). Coding joint formation also depends on the Artemis endonuclease, which 

must open hairpin-sealed coding ends before they can be joined by core NHEJ factors (Ma 

et al., 2002). Like Artemis, Mre11 can open hairpin-sealed DNA ends and functions in the 

repair of RAG DSBs as part of the Mre11-Rad50-Nbs1 (MRN) complex (Helmink et al., 

2009; Paull and Gellert, 1998). However, neither Mre11 nor other cellular nucleases can 
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efficiently open hairpin-sealed coding ends in Artemis-deficient cells (Rooney et al., 2002). 

Thus, protective pathways are in place to limit nucleolytic activity at RAG DSBs.

An important component of this DNA end protective pathway is the histone variant H2AX, 

as demonstrated by the rapid opening and subsequent resection of hairpin-sealed coding 

ends in lymphocytes deficient in Artemis and H2AX (Helmink et al., 2011). The protective 

function of H2AX relies on its phosphorylation by the ATM kinase to form γ-H2AX in 

chromatin flanking RAG DSBs (Chen et al., 2000; Helmink et al., 2011; Savic et al., 2009). 

γ-H2AX concentrates repair factors, such as 53BP1, to DSB sites (Celeste et al., 2003; 

Fernandez-Capetillo et al., 2004; Lukas et al., 2004). In this regard, 53BP1 is also required 

to limit nuclease activity at RAG DSBs (Difilippantonio et al., 2008; Tubbs et al., 2014). 

Resected coding ends in H2AX or 53BP1-deficient lymphocytes are not joined efficiently 

by core NHEJ factors (Helmink et al., 2011; Tubbs et al., 2014). Moreover, the coding joints 

that do form can harbor significant deletions (Helmink et al., 2011). Similar to resection 

during HR in S and G2 phase cells, resection of coding ends in G1-phase lymphocytes 

deficient in H2AX or 53BP1 requires the CtIP nuclease (Helmink et al., 2011; Tubbs et al., 

2014). Thus, H2AX and 53BP1 prevent the nucleolytic machinery of the HR pathway from 

functioning at RAG DSBs in G1-phase lymphocytes. When this protection fails, DNA ends 

can be resected and joined through pathways that promote genome instability. However, the 

structural features of the resected DNA ends that channel DSBs to mutagenic repair 

pathways are not known.

Current approaches for assessing DNA end structures are low resolution and provide little 

information about precise structures. For example, deposition of ssDNA-binding proteins, 

such as RPA or Rad51, at DSBs can be used to judge whether an end has a significant 

ssDNA overhang, while the loss of restriction enzyme sites near a targeted DSB can provide 

a low resolution map for the average extent of resection (Zhou et al., 2013). These 

approaches cannot distinguish between 5′ and 3′ ssDNA overhangs, which may have a 

differential ability to access aberrant repair pathways, nor can they determine individual 

DNA end structures and sequence features that may guide DNA end processing and repair 

outcome. We now describe a novel approach, termed Hairpin Capture of DNA End 

Structures (HCoDES), which elucidates chromosomal broken DNA end structures with 

single nucleotide resolution. Using this approach, we identified the spectrum of DNA end 

structures at RAG DSBs in G1-phase lymphocytes lacking either H2AX or 53BP1. In 

addition, we show that HCoDES can be used to reveal broken DNA end structures generated 

by other nucleases, such as Cas9 and zinc finger nucleases, which are frequently used for 

genome editing (Kim and Kim, 2014). Our findings establish HCoDES as an important new 

approach for elucidating the structure of broken DNA ends at DSBs generated in vivo by a 

variety of nucleases throughout the genome.

Results

Hairpin capture of DNA end structures (HCoDES)

The general scheme for HCoDES is shown in Figure 1A. In brief, we reasoned that nearly 

any open-ended double stranded DNA break present in genomic DNA could be converted, 

by treatment with a ssDNA ligase, into a hairpin, which would capture the precise positions 
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of the 5′ and 3′ end of each strand. The resultant hairpins could be amplified by PCR using 

complementary primers for a given sequence near the DSB if base pairing within the hairpin 

is first disrupted by chemical conversion with bisulfite. Using this approach, PCR products 

would contain all of the sequence information for resolving structures of individual DSB 

DNA ends (Figures 1A).

We took a stepwise approach to explore the feasibility and optimization of the HCoDES 

technique. To test the efficiency of hairpin formation, KpnI-digested genomic DNA (4 

nucleotide 3′ ssDNA overhangs) was treated with a thermostable form of T4 RNA ligase 

that can ligate ssDNA (hereafter referred to as ssDNA ligase) (Figure S1A) (Blondal et al., 

2005). To improve ligation efficiency, DNA was ligated at 60°C in the presence of betaine, 

which lowers the melting temperature of DNA, allowing for single strand formation at the 

DNA end. Under denaturing Southern blot conditions, non-ligated KpnI fragments 

dissociate into single strands that migrate at a lower molecular weight than the native duplex 

(Figure S1B). However, following ssDNA ligation, if the top and bottom strands are 

covalently linked, they cannot dissociate after denaturation (Figure S1B). Denaturing 

Southern blot analysis revealed that the majority of the KpnI digested DNA ends were 

converted to hairpins upon ligation with the ssDNA ligase (Figure S1B). Analysis of DNA 

digested with ScaI (blunt ends) and AvrII (4 base pair 5′ overhang) yielded similar results 

(data not shown).

Next, we tested whether hairpin-sealed DNA ends could be amplified for sequencing. 

Bisulfite treatment of DNA converts cytosine to uracil, creating U-G mismatches that 

destabilize the duplex, and permits PCR amplification of hairpin-sealed DNA ends (Figure 

1A, OF and OR oligonucleotides) (Laird et al., 2004). Forward (KpnF) and reverse (KpnR) 

oligonucleotides positioned 150 base pairs downstream of a KpnI site were designed to 

anneal to bisulfite-converted DNA (Figure S1C). Primary PCR amplification using these 

oligonucleotides generates a 0.3 kb product (Figure S1D). The Miseq sequencing adapters 

were then added in a secondary PCR using the Miseq-KpnF and Miseq-KpnR 

oligonucleotides, and the resulting 0.4 kb PCR product was subjected to Miseq deep 

sequencing (data not shown). Analysis of 98,320 sequences from pooled triplicate reactions 

revealed that 98% correspond to the predicted sequence for a 4 nucleotide 3′ overhang 

generated by KpnI digestion (Figure S1E and data not shown). Similar results were obtained 

from analysis of genomic DNA digested with ScaI (blunt) and AvrII (4 nucleotide 5′ 

overhang) (data not shown). We conclude that broken chromosomal DNA ends can be 

efficiently ligated, amplified, and sequenced to reveal DNA end structures at single 

nucleotide resolution.

Chromosomal coding end structures

RAG DSBs can be induced in pre-B cell lines transformed by the v-abl kinase, hereafter 

referred to as abl pre-B cells (Bredemeyer et al., 2006). Treatment of these cells with the abl 

kinase inhibitor imatinib leads to G1 cell cycle arrest, induction of RAG, and the initiation 

of V(D)J recombination at the endogenous immunoglobulin light chain kappa (Igk) locus 

and chromosomally integrated retroviral recombination substrates, such as pMX-DELCJ 

(Figure 1B and S2A) (Bredemeyer et al., 2006; Muljo and Schlissel, 2003). Induction of 
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RAG in DNA ligase IV-deficient abl pre-B cells with single pMX-DELCJ integrants 

(LigIV−/−:DELCJ) results in the generation of coding ends at the Igk locus (Jk coding ends) 

and at pMX-DELCJ. These coding ends are not repaired due to the deficiency of DNA 

Ligase IV (Figure 1C and S2B).

Denaturing Southern blot analysis reveals that, in DNA Ligase IV-deficient abl pre-B cells, 

most hairpin-sealed pMX-DELCJ coding ends have been opened in vivo by Artemis (Figure 

1D). Ligation of these coding ends with the ssDNA ligase in vitro readily converts them to 

hairpin-sealed DNA ends (Figure 1D). Moreover, the ssDNA ligase renders Jk1 coding ends 

in DNA Ligase IV-deficient abl pre-B cells resistant to treatment with exonucleases in vitro, 

indicative of hairpin formation (Figure S2C). Ligated and non-ligated genomic DNA from 

LigIV−/−:DELCJ abl pre-B cells was bisulfite treated and amplified with the appropriate 

primary and secondary oligonucleotides to amplify and sequence Jk1 and pMX-DELCJ 

coding ends (Table S1). The resulting PCR products were then deep sequenced (Figure 1E 

and S2D, FL).

For all experiments, triplicate PCR products from two independent cell lines of each 

genotype were sequenced to comparable read depths using Miseq massively parallel 

sequencing. To identify the full spectrum of DNA end structures from sequencing data, we 

developed an analysis pipeline composed of open-source software and custom programs 

(Figure S3A). This pipeline was applied to sequence data from LigIV−/−:DELCJ abl pre-B 

cells to determine the 5′ and 3′ termini of each coding end and whether these DNA ends 

formed 5′ (blue) or 3′ (red) ssDNA overhangs or were blunt (green) (Figures 2A, 3 and S4). 

Most pMX-DELCJ and Jk1 coding ends are resected less than 15 bases on either the top or 

bottom strand. More than half of these coding ends contain 3′ overhangs with the remainder 

being blunt or having 5′ overhangs (Figures 2A, 3 and S4).

HCoDES reveals a bias for coding ends with 5′ termini at nucleotide 3 (20%) of pMX-

DELCJ and nucleotide 5 (40%) of Jk1 (Figure 2A). To assess the frequency of DNA end 

structures with specific 3′ and 5′ termini we generated heat maps, as schematized in Figure 

S3B. These analyses revealed that pMX-DELCJ coding ends with 5′ termini at nucleotide 3 

primarily have 1 or 2 nucleotide 3′ ssDNA overhangs (Figure 2B, pMX-DELCJ arrow). At 

Jk1 coding ends, the abundant 5′ termini at nucleotide 5 primarily form 1–4 nucleotide 3′ 

ssDNA overhangs (Figure 2B, Jk1 arrow). These differences in pMX-DELCJ and Jk1 coding 

end structures may, in part, reflect the activity of Artemis in opening hairpin-sealed coding 

ends at distinct RAG DSBs in vivo (see Discussion) (Lu et al., 2007; Ma et al., 2002). Thus, 

HCoDES reveals that coding ends are minimally resected after RAG cleavage and 

demonstrates a bias for formation of short 3′ overhangs with preferred 5′ termini.

Structure of DSBs generated by genome editing nucleases

DNA DSBs generated by the Cas9 nuclease and a zinc finger nuclease (ZFN), two 

commonly used genome-editing enzymes, were analyzed by HCoDES (Kim and Kim, 

2014). Cas9 forms a blunt DNA end three base pairs from the protospacer adjacent motif 

(PAM) flanking the guide RNA complementary sequence (Kim and Kim, 2014). Cas9 and a 

guide RNA (Eb:gRNA) to a region on chromosome 6 were expressed transiently in LigIV−/− 

abl pre-B cells arrested in G1 with imatinib, leading to robust generation of Cas9-induced 
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DSBs (Figure S5A and S5B). HCoDES analyses using oligonucleotides ~180 base pairs 

from the target DSB site identified the most abundant DNA end structure (~20%) as the one 

expected for Cas9 cleavage 3 base pairs from the PAM sequence, with 5′ and 3′ termini at 

nucleotide 12 (arbitrary numbering) (Figure 2C and S5C). Most of the remaining DNA ends 

have 5′ and 3′ termini between positions 12 and 25 (Figure 2C). Although these DNA ends 

could reflect distinct Cas9 cleavage sites, they could also reflect resection of DNA ends 

generated at the expected Cas9 cleavage site. Notably, some blunt DNA ends terminate at 

nucleotide 11, and some with 3 nucleotide 5′ overhangs terminate at nucleotide 10 (Figure 

2C). These DNA ends are longer than expected, and thus could not be generated by 

resection of DSBs generated by Cas9 cleavage 3 base pairs from the PAM.

To determine the structure of DNA ends generated by ZFNs, we used a previously described 

pair of zinc finger - Fok1 nuclease fusions (collectively referred to as Eb:ZFN) that 

introduce a DSB at a location similar to that of the Cas9 and Eb:gRNA (Figure 2C) (Tubbs 

et al., 2014). Fok1 cleavage generates 4 nucleotide 5′ ssDNA overhangs, and this cleavage 

could occur in three different registers in the six base-pair region between the ZFN binding 

sites (Figure 2C) (Kim and Kim, 2014). Efficient generation of DSBs by Eb:ZFN was 

induced using doxycycline in LigIV−/− abl pre-B cells arrested in G1 (Figure S5D). 

HCoDES analyses of these DNA ends reveal that many have 5′ and 3′ termini within the 6 

base pair spacer region (Figures 2C and S5E). DNA ends shorter than expected and those 

without 4 base pair 5′ ssDNA overhangs could be generated by resection of appropriately 

cleaved DNA ends. In contrast to the analysis of Cas9 cleavage, we do not find Eb:ZFN 

DSBs with termini longer than expected, suggesting that cleavage by the Eb:ZFN is 

restricted primarily to the spacer region.

H2AX and 53BP1 prevent the generation of 3′ and 5′ ssDNA overhangs

Coding ends in abl pre-B cells deficient for DNA Ligase IV and either H2AX 

(LigIV−/−:H2AX−/−:DELCJ) or 53BP1 (LigIV−/−:53BP1−/−:DELCJ) are extensively 

resected (Figure S6A) (Helmink et al., 2011; Tubbs et al., 2014). HCoDES was carried out 

on pairs of independently derived LigIV−/−:H2AX−/−:DELCJ and LigIV−/−:

53BP1−/−:DELCJ abl pre-B cells. Coding end PCR products were heterogeneous in size, 

with most being smaller than expected for full-length pMX-DELCJ or Jk1 coding ends 

(Figure S6B and data not shown). Indeed, pMX-DELCJ coding ends in 

LigIV−/−:H2AX−/−:DELCJ and LigIV−/−:53BP1−/−:DELCJ abl pre-B cells are substantially 

resected on both strands (Figures 3 and S4). The frequency distribution of 5′ and 3′ termini 

is not uniform. Moreover, as compared to LigIV−/−:DELCJ abl pre-B cells, the fraction of 

pMX-DELCJ coding ends with 3′ ssDNA overhangs (red) is decreased, while the fraction 

with 5′ ssDNA overhangs (blue) is increased in both LigIV−/−:H2AX−/−:DELCJ and 

LigIV−/−:53BP1−/−:DELCJ abl pre-B cells, although this difference is more pronounced in 

LigIV−/−:53BP1−/−:DELCJ abl pre-B cells (Figures 3 and S4). Analysis of Jk1 coding ends 

in 53BP1 and H2AX-deficient cells (Figure S4) and Eb:ZFN-induced DSBs in 53BP1-

deficient cells (Figure S6C, S6D and S6E) yielded similar results.

Similar to end resection in S/G2-phase cells, aberrant resection of coding ends in G1-phase 

abl pre-B cells deficient in either H2AX or 53BP1 generates DNA ends with long 3′ ssDNA 
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overhangs (Figure 4). These 3′ overhangs were significantly longer in cells deficient in 

53BP1 as compared to those deficient in H2AX (Figure 4). In contrast, the 5′ ssDNA 

overhangs are of similar size in LigIV−/−:DELCJ and LigIV−/−:H2AX−/−:DELCJ abl pre-B 

cells, but are significantly longer in LigIV−/−:53BP1−/−:DELCJ abl pre-B cells (Figure 4). 

These differences in DNA end structures suggest that H2AX and 53BP1 may have distinct 

activities in modulating DNA end resection in G1-phase cells (see Discussion).

Resected coding ends bind RPA

RPA binding to ssDNA is the initial step of HR in S/G2-phase cells. Heterotrimeric RPA 

requires a minimum of 26 bases of ssDNA for binding in vitro (Cai et al., 2007). In this 

regard, many of the coding ends in LigIV−/−:53BP1−/−:DELCJ abl pre-B cells have ssDNA 

overhangs (5′ and 3′) 26 bases or longer, whereas very few DNA ends have ssDNA 

overhangs this long in LigIV−/−:DELCJ cells (Figure 4). To determine whether RPA binds to 

these resected coding ends in G1-phase cells, we performed chromatin immunoprecipitation 

(ChIP) using an antibody to the RPA32 subunit and amplified DNA with primer pairs at 

increasing distances from the site of RAG cleavage in pMX-DELCJ (Figure 5). Minimal 

binding of RPA32 was detected at pMX-DELCJ coding ends generated in LigIV−/−:DELCJ 

abl pre-B cells (Figure 5). However, in LigIV−/−:53BP1−/−:DELCJ abl pre-B cells, where 

RAG DSBs are resected to form long ssDNA overhangs, we observed robust RPA32 

binding up to 1.4 kb from the site of the RAG DSBs (Figure 5). We conclude that coding 

ends processed to generate ssDNA overhangs can bind RPA in G1-phase abl pre-B cells.

De novo DSBs can be generated during DNA end resection

DNA resection is carried out both by exonucleases and endonucleases, which could 

potentially generate DSBs as part of the resection process. To investigate this possibility, we 

modified the HCoDES approach to detect DSBs generated during resection (Figure 6A). To 

this end, primary PCR oligonucleotides (DCJ2F and DCJ2R) were used that amplify de novo 

secondary breaks generated as part of the resection process, downstream of the initiating 

RAG DSB in pMX-DELCJ (Figure 6A). Indeed, PCR products were observed when 

amplifying ligated genomic DNA from LigIV−/−:H2AX−/−:DELCJ abl pre-B cells, but not 

LigIV−/−:DELCJ abl pre-B cells (Figure 6B). Sequence analysis revealed that these products 

are heterogeneous in size and end structure, with 5′ and 3′ termini detected up to 320 base 

pairs from the site of the RAG DSB (Figure 6C). We conclude that the resection of coding 

ends in G1-phase lymphocytes involves endonuclease activity that is able to generate de 

novo DNA DSBs several hundred base pairs from the site of the RAG DSB. This activity 

would lead to the formation of small double-stranded DNA fragments.

Discussion

HCoDES is a novel approach that can elucidate a broad spectrum of diverse chromosomal 

DNA end structures at single nucleotide resolution. We have used HCoDES to examine the 

structure of DSBs generated by three distinct nucleases (RAG, Cas9, and a ZFN) in the 

presence or absence of two proteins that function to protect DNA ends from resection in G1-

phase cells (H2AX and 53BP1). The HCoDES analyses reveal important new insights into 

how broken DNA ends are processed in G1-phase cells and how this processing may 
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promote mutagenic DSB repair and genome instability. In addition, these analyses establish 

the utility of HCoDES as an approach that can be broadly applied to elucidate diverse 

broken DNA end structures generated throughout the genome.

The HCoDES assay incorporates several salient features to distinguish it from other existing 

measures of DNA end structure. The first step is a ligation of the top and bottom strands of 

broken DNA ends, which requires the presence of a 5′ phosphate and a 3′ hydroxyl group. 

The HCoDES ligation conditions have been optimized to ensure that ligation proceeds 

efficiently when these criteria are met, even at a blunt DNA end where ligation of the top 

strand to the bottom strand of the same DNA end is an unfavorable reaction. It is 

conceivable that, at a small fraction of DNA ends, these groups may be removed or have 

adducts that prevent ligation. However, such DNA ends are nucleolytically processed in vivo 

to generate a 5′ phosphate and 3′ hydroxyl group. Thus, HCoDES should reveal the 

complete spectrum of DNA ends generated during the resection of chromosomal DSBs. 

Importantly, the assay is able to detect these broken DNA ends when they are present at a 

frequency of one or two per cell.

HCoDES can determine the full spectrum of DNA end structures captured in PCR products 

up to 500 base pairs in length, which is the current limit for robust paired end sequencing. 

Undoubtedly, as sequencing technologies improve, larger HCoDES PCR products will be 

amenable to analysis. Here, we used forward and reverse oligonucleotides to a 

complementary region approximately 200 base pairs from the DNA cleavage sites, allowing 

us to determine all of the DNA end structures within this region. However, HCoDES is not 

restricted to analyses of DSB-proximal end structures and can be used to study hyper-

resected ends by designing forward and reverse oligonucleotide pairs to complementary 

regions at greater distances from the cleavage site. Moreover, staggering the forward and 

reverse primers to non-complementary regions would permit the detection of DNA ends 

with longer 5′ or 3′ ssDNA overhangs. Thus, the HCoDES approach provides a flexible 

platform to assess the full spectrum of DNA end structures generated in vivo during 

chromosomal DSB repair.

Several aspects of our study support the ability of HCoDES to accurately assign 

chromosomal DNA end structures. First, Jk1 and pMX-DELCJ coding ends generated in 

DNA Ligase IV-deficient abl pre-B cells exhibit minimal resection (<15 base pairs) on the 

top and bottom strands, similar to the spectrum of nucleotide loss observed in normal coding 

joints (Gauss and Lieber, 1996). Second, Artemis opens hairpin-sealed coding ends in vitro 

by cleaving after the first to the fourth nucleotide 3′ of the hairpin coding end, with a bias 

for cleaving after the second nucleotide (Lu et al., 2007; Ma et al., 2002). In this regard, we 

find that pMX-DELCJ coding ends have 5′ termini at the third nucleotide, consistent with 

Artemis cleavage after the second nucleotide. The 5′ termini of Jk1 coding ends are 

preferentially located at the fifth position, suggesting that Artemis opens these hairpins after 

the fourth nucleotide, which is in agreement with previous analyses of Jk1 ligation mediated 

PCR products (Schlissel, 1998). Third, cleavage by Cas9 generates a significant fraction of 

blunt DNA ends three base pairs from the PAM sequence, as would be expected for precise 

Cas9 cleavage (Kim and Kim, 2014). Many of the DNA ends that do not have this structure 

could have been generated by nucleolytic resection of precisely generated Cas9 DSBs. 
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Indeed, this type of DSB processing prior to NHEJ forms the basis for Cas9-mediated gene 

inactivation. However, the generation of broken DNA ends that are longer than expected 

suggests that in vivo Cas9 may, on occasion, cleave at locations other than 3 base pairs from 

the PAM. Fourth, the majority of the Eb:ZFN-induced DSBs occur within the six base pair 

spacer region between the two zinc finger binding sites, which is the expected site for 

cleavage (Kim and Kim, 2014). Many of the DNA ends do not have 4 base pair 5′ ssDNA 

overhangs, and a significant fraction are shorter and outside of the spacer region, both of 

which could reflect resection of precise Eb:ZFN DSBs.

In the absence of H2AX or 53BP1, coding ends generated by RAG cleavage are 

significantly resected in G1-phase cells (Helmink et al., 2011; Tubbs et al., 2014). This is 

not unique to RAG DSBs, as Eb:ZFN-induced DSBs are also significantly resected in 

53BP1-deficient cells (Tubbs et al., 2014). HCoDES reveals that this resection is not 

uniformly processive; rather, the 5′ and 3′ termini of these DNA ends exhibit some regional 

preferences. A bias toward specific 5′ or 3′ termini could be due to the targeting of 

endonuclease activities, as well as exonuclease processivity, which may be affected by 

several factors. For example, nucleosome positioning and histone modifications that lead to 

changes in chromatin structure could impede nuclease accessibility and processivity. Indeed, 

proteins with chromatin modifying activities have been implicated in the regulation of DNA 

end resection in yeast (Chen et al., 2012; Costelloe et al., 2012). Secondary structures 

formed by exposed ssDNA could also promote biases for specific 5′ and 3′ termini. This 

includes the formation of hairpin structures from the annealing of complementary regions on 

ssDNA, which could inhibit exonuclease processivity, leading to an increased frequency of 

DNA ends with 5′ and 3′ termini at locations where hairpins form. Moreover, cleavage by 

Mre11 or Artemis at the single to double strand transition of the hairpin loop could also 

promote specific 5′ or 3′ termini (Ma et al., 2002; Paull and Gellert, 1998). In addition, CtIP 

has endonuclease activity that targets 5′ flaps and the 5′ base of hairpin structures 

(Makharashvili et al., 2014; Wang et al., 2014). These endonuclease activities may be 

restricted once ssDNA overhangs bind RPA, which antagonizes the formation of ssDNA 

secondary structures in yeast (Deng et al., 2014).

Using a modified version of the HCoDES approach, we show that de novo DSBs can be 

generated during coding end resection. Although the nucleases that form these DSBs are not 

known, CtIP and Mre11 could generate DSBs as part of the resection process by forming 

closely staggered nicks downstream of a broken DNA end. Moreover, at single stranded gap 

intermediates, the exposed ssDNA may form hairpins that could be cleaved by Mre11, 

Artemis, or CtIP, forming a DSB. These DSBs would release small double stranded DNA 

fragments that could be an additional source of genome instability if they were inserted 

during the repair process at DSB sites elsewhere in the genome.

The resection of coding ends in G1-phase lymphocytes deficient for H2AX or 53BP1 

produces DNA ends with ssDNA overhangs of substantial length. Indeed, some of these 

DNA ends can bind to RPA in G1-phase cells. Surprisingly, in addition to 3′ ssDNA 

overhangs, this resection also leads to the formation of a significant number of DNA ends 

with long 5′ ssDNA overhangs, especially in cells deficient in 53BP1. In S- and G2-phase 

cells, broken DNA ends with 5′ ssDNA overhangs would not be repaired by HR, because 

Dorsett et al. Page 9

Mol Cell. Author manuscript; available in PMC 2015 December 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



they would be unable to prime DNA synthesis. However, DNA ends with 5′ ssDNA 

overhangs could be repaired by mutagenic pathways that use small regions of homology 

(Gostissa et al., 2011; Huertas, 2010). For this to occur, the resection polarity (5′ or 3′) at the 

two DNA ends would have to be the same to permit base pairing, although it is possible that 

a strand invasion mechanism could promote the joining of DNA ends with dissimilar (5′ and 

3′) ssDNA overhangs.

The retention of 53BP1 by γ-H2AX at broken DNA ends should inhibit resection. However, 

the increase in DNA ends with long 5′ ssDNA overhangs in cells deficient in 53BP1 as 

compared to H2AX suggests that H2AX has additional functions in modulating resection in 

G1-phase cells. In this regard, γ-H2AX retains Mre11 at DSB sites and could potentially 

affect the association and function of other nucleases at broken DNA ends (Celeste et al., 

2003; Kobayashi et al., 2002; Lukas et al., 2004). Mre11 has 3′ to 5′ exonuclease activity 

that could generate 5′ ssDNA overhangs, and perhaps this activity is regulated by 53BP1 at 

DSBs in G1-phase cells.

Loss of 53BP1 rescues the HR-mediated DSB repair defect in Brca1-deficient cells, 

presumably by permitting resection (Bunting et al., 2010; Cao et al., 2009). However, the 

rescue is only partial, and these cells still exhibit DSB repair defects and genome instability. 

In this regard, if deficiency of 53BP1 in Brca1-deficient cells leads to the generation of both 

3′ and 5′ ssDNA overhangs in S and G2 phase cells, as we observe in G1-phase cells, only 

DNA ends with 3′ ssDNA overhangs would be repaired by HR. In contrast, those DNA ends 

with 5′ ssDNA overhangs would persist unrepaired or be resolved by mutagenic repair 

pathways that promote genome instability.

Our analyses establish the power of the HCoDES approach for studying the processing of 

broken DNA ends during chromosomal DSB repair in vivo. We have shown that HCoDES 

can be used to analyze DNA end structures generated by different nucleases at a variety of 

genomic locations. Moreover, we have shown that the high-resolution DNA end structures 

from HCoDES analyses can reveal potential differences in the function of proteins (H2AX 

and 53BP1) implicated in protecting DNA ends in G1-phase cells. By analogy, HCoDES 

can be used to investigate the function of the many other catalytic and non-catalytic proteins 

required for DNA end resection. In addition, as HCoDES involves ligation of the top and 

bottom strand and bisulfite treatment, it provides strand-specific information about the CpG 

methylation status of broken DNA ends. Thus, subsequent HCoDES analyses may provide a 

mechanistic connection between CpG methylation and DNA end processing. Finally, 

although our analyses have focused on assessing the structure of chromosomal DNA ends 

generated in vivo, the HCoDES approach could also be used to reveal precise DNA end 

structures generated by different classes of genome editing enzymes in vitro and during 

resection in vitro using purified proteins and protein complexes involved in DNA end 

processing.
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Experimental Procedures

Single stranded DNA ligation and bisulfite treatment

Genomic DNA was isolated as previously described (Blondal et al., 2005). For ssDNA 

ligation, 10 μg of genomic DNA was ligated at 60°C for 16 hrs in a total volume of 50 μL of 

2.5 mM MnCl2, 1M betaine, 0.05 mM ATP, 1x CircLigase buffer and 200 units CircLigase 

(epicenter biotechnology). 2 μg of ligated genomic DNA was bisulfite treated using the EZ 

DNA Methylation-Gold Kit (Zymo Research) following the manufactures instructions. 

Briefly, 130 μL of prepared CT conversion reagent was mixed thoroughly with 20ul of 100 

ng/μL ligated genomic DNA. This solution was then incubated at 98°C for 10 min followed 

by 64°C for 2.5 hrs and then stored at 4°C up to 20 hours. Bisulphite converted DNA was 

then purified and eluted into 60 ul of H2O following the manufactures instructions.

PCR amplification

For amplification of bisulfite treated genomic DNA, 6 μL of the eluted bisulphite treated 

DNA solution was amplified in a 50 μL reaction volume of 50 units of Maxima Hot Start 

Taq DNA polymerase (Fermentase), 1x Maxima Hot Start reaction buffer, 3mM MgCl2, 

5mM dNTPs, 0.3 μM forward primer and 0.3 μM reverse primer. The oligonucleotides used 

for the primary PCR reaction are listed in Table S1 and have omitted the “MiSeq-“ prefix. 

The primary PCR cycling condition was 95° for 4 min followed by 26 cycles of 95° for 30 

sec, 54° for 45 sec, 72° for 1 min 30 sec, followed by a final extension at 72° for 5 min. 

Appropriate MiSeq sequencing adaptors were then added by nested PCR. For this, the 

primary PCR primers were removed by adding 1 μL (20 units) of Exonuclease I to the 

primary PCR reaction (total volume of 51 μL) and incubated at 37° for 45 minutes. 

Exonuclease I was heat inactivated at 80° for 30 minutes. To this reaction was added, 2.5 

units (0.5 μL) of maxima hotstart taq DNA polymerase (Fermentase), 0.75 μL DMSO, 1 μL 

of each 15 μM stock of forward and reverse oligonucleotides that have indexed sequencing 

adaptors for sequencing on the MiSeq sequencing platform (0.28 μM final concentration). 

The PCR cycling condition for addition of the MiSeq sequencing adaptors was 95° for 4 min 

followed by 9 cycles of 95° for 30 sec, 54° for 45 sec, 72° 1 min 30 sec, followed by a final 

extension at 72° for 5 min. All nested PCR reactions were done with the oligonucleotides 

with the same name as that described for the primary PCR, but have the “MiSeq-“ prefix 

(see Table S1). For sequencing the single stranded ligase treated KpnI control, PCR was 

done with oligonucleotides KpnIR and KpnIF followed by a nested PCR with 

oligonucleotides MiSeq-KpnIR and MiSeq-KpnIF (Table S1). The cycling parameters for the 

loading control PCRs was the same as for the primary PCR reaction, except the extension 

time was 1 minute and it was done for 35 cycles.

Purification of PCR products and sequencing

PCR products were excised from a 1.5% TBE low melting point agarose gel (Invitrogen). 

DNA from excised gel slices was purified using a Qiagen Gel Extraction kit (Qiagen) 

following the manufacturer’s instructions, including the optional steps of isopropanol 

addition and the extra QG buffer wash. PCR products were eluted in 15 μL to 20 μL of 

Qiagen elution buffer and quantitated using the Qubit dsDNA HS Assay Kit (Life 

Technologies). Each purified sample was then run on a 2100 Bioanalyzer (Agilent 
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Technologies) to assess removal of primer dimer, determine molarity and evaluate the 

expected size distribution of end products. Samples were then sequenced on the Illumina 

MiSeq Desktop Sequencer using the 2 × 250 bp kit and 40% Phi-X DNA.

Sequence processing

For sequence analysis of amplified bisulphite treated DNA, paired end reads from the MiSeq 

Desktop Sequencer were first demultiplexed by the sample indexes allowing for a maximum 

1 base pair mismatch in the index. The adaptor sequences were clipped from reads 1 and 2 

using FLEXBAR version 2.4 (parameters: -m 10 -u 5 -ae RIGHT -r -aa -at 0.5) (Dodt et al., 

2012). The paired reads were then assembled using FLASH-1.2.7 software (parameters: -m 

10 -M 100 -x 0.25) (Magoc and Salzberg, 2011). The assembly parameters were adjusted 

based on the read length distribution of a particular sample. When a sample was dominated 

by short reads that resulted in 100% sequence overlap between read 1 and 2, ~50 bases from 

the end of the reads was removed using PrinSeq in order to the prevent mis-assembly 

(Schmieder and Edwards, 2011). The trimmed reads were assembled again by FLASH. 

Individual assembled reads (contigs) were aligned pairwise to the reference sequence using 

the MUSCLE aligner (parameters: default) as a scheduled batch job using The Genome 

Institute clusters (Edgar, 2004). Alignments were subjected to four filtering steps with 

customized Perl scripts: (1) Remove alignments with >5bp deletions on either strand (mis-

assembled sequences due to poor sequence quality); (2) Remove alignments without >10 

bps of continuous reference sequence (primer dimers); (3) Remove alignments where 

assembled sequences appear to be longer than the full length coding end (usually mis-

assembled reads, small deletions near coding end or insertions); (4) Remove alignments for 

products smaller than 50 base pairs. The remaining alignments were used to identify the 

position of the 5′ and 3′ ends of a DSB. The end structures from triplicate PCR reactions 

were then pooled and DNA end structures with single reads were removed. As a convention, 

nucleotides at the ligation junction that could be assigned to either the 5′ or 3′ end were 

assigned to the 5′ end except for the analysis of Cas9, Eb:ZFN and KpnI DNA ends, where 

assignment to generate blunt, 4 nucleotide 5′ overhangs and 4 nucleotide 3′ overhangs, were 

made, respectively.

Additional experimental details can all be found in Supplemental methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ligation and amplification of coding ends
(A) HCoDES schematic. Nucleotides in the 3′ ssDNA overhang (red line), top strand (blue 

line) and bottom strand (green line) are indicated. The relative positions of the forward (OF) 

and reverse (OR) oligonucleotides used for amplification and the oligonucleotide probe (OP) 

used to detect PCR products are shown. The newly synthesized strand (dashed line) from the 

first extension is shown. (B) Schematic of the pMX-DELCJ retroviral recombination 

substrate. The LTRs (open rectangles) and recombination signals (filled triangles) are 

shown. Also shown are: the positions of the EcoRV sites (RV) and probe (C4b) used for 

Southern blotting, the sizes of the fragments for unrearranged (UR) pMX-DELCJ and the 

pMX-DELCJ coding end (CE), and the relative positions of the DCJ1F and DCJ1R 

oligonucleotides used for HCoDES PCR and DCJ1P oligonucleotide used as a probe are 

shown. (C) Southern blot of EcoRV-digested LigIV−\−:DELCJ abl pre-B cell genomic DNA 

using the C4b probe. Cells were treated (+) or not treated (−) with imatinib (imat) to induce 

RAG DSBs. (D) Native (N) and Denaturing (D) Southern blot analysis of EcoRV-digested 

genomic DNA from LigIV−\−:DELCJ abl pre-B cells using the C4b probe. Genomic DNA 

was either treated (+) or not (−) with the ssDNA ligase prior to digestion with EcoRV. (E) 
Southern blot of HCoDES PCR amplification of ligated (+) and non-ligated (−) genomic 

DNA from LigIV−\−:DELCJ abl pre-B cells treated with imatinib using the DCJ1R and 

DCJ1F oligonucleotides for primary PCR, the Miseq-DCJ1R and Miseq-DCJ1F 

oligonucleotides for secondary PCR and probed with the DCJ1P oligonucleotide. The 

product size for a full length (FL) coding end is shown, as are the MW markers in kb. 

Control (cont) PCR using the CR and CF oligonucleotides is also shown. Also see related 

Figures S1 and S2.
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Figure 2. HCoDES analysis of RAG, Cas9 and ZFN DNA breaks
(A) Barplots indicating the percentage of pMX-DELCJ (330,683 sequences analyzed) and 

Jk1 (315,274 sequences analyzed) coding ends with top strand (5′) and bottom strand (3′) 

termini at specific nucleotide (NT) distances from the RAG DSBs in LigIV−/−:DELCJ 

(ALig4CJ1) abl pre-B cells. Termini that are part of DSBs with 3′ (red) or 5′ (blue) ssDNA 

overhangs or are blunt (green) are indicated. Pie charts indicate the percentage of coding 

ends with 3′ (red) or 5′ (blue) ssDNA overhangs or are blunt (green). (B) Heatmap of 

frequencies of coding end structures with specific 5′ and 3′ termini within 10 base pairs of 

the RAG DSB (see Figure S3B). Arrows indicate coding end structures with the most 

frequent 5′ termini for Jk1 and pMX-DELCJ. Diagonal line indicates blunt coding ends. 

Color scale represents the log2 of the percent of total DNA ends. (C) Spacer sequence 

(bracket) where Eb:ZFN cleaves, PAM sequence (red nucleotides) and the site for Cas9 

cleavage (green arrow) are shown. Nucleotide numbering is arbitrary. Oligonucleotides 

(CGAF and CGAR) used for HCoDES amplification of Eb:ZFN and Cas9 DSBs are 

indicated. Heat maps for DNA end structures generated after transient expression of Cas9 

and the Eb:gRNA in LigIV−/− (L4B25-3.41) abl pre-B cells (left) or doxycycline induction 

of Eb:ZFN in LigIV−/−(BLig4ZF11) abl pre-B cells (right). The Cas9 cleavage site (green 

arrow) and the Eb:ZFN spacer region (ZFN, bracket) where cleavage occurs are shown. The 

nucleotide numbering corresponds to the sequence numbering. Blunt DNA ends are marked 

with a dashed line. Color scale represents the log2 of the percent of total DNA ends. Also 

see related figures S3, S4, S5 and S6.
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Figure 3. Coding end structures in H2AX- and 53BP1-deficient cells
Barplots indicating the percentage of pMX-DELCJ coding ends with top strand (5′) and 

bottom strand (3′) termini at specific nucleotide (NT) distances from the RAG DSB in 

LigIV−/−:DELCJ (128,122 sequences analyzed), LigIV−/−:H2AX−/−:DELCJ (72,923 

sequences analyzed), and LigIV−/−:53BP1−/−:DELCJ (337,917 sequences analyzed) abl pre-

B cells as described in Figure 2A. The LigIV−/−:DELCJ (BLig4CJ7), 

LigIV−/−:H2AX−/−:DELCJ (LH8CJ148), and LigIV−/−:53BP1−/−:DELCJ (B53BP1Lig4CJ6) 

abl pre-B cells were used for analysis. Also see related figures S4 and S6.

Dorsett et al. Page 18

Mol Cell. Author manuscript; available in PMC 2015 December 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Length of ssDNA overhangs in H2AX- and 53BP1-deficient cells
(A) Percentage of coding ends with specific length of 3′ ssDNA (red) and 5′ ssDNA (blue) 

overhangs and blunt DNA ends (green) in LigIV−/−:DELCJ (ALig4CJ1), 

LigIV−/−:H2AX−/−:DELCJ (LH8CJ148), and LigIV−/−:53BP1−/−:DELCJ (B53BP1Lig4CJ6) 

abl pre-B cells. (B) Box and whisker plots showing the range of 3′ (red) and 5′ (blue) 

ssDNA overhang lengths (Wilcoxon signed rank test). The median (midline), the boundries 

of the box mark the 25th and 75th percentiles and the whiskers, which mark the 10th and 90th 

percentiles are shown.
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Figure 5. RPA binds coding ends with ssDNA overhangs in G1-phase cells
ChIP for RPA32 binding at increasing distances (kb) from the pMX-DELCJ coding end in 

LigIV−/−:DELCJ (BLig4CJ7) and LigIV−/−:53BP1−/−:DELCJ (B53BP1Lig4CJ6) abl pre-B 

cells. Y axis shows fold enrichment compared to RPA32 binding to c-myc. Bars represent 

mean values from at least two independent PCR reactions, +/- SEM. Similar results were 

obtained with two independent LigIV−/−:DELCJ and LigIV−/−:53BP1−/−:DELCJ abl pre-B 

cell lines.
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Figure 6. Generation of DSBs during coding end resection
(A) Schematic of pMX-DELCJ coding end (CE) as described in Figure 1B showing the 

relative position of the DCJ2R and DCJ2F oligonucleotides used to amplify DSBs generated 

downstream of the coding end and the DCJ2P oligonucleotide probe. (B) Southern blot of 

PCR amplified pMX-DELCJ coding ends from LigIV−/−:DELCJ (BLig4CJ7) and 

LigIV−/−:H2AX−/−:DELCJ (LH8CJ148) abl pre-B cells using DCJ2R and DCJ2F and DCJ2P 

as a probe. Genomic DNA was treated (+) or not (−) with the ssDNA ligase prior to PCR 

amplification. Control PCR was performed as in Figure 1E. (C) Barplots from HCoDES 

analysis using the DCJ2R and DCJ2F oligonucleotides indicating the percentage of de novo 

pMX-DELCJ DSBs with top strand (3′) and bottom strand (5′) termini at specific nucleotide 

(NT) distances from the RAG DSB in LigIV−/−:H2AX−/−:DELCJ (LH8CJ148) abl pre-B 

cells. 50,437 sequences were analyzed.

Dorsett et al. Page 21

Mol Cell. Author manuscript; available in PMC 2015 December 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


