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Summary

Breakpoint junctions of the chromosomal translocations that occur in human cancers display 

hallmarks of nonhomologous end-joining (NHEJ). In mouse cells, translocations are suppressed 

by canonical NHEJ (c-NHEJ) components, which include DNA ligase IV (LIG4), and instead 

arise from alternative NHEJ (alt-NHEJ). Here we used designer nucleases (ZFNs, TALENs, and 

CRISPR/Cas9) to introduce DSBs on two chromosomes to study translocation joining 

mechanisms in human cells. Remarkably, translocations were altered in cells deficient for LIG4 or 

its interacting protein XRCC4. Translocation junctions had significantly longer deletions and more 

microhomology, indicative of alt-NHEJ. Thus, unlike mouse cells, translocations in human cells 

are generated by c-NHEJ. Human cancer translocations induced by paired Cas9 nicks also showed 

a dependence on c-NHEJ, despite having distinct joining characteristics. These results demonstrate 

an unexpected and striking species-specific difference for common genomic rearrangements 

associated with tumorigenesis.

Introduction

Recurrent reciprocal chromosomal translocations are associated with oncogenesis (Mani and 

Chinnaiyan, 2010; Mitelman et al., 2007). Translocations frequently generate fusion genes 
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with novel properties that drive oncogenesis; to date more than 300 genes have been 

associated with oncogenic translocations in both haematological malignancies and solid 

tumors. In addition to generating fusion genes, translocations can also enhance the 

expression of proto-oncogenes, the classic example of which results in c-Myc 

overexpression. Breakpoint junction analysis has demonstrated that oncogenic translocations 

typically arise by some form of non-homologous end-joining (NHEJ).

The canonical pathway of NHEJ (c-NHEJ) is required for cellular resistance to ionizing 

radiation as well as for immune system rearrangements and is active throughout the cell 

cycle (Deriano and Roth, 2013; Goodarzi and Jeggo, 2013; Pannunzio et al., 2014). Critical 

components of c-NHEJ include the Ku70/80 heterodimer, DNA-PKcs, DNA ligase IV 

(LIG4), and XRCC4. Loss of c-NHEJ components does not, however, completely abrogate 

NHEJ (Delacote et al., 2002; Kabotyanski et al., 1998; Liang and Jasin, 1996), suggesting 

that there are alternative ways to join ends, referred to as alt-NHEJ. Whether alt-NHEJ is a 

distinct, regulated pathway(s) or involves the co-opting of non-c-NHEJ proteins with some 

c-NHEJ components is a subject of debate (Deriano and Roth, 2013; Goodarzi and Jeggo, 

2013; Pannunzio et al., 2014). Junctions that form by alt-NHEJ have more microhomology 

and longer deletions than junctions formed by c-NHEJ (Fattah et al., 2010; Guirouilh-Barbat 

et al., 2007; Kabotyanski et al., 1998; Oh et al., 2013; Simsek and Jasin, 2010; Smith et al., 

2003). Proteins that promote alt-NHEJ include the end resection factor CtIP (Bennardo et 

al., 2008) and LIG3α (Wang et al., 2005).

Most studies analyzing translocation formation have been performed in mouse cells, in 

particular in lymphoid cells involving programmed DSBs and embryonic stem cells using I-

SceI or zinc finger nuclease (ZFN)-generated breaks (Boboila et al., 2012a; Nussenzweig 

and Nussenzweig, 2010; Weinstock et al., 2007; Simsek et al., 2011a). These studies 

uniformly demonstrated that c-NHEJ suppresses translocation formation at nonhomologous 

sequences. Thus, in the absence of Ku, LIG4, or XRCC4, translocations are increased in 

frequency. Since alt-NHEJ proteins CtIP and LIG3 promote translocation formation (Zhang 

and Jasin, 2011; Simsek et al., 2011a) and translocation junction sequences in wild-type and 

c-NHEJ mutants have similar characteristics, it appears that translocations in mouse cells 

typically arise by alt-NHEJ.

In contrast to mouse cells, translocation junctions in human tumors do not always show 

significant lengths of microhomology (Gillert et al., 1999; Langer et al., 2003; Zucman-

Rossi et al., 1998; Mattarucchi et al., 2008). Similarly, cancer and model translocations 

induced by nucleases in several human cell lines also show little or no microhomology at 

translocation junctions (Brunet et al., 2009; Piganeau et al., 2013). Studies in human cells 

deficient in c-NHEJ are limited. Ionizing radiation, a potent inducer of translocations in 

rodent cells, does not significantly induce translocations in a LIG4 mutant human cell line 

(Soni et al., 2014). In contrast, knockdown of c-NHEJ components did decrease androgen-

induced translocations, although junction analysis was not reported (Lin et al., 2009).

To address the role of NHEJ pathways in the joining phase of chromosomal translocation 

formation, we took advantage of nucleases designed to introduce site-specific DSBs at 

endogenous loci in human cells (Gaj et al., 2013; Urnov et al., 2010) to induce translocations 
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(Brunet et al., 2009; Piganeau et al., 2013). Using multiple cell lines and different nucleases 

to provoke DSBs, we found that the translocation frequency was often reduced in human 

cells in the absence of LIG4 or XRCC4, in stark contrast to results from c-NHEJ-deficient 

mouse cells. The translocations that were formed in human c-NHEJ mutants had frequent 

microhomologies and long deletions. Consistent with a requirement for c-NHEJ, loss of alt-

NHEJ components did not affect translocation formation, unless c-NHEJ was also impaired. 

We also found that different types of end structures gave rise to different joining 

characteristics in wild-type cells. Translocations induced by wild-type Cas9 frequently had 

precisely joined ends, indicating that c-NHEJ can be highly accurate, whereas those induced 

by Cas9 nickase (nCas9) had more varied junctions; in either case, the absence of LIG4 led 

to greater inaccuracy in joining. Thus, our studies reveal an unexpected and striking species-

specific difference in the generation of these oncogenic rearrangements.

Results

Intrachromosomal DSB repair is altered in c-NHEJ-deficient human cells

To analyze the repair of chromosomal DSBs in c-NHEJ-deficient human cells, we used 

LIG4 and XRCC4 mutant HCT116 cell lines (Oh et al., 2013; B.R. and E.A.H., in 

preparation). LIG4 null (L4−/−) cells are deficient in LIG4 but maintain XRCC4 expression; 

XRCC4 mutant (X4−/−) cells are deficient in both XRCC4 and LIG4, because LIG4 is 

unstable in the absence of XRCC4 (Bryans et al., 1999) (Figure 1A). We expressed ZFNp84, 

which cleaves the p84/AAVS1 locus (Brunet et al., 2009) and estimated the insertion/

deletion (indel) frequency resulting from NHEJ at this site. In both X4−/− and L4−/− cells, 

the indel frequency was approximately half that of control cells (Figure S1A), suggesting 

reduced NHEJ. A similar reduction in indel frequency was obtained at a second locus with 

other nucleases (TALENs, Cas9, nCas9; see below, Figure 4C).

Junction characteristics were examined in the c-NHEJ mutants using ZFNEWS, which 

cleaves the EWS locus at an AseI restriction site (Piganeau et al., 2013) (Figure 1B, C). 

AseI-resistant junctions from X4−/− and L4−/− cells had longer deletions compared to control 

cells (p < 0.0001, Mann-Whitney test; Figures 1D, S1B). Microhomology at the junctions 

was also altered in the X4−/− and L4−/− cells, such that 49% of junctions had ≥ 3 bp 

microhomology in contrast to only ~20% of junctions in control cells (p = 0.003; Figure 

1D). For both mutant and control cells, the microhomology distribution was different from 

that expected by the random occurrence of microhomology; however, the deviation from 

random was especially apparent for the mutant cells (p < 0.0001), providing strong evidence 

that microhomology is critical in the joining process in the absence of LIG4.

To determine if repair of two DSBs by deletion formation has the same dependency on c-

NHEJ as the repair of a single DSB, we induced DSBs 3.2 kb apart within the FLI1 gene 

with ZFNs (Figure 1E). A fragment corresponding to the 3.2 kb deletion product was PCR 

amplified using primers that flanked the two DSBs. By limiting dilution, the deletion 

product was estimated to be ~4 to 8-fold less abundant in the mutant cells (Figure 1F). The 

PCR product showed minimal deletion from the two DNA ends in control cells, whereas it 

was frequently shorter in X4−/− and L4−/− cells (Figure 1E). Sequencing confirmed that 

many of the junctions from control cells occurred with minimal processing of the DNA 
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ends, whereas long deletions were common in the mutant cells (median = 96 bp; Figures 1G, 

S1C). Further, ≥ 3 bp microhomology was infrequent at junctions from control cells but 

common at junctions from X4−/− and L4−/− cells (≤ 20% and ~70% of junctions, 

respectively). Thus, as with repair of a single DSB, intrachromosomal repair of two DSBs in 

human cells requires the LIG4:XRCC4 complex, similar to rodent cells (Guirouilh-Barbat et 

al., 2007; Simsek and Jasin, 2010).

Chromosomal translocations rely on c-NHEJ in human cells

To determine the mechanism by which DSBs give rise to chromosomal translocations in 

human cells, we coexpressed ZFNp84 and ZFNEWS to induce concomitant DSBs on Chr19 

and Chr22, respectively (Figure 2A). The translocation frequency was determined by PCR 

screening of small pools of cells (Brunet et al., 2009; Piganeau et al., 2013), amplifying a > 

900 bp fragment for each derivative chromosome. Translocation frequencies were 5- to 6-

fold lower for L4−/− and X4−/− cells compared to control cells (Figure 2B), indicating a 

reliance on c-NHEJ for efficient joining. Since ZFN protein levels were similar in all cell 

lines (Figure 2B), the lower translocation frequency was not due to reduced ZFN expression. 

To confirm that the reduced frequency was not specific to a particular ZFN pair, ZFNEWS 

was paired with a TALEN, TALp84, which cleaves close to the ZFNp84 site; TALp84 was 

also paired with another TALEN, TALLAM, which cleaves a locus on Chr1. Like ZFNs, 

TALENs generate 5′-overhangs, although the overhangs are more variable (Piganeau et al., 

2013). Importantly, L4−/− cells also showed lower translocation frequencies with these 

nuclease pairs (Figure 2B).

We analyzed ~50 Der19 and Der22 junctions (Figure S2). In control cells, most deletions 

were short (≤ 2 bp median), such that more than half of junctions maintained all or part of 

the ZFN 5′-overhang (Figure 2C, D), presumably by fill-in synthesis. The median deletion 

length in X4−/− cells was much longer (78 bp, p < 0.001), and none of the deletions were 

restricted to the ZFN overhang. Instead, most junctions had deletions > 30 bp (85%), with 

many > 200 bp. Microhomology was also different in the c-NHEJ mutants. Breakpoint 

junctions recovered from control cells had microhomology distributions only marginally 

different from that expected from the chance joining of two random sequences (Figure 2E). 

In contrast, the microhomology distribution was significantly different from random joining 

in X4−/− cells (p < 0.0001), with ≥ 3 bp microhomology observed in 48% of junctions. 

Insertions were observed in a fraction of junctions from both control and mutant cells 

(Figure S2). Many insertions were a few bp, but some were longer and were derived from 

other chromosomes or from Chr19 or Chr22 sequences close to the breakpoints (see also, 

Brunet et al., 2009; Piganeau et al., 2013).

Chromosomal translocations in a human pre-B cell line depend on c-NHEJ

The dependence on c-NHEJ for translocation formation in human cells was quite surprising, 

given that c-NHEJ suppresses translocations in mouse cells. For comparison, we tested a 

second human LIG4 knockout cell line, N114, a derivative of the pre-B cell line, NALM6 

(Grawunder et al., 1998) (Figure 3A, B). As with HCT116 L4−/− cells, indels were reduced 

at the ZFNp84 site in N114 cells compared to NALM6 cells (Figure S3A), consistent with a 
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c-NHEJ defect in these cells. Notably, a substantial decrease in the ZFN-induced 

translocations was observed in N114 cells compared to parental cells (Figure 3C).

In striking contrast to the HCT116 cells, most translocation breakpoint junctions from the 

parental pre-B cell line had short insertions (67% of junctions; Figures 3D, S3B), which 

likely arose from terminal deoxynucleotidyl transferase (TdT) activity in the pre-B cells, 

whereas only 27% of junctions from the mutant cells had insertions (p < 0.0001, Fisher’s 

exact test). The median deletion length in the translocation junctions from NALM6 cells was 

15 bp (Figure 3E), and a substantial fraction were deleted only within the ZFN overhang 

(25%; Figure 3F). By contrast, in N114 cells deletions were significantly longer (median 64 

bp; p < 0.0001) such that all extended beyond the ZFN overhang. Thus, longer deletions 

appear to be characteristic of translocation junctions in c-NHEJ deficient human cells.

Microhomology comparisons were more limited, given the high frequency of insertions in 

the junctions from the parental cells. In the 33% of junctions from NALM6 cells without 

insertions, ≥ 3 bp microhomology was over-represented compared to the chance joining of 

two random sequences (35%, p = 0.001; Figure 3G). In the residual translocation junctions 

from N114 cells, ≥ 3 bp microhomology was even more frequently observed (48% of 

junctions), such that they showed a strongly biased distribution compared to random (p < 

0.0001; Figure 3G).

Patient-derived LIG4 mutant cells have an intermediate translocation phenotype

Hypomorphic LIG4 mutations have been reported in patients with a radiosensitive syndrome 

(O’Driscoll et al., 2001). The primary skin fibroblast cell line 411BR was derived from a 

patient containing homozygous LIG4 mutations in the catalytic domain and N terminus 

(O’Driscoll et al., 2001) (Figure 3A, B). The mutant LIG4 protein has substantially reduced 

catalytic activity but still interacts with XRCC4, and supports nearly normal levels of V(D)J 

recombination albeit with altered joining characteristics. Consistent with the V(D)J 

recombination assays, indels were not reduced at the ZFNp84 site in 411BR cells compared 

to a non-isogenic control skin fibroblast cell line, HDFa (Figure S3A). In addition, the 

translocation frequency was only mildly reduced and this reduction was not statistically 

significant (Figure 3C). As with HCT116 cells, only a fraction of translocation junctions 

recovered from HDFa and 411BR cells contained insertions (Figures 3D, S3C), reinforcing 

a role for TdT in generating the frequent insertions observed in pre-B cells. The median 

deletion length for 411BR cells was 21 bp, an increase relative to HDFa cells (4 bp; p < 

0.0001), but not as much as for LIG4-null N114 cells (64 bp; p < 0.0001; Figure 3E, F). 

Microhomology distribution in junctions from 411BR cells did not differ from either control 

cells or a random distribution (Figure 3G). Thus, the hypomorphic 411BR cells presented an 

intermediate phenotype, suggesting that c-NHEJ is functional for translocation formation but 

altered such that longer deletions result.

NPM-ALK translocations induced by Cas9 DSBs and nCas9 paired nicks involve c-NHEJ

We previously induced the NPM-ALK translocation found in anaplastic large cell 

lymphoma using TALENs which target the NPM and ALK loci on Chr5 and Chr2, 

respectively (Piganeau et al., 2013) (Figures 4A, B, S4A). To examine the effect of c-NHEJ 
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components on the formation of an oncogenic translocation, TALNPM and TALALK were 

expressed in the HCT116 mutants. As with ZFNp84, indel formation was reduced at the 

TALALK site in the absence of LIG4 or XRCC4 (Figures 4C, S4B). NPM-ALK 

translocations were also reduced in the L4−/− cells compared to L4+/− cells (1.5 fold, p = 

0.03, Figure 5, with similar TALEN expression levels, Figure S5A), although not as 

dramatically as translocations induced at the EWS and p84 loci (Figure 2B). Correlating 

with the mild reduction in translocation frequency, the level of the NPM-ALK fusion protein 

was also somewhat reduced in the mutant cells (Figure 5B). As observed with ZFNs, 

TALEN-induced translocation junctions were dramatically altered by LIG4 or XRCC4 loss, 

such that deletions and microhomologies were significantly longer (Figures 5C–E, S5B).

We also tested Cas9-dependent induction of DSBs (Cong et al., 2013; Mali et al., 2013b) for 

translocation formation. Guide RNAs (gRNAs) were designed to result in DSBs near the 

TALEN cleavage sites upon Cas9 expression (NPM1 and ALK1, Figure 4B). Indel 

formation was increased at the CasALK1 site relative to the TALALK site, but importantly it 

was also reduced in L4−/− cells (Figures 4C, S4B).

Cas9-mediated translocation formation, which required both CasNPM1 and CasALK1 (Figure 

4B), was more efficient than with the cognate TALEN pair (~3-fold; Figure 5A), consistent 

with the increased indel formation (Figure 4C). The presence of the NPM-ALK fusion 

protein confirmed the translocations (Figure 5B). Interestingly, only a slight reduction in 

translocation frequency was observed in the L4−/− cells (Figure 5A). Unlike ZFNs and 

TALENs, wild-type Cas9 generates blunt DNA ends or a short overhang in vitro (Jinek et 

al., 2012). Minimal processing of these DNA ends was observed in control cells, such that 

many junctions apparently arose by direct end ligation (Figures 5C–E, S5C). Overall, the 

median deletion length was 1 bp and the microhomology distribution was almost identical to 

that expected by chance (p = 0.81).

Translocation junctions were substantially altered in the L4−/− cells. None of the junctions 

arose by direct joining and the median deletion length was quite long (283 bp; Figures 5C–

E, S5C). The microhomology distribution was significantly different from random (p < 

0.0001), with 38% of the junctions having microhomology ≥ 3bp. Thus, NPM-ALK 

translocations induced by Cas9-generated DSBs arise by c-NHEJ in control cells with little 

processing of the DNA ends; in the absence of LIG4, alt-NHEJ gives rise to translocations 

with a remarkably different junction spectrum.

Patient-derived translocations often exhibit deletions and duplications at the breakpoint 

junctions (e.g., Zucman-Rossi et al., 1998), suggesting that DSBs with blunt DNA ends may 

not give rise to such translocations. nCas9, a Cas9 nickase due to a D10A mutation (Jinek et 

al., 2012), can generate DSBs with overhangs if two gRNAs are used that cleave opposite 

strands, i.e., paired nicks (Mali et al., 2013a; Ran et al., 2013). We tested gRNAs that would 

give rise to offset nicks at the NPM and ALK loci, leading to DSBs with 5′ overhangs of 41 

and 37 bp, respectively (NPM1+NPM2 and ALK1+ALK2, Figure 4B). Indel formation from 

paired nicks directed to the ALK locus was efficient in control cells, consistent with DSB 

formation, and was reduced in L4−/− cells (Figures 4C, S4B).
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Translocations were not recovered when a single nick was introduced on each chromosome 

but were recovered when paired nicks were introduced (Figure 4B), indicating that DSBs are 

required to drive translocation formation. Again, the NPM-ALK fusion protein was detected 

(Figure 5B). The translocation frequency was not as high as with Cas9-induced DSBs, 

possibly due to the requirement for four cleavage events by nCas9, rather than two by wild-

type Cas9 (Figure 5A). In contrast to wild-type Cas9, a clear decrease in nCas9-induced 

translocations was observed in the L4−/− cells (Figure 5A).

Translocation junctions from paired nicks differed substantially from those from wild-type 

Cas9-induced DSBs. The median deletion length was 85 bp with the paired nicks in the 

control cells compared with 1 bp with wild-type Cas9 (Figures 5C, D, S5D). Many deletions 

involved only the ~40 base overhangs at each end (34%). Nevertheless, the median deletion 

length with the paired nicks was substantially longer in the L4−/− cells (243 bp, p = 0.0004), 

such that the majority of deletions extended beyond the overhangs into the double-stranded 

region (88%). Microhomology distribution for L4+/− cells was different from that expected 

by chance (Figure 5E), suggesting that the presence of long overhangs may promote more 

microhomology-mediated events even in the presence of LIG4. However, microhomology 

was much longer in the L4−/− cells (p < 0.04).

Alt-NHEJ does not affect translocations in human cells unless c-NHEJ is also deficient

LIG3 is the major DNA ligase involved in translocation formation in mouse cells (Simsek et 

al., 2011a). To determine if LIG3 affects translocation formation in human cells, we tested 

LIG3-null HCT116 cells (Oh et al., 2014) (Figure S6A). LIG3 deficiency did not affect indel 

efficiency at ZFN, Cas9, or nCas9-induced DSBs (Figure S6A). Similarly, LIG3 deficiency 

did not significantly affect the recovery of translocations (Figure 6A). Translocation 

junctions were also not significantly altered for either deletions or microhomology (Figures 

6B, C, S6B-D). Thus, LIG3 has either no role or a minor role in translocation formation in 

human cells.

In mouse cells, translocations are thought to arise by CtIP-mediated resection of DNA ends, 

followed by annealing at microhomologies present in the resected DNA, since CtIP 

knockdown leads to smaller deletions and microhomologies at junctions (Zhang and Jasin, 

2011). However, CtIP knockdowns had minimal effect on indel efficiency in wild-type and 

X4−/− HCT116 cells (Figure S7A). CtIP depletion also had no discernible effect in wild-type 

cells on ZFNp84-ZFNEWS-induced translocation frequency or junction characteristics 

(Figures 7, S7B). However, in X4−/− cells translocations were significantly reduced (Figure 

7A, p = 0.008). Residual translocations showed smaller deletions (Figure 7B, C, S7C; p = 

0.03), indicating that CtIP plays a role in resecting DNA ends in the absence of c-NHEJ 

components. Interestingly, microhomology was not significantly altered (Figure 7D). Thus, 

in human cells, CtIP appears to participate in translocations only in the absence of c-NHEJ.

Discussion

We demonstrate here that c-NHEJ is the predominant mechanism for joining DNA ends 

during translocation formation in human cells. In cells lacking the LIG4/XRCC4 complex, 

translocation junctions were altered with longer deletions and microhomologies, signatures 
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of alt-NHEJ. Our results suggest that patient-derived translocations also occur primarily 

through c-NHEJ. Translocation frequency was often reduced in c-NHEJ mutants, although 

the efficiency with which joining was redirected to alt-NHEJ varied. In contrast, loss of alt-

NHEJ components did not alter either translocation frequency or outcome unless c-NHEJ 

was also disrupted.

Different LIG4 mutants show subtly different joining characteristics

In each c-NHEJ mutant cell line tested, translocation junction characteristics differed from 

wild-type cells but with subtle differences. HCT116 c-NHEJ mutants had junctions with 

longer deletions and more microhomology regardless of the nuclease employed (ZFNs, 

TAL, Cas9, nCas9). Cas9-generated translocations from LIG4-null cells had the longest 

median deletion length of any of the translocations analyzed, implying that c-NHEJ is 

particularly critical for maintaining sequence information at these ends. Translocation 

frequency was lower in the HCT116 c-NHEJ mutants, but the reduction was greater at the 

EWS and p84 loci than at NPM and ALK, even when comparing the same type of nuclease 

(TALENs). These results suggest locus effects in the ability to switch from c-NHEJ to alt-

NHEJ; alternatively, the oncogenic NPM-ALK fusion protein formed by the translocation 

could provide a slight growth advantage (Zhang et al., 2013). Interestingly, Cas9-induced 

NPM-ALK translocations were not significantly reduced in the absence of LIG4, suggesting 

that alt-NHEJ can efficiently act on these ends to generate translocations.

In patient 411BR cells, the translocation frequency was not affected, consistent with a report 

that low levels of LIG4 are sufficient for DSB repair in vitro (Windhofer et al., 2007), but 

deletion lengths were intermediate between control cells and other LIG4 mutants. The 

remaining LIG4 in these cells has residual catalytic activity (O’Driscoll et al., 2001), and it 

may also promote DNA-PKcs bridging activity (Cottarel et al., 2013) to protect ends from 

extensive degradation.

The pre-B cell line NALM6 showed a large number of junctions with small insertions, likely 

due to TdT activity (Smith et al., 2003). TdT is required for diversification of antigen 

receptors, and TdT-generated insertions at these and other DSBs are dependent on c-NHEJ 

components (Boubakour-Azzouz et al., 2012; Smith et al., 2003). Consistent with this 

dependence, N114 cells had fewer insertions. NALM6 junctions without insertions showed 

longer microhomology than is typical of wild-type cells, raising the possibility that some of 

the junctions that did not engage TdT did not join by c-NHEJ; alternatively, TdT may have 

created microhomology in some of these junctions (Lieber, 2010).

Translocations in human and mouse cells form by different mechanisms

The requirement for c-NHEJ components in chromosomal translocation formation in human 

cells is in direct opposition to findings from mouse studies. In mice and mouse cell lines, c-

NHEJ suppresses translocations while alt-NHEJ promotes their formation. Mice with 

mutations in c-NHEJ components develop RAG recombinase-mediated pro-B lymphomas 

on a p53-deficient background with complex Myc translocations involving microhomology 

(Zhu et al., 2002). Similarly, c-NHEJ mutant B cells undergoing class switching have 

increased Myc translocations, implying that alt-NHEJ is a robust mechanism for generating 

Ghezraoui et al. Page 8

Mol Cell. Author manuscript; available in PMC 2015 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



translocations (Boboila et al., 2010). In addition to immune system-generated DSBs, 

nuclease-induced translocations in mouse embryonic stem cells form by alt-NHEJ, such that 

the translocation junctions show reduced microhomology and deletions in the absence of 

LIG3 or CtIP (Simsek et al., 2011a; Zhang and Jasin, 2011). Consistent with a c-NHEJ 

independent mechanism, junctions from wild-type, LIG4/XRCC4, and Ku70 mutant murine 

cells show similar characteristics (Simsek et al., 2011a; Simsek and Jasin, 2010; Weinstock 

et al., 2007). Thus, in mouse cells DSB repair leading to translocations differs from 

intrachromosomal repair of a single DSB (Simsek and Jasin, 2010; Weinstock et al., 2006), 

whereas in human cells both types of repair are similar and mediated by c-NHEJ.

Although NHEJ components are conserved, human cells have substantially higher DNA-PK 

activity than rodent cells (Finnie et al., 1995; Beamish et al., 2000; Meek et al., 2001). 

Another striking difference is that loss of the Ku protein is incompatible with human cell 

survival (Li et al., 2002) due to an essential role in telomere maintenance (Wang et al., 

2009), whereas rodent cells and mice are viable in the absence of Ku (Nussenzweig et al., 

1996; Taccioli et al., 1994; Zhu et al., 1996). The enhanced DNA-PK activity and 

differential Ku-requirements imply that basic DSB metabolism may be different between 

humans and rodents, a hypothesis supported by our studies.

Nuclease induction of oncogenic translocations: DSBs and paired nicks

Developing methodologies to induce oncogenic translocations has ramifications for 

understanding the role of translocations in tumor formation and their etiology. Here, we 

extended our previous studies in which cancer-relevant translocations were induced by 

ZFNs and TALENs (Piganeau et al., 2013) to Cas9 and nCas9 to generate the NPM:ALK 

translocation associated with lymphoma. Cas9 has also been used in HEK293 cells to induce 

a translocation found in lung tumors (Choi and Meyerson, 2014).

Cas9 has several advantages as a nuclease, in particular that it is easy to engineer by 

changing the gRNA sequence. Because mismatches to the gRNA can be tolerated, however, 

wild-type Cas9 has been associated with off-target mutagenesis (Fu et al., 2013). Paired 

nicks generated by nCas9 have the potential to substantially increase cleavage specificity, 

given that two gRNAs are required per DSB (Mali et al., 2013a; Ran et al., 2013), and we 

have determined that nCas9-generated paired nicks efficiently induce translocations.

Somewhat unexpectedly, we found that the DNA end structure markedly affected 

translocation junction characteristics. Cas9-induced DSBs are blunt or have a small 

overhang (Jinek et al., 2012), and many of the resultant translocation junctions from control 

cells appear to be simple c-NHEJ-dependent joining of the DNA ends. As translocation 

formation destroys the gRNA site, these events must arise from a single joining event, rather 

than iterative cycles of breakage and rejoining. The precise conservation of DNA end 

sequences in many translocations seems surprising, given that translocation formation 

results in a chromosome aberration. However, it is consistent with c-NHEJ protection of 

DNA ends and suggests that c-NHEJ is not an inherently error-prone process (Betermier et 

al., 2014).
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The precise joining of Cas9-induced DSBs means that the translocation junctions often do 

not exhibit the small deletions typical of patient-derived translocations (Gillert et al., 1999; 

Langer et al., 2003; Reichel et al., 1998; Weinstock et al., 2006; Zhang et al., 2002; 

Zucman-Rossi et al., 1998), suggesting that cancer translocations may also arise from some 

other type of DNA end structure. nCas9-induced nicks provide flexibility in DNA end 

structures. The paired nicks we used to induce translocations were ~40 bp apart and thus led 

to relatively long 5′ overhangs. Overhang sequences are retained in some junctions, 

suggestive of fill-in synthesis, as observed at ZFN and TAL overhangs (this report; Brunet et 

al., 2009; Piganeau et al., 2013). But deletions are significantly longer than those generated 

from wild-type Cas9, often encompassing one or both overhangs. Offset nicks with large 

overhangs that are filled in, however, such as those generated here by nicking, have been 

proposed to lead to duplications of sequences found in some leukemic translocation 

junctions (Gillert et al., 1999; Reichel et al., 1998), indicating that the paired nicks may 

provide a good model to interrogate the factors involved in these translocations.

Insertions ranging from ~20 bp to several hundred bp were found in ~6% of translocation 

junctions (Figures S2, S5). These insertions were frequently derived from sequences close to 

one of the four DNA ends, as reported for mouse cells (Simsek and Jasin, 2010). However, 

unlike mouse cells, a significant fraction were also derived from other chromosomes, as 

reported for other human translocations (Piganeau et al., 2013; Sobreira et al., 2011; 

Zucman-Rossi et al., 1998). A plausible mechanism for their derivation is replication primed 

by one of the DNA ends using microhomology (Simsek and Jasin, 2010; Weinstock et al., 

2006). Microhomology-primed duplication of sequences has similarities to what has been 

termed microhomology-mediated break induced replication, which has been postulated as a 

mechanism to give rise to copy number variants in the germline (Carvalho et al., 2013; 

Hastings et al., 2009).

Conclusions

Understanding mechanisms of genome rearrangements that contribute to the accumulation 

of cancer-driving mutations and secondary mutations resulting from cancer therapies is a 

critical area of research. The results presented here provide strong evidence that c-NHEJ is 

the primary pathway for chromosomal translocation formation in human cells. It is 

noteworthy in this regard that patients with LIG4 mutations (LIG4 syndrome) are not 

extremely cancer prone, unlike patients with mutations in genes in many other DNA repair 

pathways (Woodbine et al., 2014). While loss of c-NHEJ components may result in 

decreased DSB repair with a concomitant increase in apoptosis, our results here suggest that 

chromosomal translocations that would promote oncogenesis are also less likely to form, 

providing an alternative (or additional) explanation for the lack of a strong tumor 

predisposition. In conclusion, while the high level of c-NHEJ activity in human cells 

compared to rodents may provide a risk for oncogenic translocations, this is offset by the 

more accurate and efficient DSB repair from c-NHEJ that may restrain cancer incidence 

while permitting a longer lifespan.
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Experimental Procedures

Additional experimental procedures are available online in the Supplemental Information. 

ZFNEWS, ZFNFLI1, ZFNP84, TALALK and TALNPM have been described (Brunet et al., 

2009; Piganeau et al., 2013). (Note: p84 is encoded by the AAVS1 locus.) Cas9/gRNA 

target sequences are underlined with PAM sequences in bold:

NPM: 

CCTCGAACTGCTACTGGGTTCACCTCAGCCTCTGGAATAGCTAGAACTACA
GG

ALK: 

CCTCAGGTAACCCTAATCTGATCACGGTCGGTCCATTGCATAGAGGAGG

Cells were nucleofected with nuclease expression vectors; genomic DNA was isolated 48 h 

later for all repair assays. Translocation frequency was calculated using nested PCR on 

small pools of cells to amplify translocation junctions (Brunet et al., 2009; Piganeau et al., 

2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Intrachromosomal DSB repair in c-NHEJ deficient human cells is inefficient and shows 
a shift towards longer deletions and microhomology
A. Absence of LIG4 in both L4−/− and X4−/− HCT116 cells.

B. The ZFNEWS cleavage site overlaps an AseI restriction site.

C. After ZFNEWS expression, AseI-resistant PCR products (*: 724bp) were purified and re-

amplified (examples shown for wt, L4+/−, and L4−/− cells) for sequencing.

D. AseI-resistant NHEJ junctions at the ZFNEWS site from L4−/− and X4−/− cells 

demonstrate a shift towards longer deletions and increased microhomology (wt, n = 4; L4, n 

= 2; X4, n = 3). Junctions from L4 and X4 heterozygous or deficient cell lines are combined 

here and below, although results from individual cell lines were similar. The median 

deletion length is indicated, and each value represents the combined deletion from both ends 

of an individual junction. In the microhomology analysis, junctions that contain insertions 

were not included. Deletion and microhomology distributions here and below were 

compared by Mann-Whitney analysis. For random microhomology distribution, the 

probability that a junction will have microhomology by chance assumes an unbiased base 

composition (Roth et al. 1985). ***, p < 0.0001.

E. Two DSBs 3.2 kb apart were introduced by ZFNFLI-A and ZFNFLI-B in a FLI1 gene 

intron. To detect the 3.2-kb deletion, an ~890 bp fragment was PCR amplified using primers 

flanking the two DSBs.

F. Limiting dilution of genomic DNA to estimate the frequency of deletions after expression 

of ZFNFLI-A and ZFNFLI-B. PCR amplification of the 3.2-kb deletion product was 
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performed with serial dilutions of genomic DNA (100, 50, 25, 12.5, 6.25, 3.125, and 1.56 

ng). The number of times a PCR fragment was detected from 3 independent amplifications 

is indicated below the gel.

G. Junctions from joining two DSBs 3.2 kb apart at the FLI1 locus from L4−/− and X4−/− 

cells demonstrate a shift towards longer deletions and increased microhomology.

See also Figure S1.
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Figure 2. c-NHEJ generates chromosomal translocations in HCT116 human cells
A. Induction of chromosomal translocations with sequence-specific nucleases. Derivative 

chromosomes. Der19 and Der22 were detected by PCR using primers that flank the cleavage 

sites after ZFNp84 and ZFNEWS expression.

B. Translocation frequency is reduced in L4−/− and X4−/− HCT116 cells. Translocations 

were quantified as follows: ZFNEWS and ZFNp84, Der19 and Der22 (wt, n = 7; L4, n = 3; 

X4, n = 4); ZFNEWS and TALp84, Der22 (n = 4); TALLAM and TALp84, Der1 (n = 4). Der19 

and Der22 were assessed in the same experiment and the frequencies averaged. Error bars, 

+/− SEM. Nuclease expression was detected 48 h after transfection.

C. – E. Translocation junction analysis from X4−/− cells demonstrates a shift towards longer 

deletions and an increased presence of microhomology. Der19 and Der22 junctions derived 

from ZFN expression were pooled. C, Deletion lengths from individual Der19 and Der22 

junctions are indicated by the triangle and circle, respectively. D, Junctions are grouped 

according to whether the deletions were restricted to the overhang or were short (≤ 30 bp) or 

long (> 30 bp) deletions extending outside of the overhang. E, Microhomology distribution.

See also Figure S2.
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Figure 3. Chromosomal translocation formation is impaired in human LIG4 mutant cells
A. Locations of LIG4 mutations in N114 pre-B cells and 411BR fibroblasts.

B. Western blotting for LIG4 and ZFNs.

C. LIG4-null N114 cells have a significantly reduced ZFN-induced translocation frequency 

(n = 3), while hypomorphic 411BR cells have only a mild reduction (n = 4). Der19 and 

Der22 formation is pooled. Error bars, +/− SEM.

D. High insertion frequency in Der19 and Der22 junctions from NALM6.

E. – G. Translocation junction analysis from LIG4 mutant cells. E, F, Junctions show longer 

deletions which always (N114) or mostly (411BR) extend beyond the ZFN overhang. G, 
Microhomology distribution at translocation junctions. Microhomology can only be 

determined at junctions without insertions (only 33% of junctions from wild-type NALM6 

pre-B cells). Microhomology distributions from both pre-B cell lines was different from that 

expected by chance. By contrast, neither wild-type HDFa nor hypomorphic 411BR 

fibroblasts had microhomology distributions that differed from chance.

See also Figure S3.
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Figure 4. Cancer translocation induced by paired nicks and DSBs
A. Induction of NPM-ALK cancer translocations with sequence specific nucleases. Der5 

encodes the NPM-ALK fusion.

B. Der5 is detected only when DSBs or paired nicks are induced on both chromosomes. 

Wild-type Cas9 with gRNAs for NPM1 and ALK1 gives rise to translocations as does 

nCas9 with gRNAs NPM1+NPM2 and ALK1+ALK2. Relative positions of cleavage sites 

are indicated.

C. Indel formation at the ALK locus, as monitored by the T7-endonuclease assay.

See also Figure S4.
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Figure 5. Cancer translocations induced by paired nicks and DSBs
A. – E. Der5 translocations induced by expression of the indicated nucleases in wild-type 

and mutant HCT116 cells. Nucleases: TAL, TALALK+TALNPM (n = 4); Cas9, 

Cas9+gRNAs (ALK1+NPM1) (n = 4); nCas9, nCas9+gRNAs (ALK1+ALK2 and 

NPM1+NPM2) (n = 3). A, Translocation frequency. Error bars, +/− SEM. B. The NPM-

ALK fusion protein was detected 48 h after expression of the indicated nucleases. C-E, 
Translocation junction analysis. Junctions from L4−/− cells exhibited longer deletions and 

more microhomology. C, Deletion lengths from individual Der5 junctions. For wild-type 

Cas9, a large fraction of junctions from control L4+/− cells were blunt end ligations of the 

two ends but these were absent from L4−/− cells. For nCas9, the deletions are quite long, 

reflecting the long overhangs; however, in L4−/− cells, unlike L4+/− cells, most of the 

deletions extended well past the overhangs (see last two columns with asterisks for deletion 

lengths beyond the overhang). D, Junctions are grouped according to whether the deletions 

extend beyond the overhang (≤ 30 bp or > 30 bp) or are restricted to the overhang (or, in the 

case of wild-type Cas9, are 0 bp). E, Microhomology distribution. Microhomology in 

junctions from control L4+/− cells is distributed almost identically to that expected by 

chance with wild-type Cas9 but is greater with nCas9 which leaves long overhangs.

See also Figure S5.
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Figure 6. LIG3 deficiency does not affect translocations in human cells
A. – C. Neither translocation frequency nor junction characteristics are altered by LIG3 loss. 

Translocations are induced by expression of the indicated nucleases: ZFN, 

ZFNp84+ZFNEWS, generating Der22 (n = 3); Cas9, Cas9+gRNAs (ALK1+NPM1) or nCas9, 

nCas9+gRNAs (ALK1+ALK2 and NPM1+NPM2), generating Der5 (n = 2). B, 
Translocation frequency. Error bars, +/− SEM. C, Deletion lengths from individual Der22 

(ZFNs) and Der5 (Cas9, nCas9) junctions. D, Microhomology distribution. Microhomology 

in junctions from control and LIG3-deficient cells was similar.

See also Figure S6.
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Figure 7. CtIP affects translocations in XRCC4-deficient but not wild-type cells
A. Translocation frequency is reduced with CtIP knockdown in X4−/− but not wild-type 

human cells (n = 3). Error bars, +/− SEM. FLAG-ZFN levels at the time of transfection (t0) 

and 48 h later (t2) is shown in the inset.

B. Deletion lengths from individual Der22 junctions are reduced in X4−/− but not wild-type 

cells with CtIP knockdown.

C. Fewer deletions extend ≤ 30 bp beyond the overhang in X4−/− cells with CtIP 

knockdown.

D. Microhomology in junctions from control and X4−/− cells is not affected by CtIP.

See also Figure S7.
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