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SUMMARY

Repair of DNA double-strand breaks (DSBs) by non-homologous end-joining is critical for neural
development, and brain cells frequently contain somatic genomic variations that might involve
DSB intermediates. We now use an unbiased, high-throughput approach to identify genomic
regions harboring recurrent DSBs in primary neural stem/progenitor cells (NSPCs). We identify
27 recurrent DSB clusters (RDCs) and, remarkably, all occur within gene bodies. Most of these
NSPC RDCs were detected only upon mild, aphidicolin-induced replication stress, providing a
nucleotide-resolution view of replication-associated genomic fragile sites. The vast majority of
RDCs occur in long, transcribed, and late-replicating genes. Moreover, almost 90% of identified
RDC-containing genes are involved in synapse function and/or neural cell adhesion, with a
substantial fraction also implicated in tumor suppression and/or mental disorders. Our
characterization of NSPC RDCs reveals a basis of gene fragility and suggests potential impacts of
DNA breaks on neurodevelopment and neural functions.

INTRODUCTION

Evolutionarily conserved DSB repair pathways are required for maintenance of genome
stability in mammalian cells (Lieber, 2010). Classical non-homologous end joining (C-
NHEJ) is a critical somatic cell DSB repair pathway that is not dependent on sequence
homology and which functions throughout the cell cycle (Alt et al., 2013). Evolutionarily
conserved “core” C-NHEJ proteins include XRCC4 and DNA Ligase 4 (Lig4), which form
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an end-ligation complex (Alt et al., 2013; Boboila et al., 2012). C-NHEJ to a degree relies
on DSB detection by the Ataxia telangiectasia-mutated (ATM) DNA damage response
protein (Alt et al., 2013). Deficiency for C-NHEJ factors, or ATM and its downstream
factors, leads to persistence of DSBs and their more frequent joining to other DSBs to
generate chromosomal rearrangements, including translocations, deletions, inversions, and
amplifications (Alt et al., 2013; Gapud and Sleckman, 2011). In the absence of C-NHEJ,
such chromosomal rearrangements employ an alternative end-joining pathway (A-EJ)
(Boboila et al., 2012).

C-NHEJ DSB repair is required for both immune and nervous system development (Gao et
al., 1998). Inactivation of Xrcc4 or Lig4 in the mouse germline blocks lymphocyte
development owing to the requirement for C-NHEJ to join antigen receptor variable region
gene segments during V(D)J recombination (Alt et al., 2013). Xrcc4 or Lig4 inactivation
also severely impairs neural development, leading to widespread apoptotic death of early
post-mitotic neurons and associated late embryonic lethality (Barnes et al., 1998; Gao et al.,
1998; Frank et al., 2000). Neuronal loss and embryonic lethality in C-NHEJ-deficient mice
are rescued by p53 deficiency, indicating that both result from a p53-dependent checkpoint
response to unrepaired DSBs (Frank et al., 2000; Gao et al., 2000). However, V(D)J
recombination and, correspondingly, B cell development, is not rescued in C-NHEJ/p53
double-deficient mice, which routinely develop lethal progenitor B cell lymphomas with
clonal translocations and amplifications involving fusion of VV(D)J recombination-associated
DSBs in the immunoglobulin heavy chain (IgH) and c-Myc oncogene loci via A-EJ
(Difilippantonio et al., 2002; Hu et al., 2015; Zhu et al., 2002). Notably, C-NHEJ/p53
double-deficient mice also develop medulloblastomas (MBs) in situ (Lee and McKinnon,
2002; Zhu et al., 2002). Moreover, neural stem/progenitor cell (NSPC)-specific inactivation
of Xrccd in p53-deficient mice leads to MBs that harbor recurrent clonal translocations,
amplifications and deletions (Yan et al., 2006).

Brain cells frequently contain somatic genomic variations, including deletions, and
rearrangements, which in some cases are linked to retrotransposition (Erwin et al., 2014;
McConnell et al., 2013; Poduri et al., 2013). In this regard, single-cell sequencing of human
frontal cortex neurons revealed that up to 41% had at least one megabase (Mb)-scale de
novo copy number variation (CNV), most of which were deletions (McConnell et al., 2013).
Due to technical limitations of such analyses, the actual frequency of these CNVs might be
even higher (Erwin et al., 2014). Such somatic changes have been speculated to generate
neuronal diversity and result in greater variance of cellular and organismal phenotypes
(Erwin et al., 2014; Muotri and Gage, 2006). In theory, genomic aberrations in NSPCs might
be transmitted to daughter cells and, thereby, contribute to genomic mosaicism in individual
neurons or glial cells, where they could influence aspects of normal or abnormal brain
function (Poduri et al., 2013). A better understanding of potential impacts of such genomic
alterations in neural cells awaits elucidation of underlying mechanisms (Erwin et al., 2014;
Poduri et al., 2013).

We have developed an unbiased high-throughput, genome-wide, translocation sequencing
(HTGTS) approach to map, at nucleotide resolution, genome-wide DSBs based on their
ability to translocate to endogenous or ectopic “bait” DSBs at a specific chromosomal
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location (Chiarle et al., 2011; Dong et al., 2015; Frock et al., 2015; Hu et al., 2015). HTGTS
and a related approach revealed that off-target activities of lymphocyte-specific antigen
receptor gene diversification enzymes generate recurrent DSBs or DSB clusters across the
genome of B lineage cells (Chiarle et al., 2011; Hu et al., 2015; Klein et al., 2011; Meng et
al., 2014; Zhang et al., 2012). For both mouse and human cells, recurrent DSBs or classes of
DSBs are evident in genome-wide translocation landscapes, regardless of chromosomal
location. The ability of such clusters of DSBs across the genome to be revealed by HTGTS
results from cellular heterogeneity in 3-D genome organization (Alt et al., 2013; Frock et al.,
2015; Zhang et al., 2012), a phenomenon that allows recurrent DSBs to be reliably identified
by HTGTS baits on a different chromosome (Frock et al., 2015). In the absence of recurrent
DSBs, proximity causes DSBs in cis along a given chromosome to preferentially join (Dong
et al., 2015; Frock et al., 2015; Zhang et al., 2012). Within a cis chromosome, translocation
frequency is further enhanced between sequences within topological domains or loops due
to increased interaction or other processes (Alt et al., 2013; Hu et al., 2015; Zhang et al.,
2012). Together, these properties of chromosomal translocations allow use of HTGTS as a
remarkably sensitive DSB detection method.

We now apply an enhanced linear amplification-mediated HTGTS approach (Frock et al.,
2015) to map DSBs in NSPCs. These studies reveal a large set of recurrently broken genes
and suggest potential mechanisms underlying their origin.

High-throughput Mapping of DSBs and Translocations in NSPCs

For initial studies, we performed HTGTS on NSPCs isolated from mice deficient for
XRCC4 and p53 (Xrccd~/~p53~/~ mice); since based on our prior studies we expected this
background to be a rich source of NSPC DSBs (Gao et al., 1998; Yan et al., 2006). We used
a Cas9:sgRNA approach to generate an initial HTGTS bait DSB as we described for other
studies (Dong et al., 2015; Frock et al., 2015; Hu et al., 2015). Specifically, we designed an
SgRNA (“Chr12-sgRNA-1") that targets a Cas9:sgRNA-generated bait DSB to an intergenic
region approximately 52 kb telomeric of N-myc on chromosome (Chr) 12 (Figure 1A, top).
The Chr12-sgRNA-1 was introduced into cultured NSPCs, which were then maintained for
4.5 days and harvested for HTGTS. We used a primer that allowed us to identify
endogenous “prey” DSBs genome-wide that joined to centromeric broken ends of a Chr12-
sgRNA-1 generated “bait” DSB (Figure 1A, top). In four separate experiments, we
identified 32,144 independent HTGTS junctions. We visualized overall junction patterns
along each individual chromosome via modified Circos plots (Frock et al., 2015) of the
mouse genome separated into 2.5-Mb bins. These studies revealed that 61.4% (19,734) of
HTGTS junctions mapped within 500 kb of the Chr12-sgRNA-1 target site, with the
majority of these not representing translocations but rather representing rejoining of a given
bait DSB following resection (Figure 1A; Figure S1A,B and Table S1) (Chiarle et al., 2011,
Frock et al., 2015).

After excluding the break-site resections, a substantial fraction (~8%) of the remaining
Chri2 junctions involved prey DSBs spread over Chr12 (Figure 1A), a phenomenon
resulting from joining of bait DSBs to wide-spread low level DSBs in cis due to 3-D spatial
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proximity (Alt et al., 2013; Zhang et al., 2012). We estimate that the frequency of prey
DSBs participating in such break-site chromosome translocations in XRCC4-deficient
NSPCs is, at a minimum, about 8 per cell (Table S2). Indeed, the actual DSB frequency
likely is much higher since most DSBs are rejoined locally and do not translocate (Alt et al.,
2013). Beyond the break-site junctions, the remainder of the 9,966 (31%) HTGTS junctions
distributed broadly throughout the genome (Table S1 and Figure 1A; for convenience, bins
with less than 5 junctions are not illustrated on Circos plots but examples are shown in
Figure S1C).

We used the SICER (Spatial clustering approach for the Identification of ChlP-Enriched
Regions) algorithm (Zang et al., 2009) to perform an unbiased assay of the HTGTS library
data with the goal of identifying significantly enriched junction clusters across the XRCC4-
deficient NSPC genome (see Supplemental Experimental Procedures). This analysis
revealed three recurrent translocation clusters; notably, two of these clusters were located
specifically within the limbic system-associated membrane protein (Lsamp) gene on Chr16
and the neuronal PAS domain protein 3 (Npas3) gene on Chr12, while the other represented
a Chr12-sgRNA-1 off-target (OT) site on Chr12 (Figure 1). As the prey DSBs participating
in recurrent translocations to Lsamp and Npas3 were spread broadly across these long genes
(see below), we refer to them as “recurrent DSB clusters” (RDCs). Finally, we also found
the same three enriched junction clusters by an independent custom MACS-based pipeline
(See Supplemental Experimental Procedures).

The Lsamp and Npas3 Genes are Prone to DSBs and Translocations in NSPCs

To elucidate potential underlying mechanisms, we examined HTGTS junctions between
Chr12-sgRNA-1 bait DSBs and prey DSBs across the 2.2 Mb-long Lsamp gene in
Xrcc4~/~p53~/~ NSPCs. By convention, prey HTGTS junctions are denoted “+” if the prey
is read from the junction in a centromere-to-telomere direction and “—* if in the opposite
direction (Figure 2A, top; Chiarle et al., 2011). Lsamp translocations occurred at similar
levels to prey DSBs in both the plus (+) and minus (=) orientations, indicating that Chr12-
sgRNA-1 bait DSBs can join to either end of a prey DSB (Figure 2A), similar to what is
found for translocation of bait DSBs to prey DSBs genome-wide in B cells (Chiarle et al.,
2011). Translocation junctions distributed broadly across Lsamp, but were most enriched
over an approximately 600-kb internal region (Figure 2A). About 0.5% (51/9,966) of total
inter-chromosomal translocations involved Lsamp (Table S1). To independently confirm
accumulation of recurrent DSBs in Lsamp in Xrcc4~/~p53~/~ NSPCs, we used a
Cas9:sgRNA (Chr16-sgRNA-1) to introduce bait DSBs in an intergenic region
approximately 8 Mb upstream of Lsamp (Figure 2B). We found that Chr16-sgRNA-1 bait
junctions were again substantially enriched across Lsamp in both + and — orientations, with
Lsamp translocations occurring at a level of about 2% (151/7,965) of total inter-
chromosomal translocations (Table S1), consistent with anticipated proximity effects (Alt et
al., 2013; Zhang et al., 2012). For comparison, when normalized as described above for
wide-spread DSBs, we estimate that 60% of NSPCs have one Lsamp DSB that translocates
to a bait DSB (Table S2); again, the number of Lsamp DSBs could be much higher, because
we only include in our estimate the small fraction of total DSBs that translocate (See
Discussion for details)
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To further assess potential mechanisms of Lsamp translocations, we employed I-Scel-
mediated bait DSBs within c-Myc (“c-Myc22XI=S¢el”) on Chr15 (Chiarle et al., 2011) for
HTGTS analyses of ATM-deficient (ATM™~) NSPCs. These studies revealed overall
translocation patterns, including the presence of an Lsamp RDC, that were generally similar
to those observed for Xrcc4~/~p53~/~ NSPCs (Figure 2C and data not shown). Because we
had previously generated HTGTS libraries from the same c-Myc25%1=Scel pajt DSBs in B
cells (Meng et al., 2014), we could directly compare HTGTS translocation junctions along
Chrl6 in B cells versus those in NSPCs (Table S1). In this regard, HTGTS libraries from
primary IgH class switch recombination (CSR)-stimulated B lymphocytes did not reveal any
junction enrichment in Lsamp (Figure 2D). On the other hand, activated B-cell HTGTS
libraries exhibited two HTGTS junction peaks in Chr16 not present in NSPCs libraries
(Figure 2D; compare with Figure 2C). One B-cell peak (purple star) contained junctions
spread broadly over the Ig\ light chain locus and the other (green star) contained two focal
peaks of junctions in Bcl-6 and in a transcribed region near Lpp. Notably, the latter two are
known off-targets of activation-induced cytidine deaminase (AID), the B-cell enzyme that
induces DSB formation for IgH CSR (Meng et al., 2014). For comparison, in size-matched
HTGTS libraries (normalized to 7,000 inter-chromosomal junctions), activated B-cell
libraries contained 12 junctions targeted to a site of convergent transcription downstream of
the TSS of Bcl-6 (the strongest Chr16 AID off-target gene; Meng et al., 2014), while NSPC
libraries contained over 40 junctions spread across the body of Lsamp. By performing global
run-on sequencing analyses (GRO-seq; Core et al., 2008), we found active transcription over
the entire Lsamp gene in Xrcc4/~p53~/~ and ATM~~ NSPCs (lower panels in Figure 2B and
C). In contrast, examination of GRO-seq analyses of activated B cells (Meng et al., 2014)
revealed that Lsamp is not detectably transcribed (Figure 2D, lower panel).

We also examined the Npas3 RDC in detail in Xrcc4~~p53~/~ NSPCs (Figure 3). Similar to
junctions identified in Lsamp, junctions were detected in both orientations across Npas3
when cloned from the Chr12-sgRNA-1 bait DSB site located 40 Mb centromeric of the gene
(Figure 3A). These intra-chromosomal junctions to the 825-kb Npas3 gene occurred at a
frequency that corresponded to about 1% of all inter-chromosomal HTGTS junctions (Table
S1). Junction enrichment in Npas3 again was further enhanced when a different sgRNA
(Chr12-sgRNA-2) was used to move the bait DSB approximately 6 Mb telomeric to Npas3
(Figure 3B), with intra-chromosomal translocations to Npas3 DSBs occurring at a level
corresponding to almost 3% of inter-chromosomal translocations captured (Table S1). GRO-
seq analyses of Xrcc4™/~p53~/~ NSPCs indicated active transcription over the entire Npas3
gene (Figure 3C).

HTGTS studies with the c-Myc22XI=S¢el hajt DSBs revealed the Lsamp RDC in both wild-
type (WT) as well as in ATM-deficient NSPCs, while the Chr12-sgRNA-1 revealed the
Lsamp RDC in Xrcc4~/~p53~/~, but not wild-type NSPCs (Table S1). None of the bait
DSBs used revealed Npas3 RDCs in WT HTGTS libraries and only the Chr12-sgRNAs
revealed the Npas3 RDC in the Xrccd~/~p53~/~ NSPCs (Figures 1 and 3; data not shown).
We suspect that the differential recovery of these two RDCs may be related to the frequency
at which the different bait and prey DSBs are induced or persist in the different genotypes
(Dong et al., 2015), as both the Lsamp and Npas3 RDCs were readily apparent in HTGTS
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studies employing bait DSBs on Chr12, -15, and -16, respectively, in Xrcc4~/~p53~/~
NSPCs under conditions in which these prey DSBs are further enhanced; and Lsamp and
Npas3 were also detected under such conditions by bait DSBs on Chr15 or Chrl2 in WT
NSPCs (Figures 4-6; see below).

Elucidation of Replication Stress-induced DSBs and Translocations in NSPCs

Given that NSPCs undergo extensive cell division both in vivo and in vitro (McKinnon,
2013), we investigated potential effects of DNA replication stress on DSB generation.
Treatment with low doses of aphidicolin (APH), a DNA polymerase inhibitor, induces
replication stress and, thus, has been widely used for common fragile site (CFS) analyses
(Durkin and Glover, 2007; Glover et al., 1984). To identify genomic regions subject to DNA
replication stress-associated DSBS, we treated Xrccd™'~p53~/~ NSPCs with either APH or
vehicle control (dimethyl sulfoxide; DMSO) and performed HTGTS with bait DSBs
generated, respectively, on either Chr12 (Chr12-sgRNA-1), Chr16 (Chr16-sgRNA-2), or
Chr15 (Chr15-Myc-sgRNA). For each of the three bait DSBs, we performed at least three
independent HTGTS experiments on control- or APH-treated cells. These experiments all
were analyzed separately to confirm reproducibility, and then pooled, normalized to the
same number of total junctions, and plotted in modified Circos plots to facilitate comparison
of APH-induced RDCs found in the different bait libraries (Figures 4 and S2).

For the unbiased identification of junction enrichment across the genome in APH-treated
versus control samples, we again employed SICER, which also is a method of choice for
comparing two identical samples with or without a specific treatment (Zang et al. 2009)
(Figure S2; see Supplemental Experimental Procedures). This analysis revealed 282, 156,
and 294 candidate replication stress-induced RDCs, respectively, in HTGTS libraries
generated from Chr12-, Chr15-, and Chr16-bait DSBs. For further analysis, we only
considered RDCs that showed a significantly higher translocation density in libraries from
APH-treated versus vehicle control-treated cells (P<0.05, one-tailed t test; see Supplemental
Experimental Procedures). This criterion reduced the number of cluster candidates that were
significantly enriched across all biological replicates to 69, 158, and 133 in Chr15-Myc-
SgRNA-, Chr12-sgRNA-1-, and Chr16-sgRNA-2-based libraries, respectively (Table S3).
While many of these might be bona fide replication stress-induced RDCs, for more detailed
analyses we only considered APH-induced RDCs that were independently detected by at
least two HTGTS bait DSB locations on different chromosomes (Figure S2A). Based on this
stringent criterion, 26 of the 360 candidate replication stress-induced RDCs were identified
from at least two bait DSB locations (Figure 4); strikingly, all of these, like the majority of
all candidate RDCs, were in gene bodies (Figures 5 and S2-4). Notably, we verified these 26
RDCs with the MACS-based, custom pipeline mentioned above (Table S4). Translocation
junctions within these RDCs occurred similarly in + and — orientations, again indicating that
the bait DSB end could join to one or the other end of a given prey DSB within the RDC
(Figure S3). Six of the 26 RDC-containing genes (“RDC-genes”) were detected by bait
DSBs located on three different chromosomes (Figures 5A-C and S4A). Finally, as
expected based on proximity effects (Alt et al., 2013), we found higher junction densities in
replication stress-induced RDCs that were on the same chromosome as the bait DSBs that
detected them (Figures 5D—F and S4C).
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We performed an identical set of assays for replication stress-induced RDCs in wild-type
NSPCs, except that we only employed HTGTS bait DSBs from Chr15 or Chrl2. Although
wild-type NSPC HTGTS experiments yielded somewhat lower total junction numbers than
Xrccd~/~p53~/= NSPC experiments, they revealed 13 of the 26 RDCs detected in
Xrccd™/~p53~/~ NSPCs (Figures 6 and S5A-F). In addition, Lsamp appeared in WT cells as
a replication stress-induced RDC. In total, six of the 14 wild-type RDCs (including Lsamp)
were detected from both bait DSBs (Figures 6A-D and S5B). These studies show that
replication stress-associated RDCs form in both WT and C-NHEJ (XRCC4)-deficient cells.
As in repair-deficient NSPCs, location of the replication-stress induced RDC on the break-
site chromosome in WT NSPCs resulted in higher junction densities (Figure 6E and F).

Analysis of translocation junctions between bait DSBs and replication stress-mediated
RDCs revealed, strikingly, that approximately 60% of junctions in WT NSPCs were
microhomology (MH)-mediated, while more than 90% of junctions in Xrccd~/~p53~/~
NSPCs were MH-mediated (Figure S5G; Table S5). Genome-wide translocation junctions
showed a similar shift in MH usage between WT and Xrcc4~/~p53~/~ NSPCs (Figure S5G).
Together, these findings show that both the C-NHEJ DSB repair pathway and A-EJ
pathways (that are biased towards longer MH usage) can mediate translocations of
replication stress-associated DSBs and translocations to DSBs genome-wide in NSPCs.

Replication Stress-associated DSBs and Translocations Target Long, Actively
Transcribed, Neural Genes

All 27 (including Lsamp in WT NSPCs) replication stress-induced RDCs identified by
HTGTS and our unbiased, genome-wide enrichment analysis were located within genes
(Figures 5, 6, S4, and S5), with all but one clearly being actively transcribed, albeit on
average at slightly lower levels than other active genes in NSPCs (Figure 7A and B).
Strikingly, detailed analysis of these RDC-genes revealed that 15/27 (55.6%) are involved in
neural cell adhesion and 22/27 (81.5%) have roles in synaptogenesis and synaptic function
(Figure 7C; Table S6). Moreover, the vast majority of these genes have been linked to neural
disorders in mice and/or in humans (Table S6). We note, however, that expression of some
of these genes is not restricted to neural cells. For example, Lsamp is expressed in
fibroblasts where it is also fragile (Le Tallec et al., 2011); and Wwox, Pard3b, Oxr1, and
Nfia are all expressed in B cells (Meng et al, 2014), with Wwox also being fragile in
lymphocytes (Le Tallec et al. 2013). Likewise, Dcc is expressed in most normal tissues and
is deleted in colon cancer (Fearon et al., 1990) (See also Discussion).

With the exception of Ptn, all genes harboring replication stress-induced RDCs in NSPCs
were longer than 100 kb, which is significantly above the average gene length in the mouse
genome (Figure 7D). To test whether these long genes incur more translocations and, thus,
form RDCs simply because of their larger target size, we computationally sampled and
concatenated randomly selected, active genes of average size (15-25 kb) from HTGTS
libraries into regions of approximately 1 Mb, and compared size-normalized junction
density in these regions to that of the 27 RDC genes (Figure 7E and F). Even when
normalized by size, the large genes harboring RDCs in NSPCs showed higher junction
density than predicted by size alone (Figure 7E and F, Figure S6A and B). Moreover, the
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large genes harboring RDCs represented only a small fraction (1.5%) of the 1,761 actively
transcribed NSPC genes larger than 100 kb, which further indicates that the observed
accumulation of DSBs in these genes in response to replication stress is not just due to size
per se. These findings indicate that this subset of long genes in NSPCs is disproportionately
susceptible to DSB-induced genomic instability.

To gain further insight into potential underlying mechanisms, we investigated the replication
timing of the 27 identified RDC-genes in NSPCs by examining existing murine neural
progenitor replication timing data (Hiratani et al., 2008; Pope et al., 2014). Whereas a few of
these genes show relatively neutral or early replication timing (Npas3, Nfia, Wwox, and Ptn),
the majority replicate late (Figures 7G and S6C). Notably, the 27 RDCs on average replicate
significantly later in NSPCs than other genes larger than 100 kb (P.W., A.N.C., J.K., Z.D.,
R.M.M., FW.A., B.S., unpublished data). Because the 27 genes we identify as being prone
to genomic instability in NSPCs are highly conserved between mouse and man, we also
examined existing replication timing data of their human orthologs in neural progenitors
(Ryba et al., 2010; Figure S6D). Nearly 90% of these human orthologs showed conserved
replication timing with their mouse counterparts (Figure S6D), suggesting that the majority
of genes we identify as sensitive to replication stress-induced genomic instability in murine
NSPCs could potentially be prone to replication stress-induced fragility in humans.

DISCUSSION

Detection of Recurrent Classes of DSBs in NSPCs

Development of NSPCs into post-mitotic neurons in vivo is dependent on repair of DSBs by
C-NHEJ (Gao et al., 1998), suggesting critical roles for DSBs and/or their repair in neural
cells. We now have employed HTGTS to identify tens of thousands of endogenous DSBs
across the genomes of XRCC4/p53-deficient and WT NSPCs, based on their translocation to
bait DSBs on several different chromosomes. Our findings reveal multiple different sources
of recurrent DSBs in NSPCs, of which a large fraction corresponds to general classes of
DSBs observed in other cell types (e.g., Chiarle et al., 2011; Frock et al., 2015; see below).
Beyond these, our unbiased approach revealed 27 clear RDC sites in NSPCs, as they were
recurrently detected from HTGTS bait DSBs located on different chromosomes. Strikingly,
all 27 RDCs occurred in gene bodies. Moreover, they mainly occur in large genes encoding
proteins involved in neural development or function, with a significant subset having been
implicated as rearranged in neural and other cancers. Based on detection from a single
HTGTS bait-site, we identified 333 additional, likely lower level, RDC candidates. As
spatial proximity of bait and prey DSBs on the same chromosome clearly enhances detection
of replication stress-induced RDCs in NSPCs (Figures 5, 6, S4C and S5D), HTGTS with
additional bait DSB locations may eventually allow confirmation of many of these
additional apparent RDCs. Due to the high sensitivity of HTGTS as a DSB identification
approach, we expect that, with appropriate means of delivering bait DSBs, our approach
could be extended to other neural lineage cells, including mature neurons.

Cell. Author manuscript; available in PMC 2017 February 11.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 9

Potential Sources of General Classes of Endogenous DSBs in NSPCs

In XRCC4/p53-deficient NSPCs, a large proportion of bait DSB junctions involve rejoining
of the two bait DSB ends subsequent to resection (e.g., Figure S1), similar to what occurs in
other cell types (Chiarle et al., 2011; Frock et al., 2015). Beyond the immediate break site,
junctions were enriched along each tested XRCC4/p53-deficient NSPC break-site
chromosome (i.e., Chr12, -15 and -16) relative to other chromosomes, consistent with
spatial proximity influencing preferential joining of bait DSBs to the subset of widespread,
low-level chromosomal DSBs that occur in cis (Frock et al., 2015; Zhang et al., 2012).
Previously, this phenomenon was most prominently observed in cells harboring widespread
DSBs generated by ionizing radiation or by non-specific activities of certain nucleases
(Frock et al., 2015; Zhang et al., 2012). While we have not elucidated the source of
widespread low-level DSBs in NSPCs, such DSBs might arise from various endogenous
sources, including replicative, transcriptional, or oxidative stresses (e.g., Aguilera and
Garcia-Muse, 2013; Erwin et al., 2014; Kim and Jinks-Robertson, 2012). In this regard,
ATM deficiency, which increases oxidative stress (Paull, 2015), led to the greatest levels of
this class of DSBs in NSPCs (Table S1). Notably, low-level widespread DSBs and overall
RDC DSBs appear to similarly contribute as major DSB sources detectable in NSPCs.
Finally, DSBs captured by HTGTS baits also are enriched near the TSSs of active genes in
NSPCs; but they are not frequent enough to be considered recurrent in any given gene; for
example, they occur at negligible frequency in RDC gene TSSs compared to the frequency
of DSBs across the gene body (P.W., A.N.C., J.K., Z.D., RM.M,, FW.A,, B.S., unpublished
data).

Mechanisms Promoting Replication Stress-induced Genomic Instability of Neural Genes in

NSPCs

Of the 27 genes harboring robust RDCs in NSPCs, 25 were evident only in response to
APH-induced replication stress; moreover, APH-treatment increased the DSB frequency in
the two genes, Npas3 and Lsamp, that had RDCs in the absence of treatment (Figures 4-6,
S4C, and S5B). APH is well known to induce CFS instability (Durkin and Glover, 2007).
Consistent with characteristics often associated with CFSs, most replication stress-induced
RDCs in NSPCs are within actively transcribed, large, and late-replicating genes (Figure 7).
Thus, as proposed for CFSs, these characteristics, and potentially others, may contribute to
the DSBs that generate NSPC RDCs by increasing the frequency of collisions between
transcription and replication factors and/or mitotic entry with incomplete replication (Gao
and Smith, 2014; Helmrich et al., 2011; Le Tallec et al., 2014). In this regard, Lsamp is the
largest, actively transcribed NSPC gene and it replicates late, potentially predisposing it to
frequent DSBs and RDC formation in the absence of APH treatment. The mechanism(s) of
Npas3 fragility may be distinct, as this gene has neutral to early replication timing. In this
context, we also identify an RDC in Ptn, which is not an exceptionally large gene (95.7 kb),
replicates early, and is highly transcribed relative to surrounding regions, reminiscent of the
ERFSs identified in B lymphocytes (Barlow et al., 2013). Notably, DSBs in ERFSs have
also been linked to collisions between transcription and replication, but ERFSs are not
induced by APH treatment (Barlow et al., 2013).
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Mapping of suspected CFSs generally has been achieved mostly through experimental
approaches involving cytogenetic studies of metaphase chromosomes from a limited number
of cells (Durkin and Glover, 2007). Thus, the majority of CFSs have been characterized at
low resolution (Savelyeva and Brueckner, 2014). In the mouse, only 8 CFSs have been
molecularly mapped and only in lymphocytes (Helmrich et al., 2006); one of these (Wwox,
FRA8E1; Krummel et al., 2002) was identified as an RDC in our study of NSPCs. The
orthologous human gene (WWOX) is also located within a CFS (FRA16D; Krummel et al.,
2002). In human cells, only 9 CFSs have been fine-mapped to a resolution of about 150 kb;
although others have been implicated at lower resolution (several megabases), mostly in
transformed cell lines (Savelyeva and Brueckner, 2014). Remarkably, of these implicated
human CFSs, 6 span genes (Bosco et al., 2010; Le Tallec et al., 2011; Le Tallec et al., 2013)
that correspond to RDCs that we identified at high resolution in NSPCs (Pard3b, Fgf12,
Prkgl, Gpc6, Lsamp, Sdk1; Table S6). Thus, HTGTS elucidates CFSs, and other types of
genomic fragility, at nucleotide resolution. Such resolution is critical for understanding
underlying mechanisms. For example, based on analysis of large numbers of HTGTS
junctions, we find that both RDC translocation junctions and genome-wide translocation
junctions in XRCC4-deficient NSPCs have a markedly increased frequency and extent of
MH-usage as compared to their counterparts in WT NSPCs (Figure S5G). Thus, in contrast
to earlier conclusions based on more limited approaches studying mouse ES cells (Arlt et al.,
2012), our studies indicate that both C-NHEJ and A-EJ pathways can mediate the various
types of translocations we observe in NSPCs.

RDC-Genes in NSPCs are Implicated in Neural Processes, Neural Disorders, and Cancer

The great majority (24 of 27) of RDC-genes in NSPCs have roles in neural cell adhesion
and/or regulation of synapse formation and function (Figure 7; also see Table S6). These
include the cadherin-associated proteins Ctnna2 and Ctnnd2; cadherin Cdh13; synaptic cell
adhesion molecule Cadmz2; neural cell adhesion molecules Bai3, Csmd1, Csmd3, Dcc,
Lsamp, Mdga2, Magi2, Ntm and Sdk1; excitatory neurotransmitter receptor Grik2; and two
members of the neurexin family of synaptic cell surface proteins (Nrxnl, Nrxn3) (See Table
S6). In addition, nearly all NSPC RDC-containing genes have been linked, either in mice,
humans or both, to neurodevelopmental and neuropsychiatric disorders, including autism-
spectrum disorder (44%; 12/27), schizophrenia (37%; 10/27), bipolar disorder (29.6%;
8/27), and intellectual disability (22.2%; 6/27) (Table S6). In the above contexts, recurrent
DSB-mediated genomic alterations in NSPC RDC-genes might generate neuronal diversity
and, thereby, affect neural physiology and/or predispose to neurodevelopmental disorders.

It is perhaps notable that the human orthologs of 9 of the RDCs identified in our study are
found in relatively focal (5.8-15.4 Mb) CNVs detected by single-cell sequencing of human
frontal cortex neurons (McConnell et al., 2013; Figure S7). While the relevance of this
finding awaits further studies, it is tempting to speculate that the human orthologs of RDCs
we define in NSPCs may give rise to at least some of these neuronal CNVs. In this regard,
NSPCs harboring RDCs may be positively selected; and/or DSBs leading to RDC formation
may occur at high frequency. Consistent with the latter possibility, we estimate that, when
considered in aggregate, 12 DSBs per cell translocate to the 27 RDCs in XRCC4/p53-
deficient NSPCs (Table S2). However, the actual DSB frequency in these cells is likely
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much higher. In this regard, we have used the XRCC4/p53-deficient NSPCs to enhance
ability to find recurrent endogenous DSB clusters via HTGTS. Thus, while XRCC4
deficiency has no known impact on DSB generation, it enhances DSB persistence, thereby,
enhancing their translocation and facilitating their detection by HTGTS (Alt et al. 2013).
Notably, however, even in XRCC4-deficient NSPCs, most DSBs are still joined locally near
the break site by A-EJ, resulting in our HTGTS results estimating only the minimal DSB
frequency in any given RDC (e.g., Table S2 and data not shown). Finally, our finding of
RDCs in WT NSPCs, where an even greater fraction of DSBs are joined locally by C-NHEJ
(Table S2 and data not shown), emphasizes that actual DSB frequency in RDC genes is
much greater than minimal numbers revealed by HTGTS.

Given that HTGTS does not reveal the precise frequency of DSBs at a given RDC, we
compared the approximate frequency of spontaneous translocations to Lsamp in NSPCs to
those occurring to Bcl-6 in activated B cells, in which Bcl-6 is a major AID off-target. This
comparison is possible because we have done HTGTS on both NSPCs and on activated B
cells from the same c-Myc bait DSBs in the same ATM-deficient background (Figure 2). We
found that translocations to Lsamp in NSPCs occurred five times more frequently than
translocations to Bcl-6 in B cells (Table S2). As Bcl-6 translocations occur at about 3% the
level of translocations to an IgH class switch recombination region that breaks in at least 40—
50% of activated B cells over a 4-day activation period (which is the same period over
which we assayed NSPCs), this comparison suggests that DSBs occur frequently in Lsamp
and, by extension, in other RDCs in the context of replication stress. An intriguing,
unanswered question raised by our current findings is how the bulk of RDCs DSBs are
repaired locally, in particular, whether they might frequently join to other DSBs within the
same RDC. In this context, most of the 27 RDC genes fall within a single replication domain
(Figure S6), which very often appear to correspond to topologically-associating domains
(“TADs™) (Pope et al., 2014). The frequent joining of recurrent DSBs within a given TAD
or chromosomal loop domain is exploited by lymphoid cells to promote frequent joining of
DSBs within antigen receptor loci (Zarrin et al., 2007; Alt et al., 2013; Dong et al., 2015; Hu
et al., 2015) and may also contribute to recurrent deletions found in certain cancers (Alt et
al., 2013; Hu et al., 2015). In analogy to our recent HTGTS studies in which endogenous
IgH switch region breaks were used as bait DSBs (Dong et al., 2015), we could begin to
address such questions by using RDC regions with the highest DSB density as endogenous
baits.

We have previously found that DSB repair by C-NHEJ suppresses development of
medulloblastomas (MBs) with recurrent deletions, translocations, and amplification of N-
myc and other genes (Yan et al., 2006). Notably, Cdh13, an NSPC RDC gene, has frequently
been found to have copy number loss in human group 111 MBs (Northcott et al., 2012), as
well as in other cancers, including ovarian, lung, liver, and breast cancers (See Table S6). In
addition, NRXN3 amplification in double minutes has been detected in human MBs (Rausch
et al., 2012). Several preliminary candidate RDCs lie within the centromeric portion of
Chr12 where mouse N-myc is located. In this regard, RDC-gene fragility in NSPCs might be
relevant to the speculation that frequent generation of endogenous DSBs during normal
neuroblast differentiation contributes to N-myc amplification in human neuroblastomas
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(Kohl et al., 1983). Indeed, numerous NSPC RDC-genes are frequently deleted, rearranged,
or amplified in various human cancers (Table S6). Thus, LSAMP is among the most
frequently deleted genes in human cancers and NPAS3 is deleted in high-grade astrocytomas
and glioblastomas (See Table S6). Likewise, three RDCs are recurrently deleted and
rearranged (CADM2), rearranged and amplified (CSMD3), or involved in inter-chromosomal
gene fusions (DGKB) in prostate cancer (see Table S6). These latter observations may well
reflect fragility of some NSPC RDC-genes in other tissues and cell types in which they are
expressed. HTGTS analyses of additional cell types for spontaneous or replication stress-
induced RDCs could test this hypothesis and also identify RDCs specific to those other cell

types.

EXPERIMENTAL PROCEDURES
NSPC Culture and DSB Induction

NSPCs from frontal brains of postnatal day (P) 8—-14 mice were prepared and cultured as
described in Supplemental Experimental Procedures. All related animal work was performed
under protocol 14-10-2790R approved by the Institutional Animal Care and Use Committee
of Boston Children’s Hospital. Bait DSB induction was achieved either via a Cas9:sgRNA
approach (Frock et al., 2015) or via a TA-inducible I-Scel approach (Chiarle et al., 2011).
Replication stress was induced by treatment with aphidicolin (APH, Sigma) for 96 hrs. See
Supplemental Experimental Procedures for details.

Global Run-on Sequencing

GRO-seq libraries were prepared as previously described (Meng et al., 2014) from 5 — 8 x
10% NSPC nuclei. Three biological replicates per genotype (ATM~/~R26!~Scel-CR¢.
myc25XI=Scel or Xrcc4~/~p53~/~) were performed. GRO-seq data were aligned to mouse
genome build mm9/NCBI37 by Bowtie2 and non-redundant, uniquely mapped sequence
reads were retained. De novo transcripts were identified and gene expression levels were
estimated as previously described (Meng et al., 2014).

HTGTS and Related Bioinformatic Analyses

EM-PCR-mediated HTGTS and LAM-HTGTS were performed and analyzed as described
(Chiarle et al., 2011; Frock et al., 2015). Primers used and junction yield per experiment, as
well as descriptions of bioinformatic methods used for HTGTS junction analyses, RDC
identification, repair junction signature analysis (e.g., direct versus MH-mediated), and
Cas9:sgRNA off-target site identification are described in Table S7 and Supplemental
Experimental Procedures.

Replication Timing Analysis

Custom Python scripts were used to calculate median replication timing ratios of genomic
regions based on Repli-chip data (Weddington et al., 2008). Replication timing data sets
analyzed were mouse NPC 46C, TT2, and D3 (Hiratani et al., 2008) and two replicates of
human NPC BGO1 (Ryba et al., 2010). Replication timing ratios were displayed by IGV
(Robinson et al., 2011).
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Figure 1. Elucidation of DSBs in Xrccd™/~p53~~ NSPCs
(A) Hlustration of N-myc locus and sgRNA target site (vertical black arrowhead) and

location and orientation of HTGTS primer (green arrowhead). Cen, centromere; Tel,
telomere. E, exon. (B) Circos plot of the mouse genome divided into individual
chromosomes showing the genome-wide HTGTS junction pattern of Chr12-sgRNA-1-
mediated bait DSBs in Xrcc4~/~p53~/~ NSPCs binned into 2.5-Mb regions (black bars); bar
height indicates number of translocations per bin on a log scale. 20,000 junctions from four
independent experiments are plotted. Red line indicates recurrent translocations between
Chrl12 bait DSBs (red arrowhead) and an RDC within Lsamp on Chr16; an RDC within
Npas3 on Chr12 is denoted by green line. Blue star denotes translocations to sgRNA off-
target site. See also Figure S1.

Cell. Author manuscript; available in PMC 2017 February 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wei et al.

Page 18

A Chr12-sgRNA-1 c c-Myc Z:X k:Scel
Y Chr15 Qi o,
Chr12 Q=
> ® Centii Chr16 O > 4. ® Centric
Ao, entric r - >
Chr16 O — Tel Dicentric® L
Dicentric ©
Chr16 position (Mb) NSPCs Chr16 position (Mb)
20010 20 30 40 50 60 70 80 90 100 . 500 10 20 30 40 50 60 70 80 90 100
@ 5] A
£ 1o Xrec4™" p537" ® £ fopiT ®
E Cen- Tel £ Cend Tel
S £ J
3 109 o 5 10 5
S
3 20- . S 20- xE e
e S 1 Mb /Lsamp™"- AMb
HTGTS || LIl 11| LOCKLI L] I HTGTS || JLULAL...LLL L LI LU ... L L
chr16:37,086,230-45,531,141 RefGene Whl HMHH  D->—P--5HE w5 i W H Y
45
GRO-[+ i — .l
0. wabMulid el b
B Chr16-sgRNA-1 Y v_@Deletlon seq [_ of Ty n R Al
O] e ..> el
Chr16 > chr16:37,086,230-45,531,141
Inversion
Chr16 position (Mb) B cells Chr16 position (Mb)

0 10 20 30 40 50 60 70 80 90 100

33 35 37 39 41 43 45 47 49 20

g 20 3 -
£ jolxreca”p53T ® £ ATV ®
E
g Cen | Tel g Cen Tel
S 5
g 10 ) g 10 e
3 20 ) . S 20 XK el
~“Lsamp™, 1 Mb /Lsamp - 1Mb
HTGTS | |1 1L LU L O AMIRILA MO LULL.........) HTGTS || f Lt L L L...... L
RefGene w1 #HmHH B o IR B RefGe"z [ EH— i bhtelickels
45 +4
oro HS L. Ll bt 4| om0 [FOL L kil
seq |_o (| m TR T seq | . 0 !
4 chr16:37,086,230-45,531,141 chr16:37,086,230-45,531,141

Figure 2. Identification and Characterization of Lsamp RDC
(A) Translocation cluster between Chr12-sgRNA-1-mediated bait DSBs and prey DSBs on

Chr16 in Xrcc4~/~p53~/~ NSPCs. Upper; diagram of translocation outcomes (see text for
details). Green arrowhead denotes HTGTS primer. Middle; graph of Chr16 prey junctions
(normalized to 7,070 inter-chromosomal junctions from four independent experiments).
Junctions in centromere-to-telomere orientation (+) are in blue, and junctions in telomere-to-
centromere orientation (=) are in red. Bin size, 1 Mb. Lower; enlarged view of region around
Lsamp showing HTGTS junctions (related to panel above as indicated by dashed lines;
genomic coordinates are below). Junction enrichment within Lsamp (highlighted in yellow)
was significant (P=3.33x1077; see HTGTS Junction Enrichment Analysis in Supplemental
Experimental Procedures). (B) Upper; illustration of intra-chromosomal translocations
formed between Lsamp-proximal Chr16-sgRNA-1-mediated bait DSBs and prey DSB
cluster (highlighted in yellow). Middle; prey junctions captured by Lsamp-proximal bait
DSBs over a 16-Mb Chr16 region, combined from three independent Xrccd~/—p53~/~
experiments. Bin size, 100 kb. Details as in panel A. Lower; enlarged view of region around
Lsamp showing HTGTS junctions (related to panel above with dashed lines with genomic
coordinates indicated at the bottom). RefGene and GRO-seq data are shown (ordinate
indicates normalized GRO-seq counts; reads are shown in plus (blue) and minus (red)
orientation). Junction enrichment within Lsamp was highly significant (P=1.54x10713), as
described in (A). 5,917 junctions (945 intra-chromosomal translocations on Chr16 more
than 10 kb from the bait-DSB site and 4,972 inter-chromosomal translocations) are plotted.
(C) Upper; illustration of translocation outcomes between c-Myc25%I=SCel cassette (yellow
box) bait DSBs and prey DSBs on Chr16 with details as in panel A. Middle; Chrl6 prey
junctions from four independent experiments in ATM™~ROSA!~Scel=GR¢_py25xI=Scel
NSPCs with Lsamp RDC in yellow. A purple rectangle and star indicates region
corresponding to 1g4, and a green rectangle and star indicates regions corresponding to Bcl-6
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and Lpp. Lower; enlarged view of indicated RDC-containing region, as described for panel
(B). RefGene and GRO-seq reads from ATM~/"ROSAI~Scel=GR¢_myc25xI=Scel NSPCs are
shown as for panel (B). 7,070 inter-chromosomal junctions are plotted. Junctions within
Lsamp were significantly enriched (P=5.43x107%), as described in (A). (D) HTGTS analysis
of activated ATM™/~ROSA!~Scel~GRe_myc25xI-Scel B cells and GRO-seq analyses of
activated B cells (Meng et al., 2014), displayed as described for panel B. See also Table S1.

Cell. Author manuscript; available in PMC 2017 February 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wei et al.

Page 20

A Chr12-sgRNA-1 vy i
Chr12 O—I_ €y
‘©lnversion

Chr12 position (Mb)
20 25 30 35 40 45 50 55 60

u® Deletion
Tel

g 404 y y
£ 9204 Xrced4™ pb37°
)
c Cen Tel
9
S 204
[
S 40 ; R
LG T A 10 A 1
chr12:53,347,664-56,175,162 oaMb
B Exc. circle
Chr12-sgRNA-2 @ . V
Inversion @ “ ...

Chr12 position (Mb)
20 25 30 35 40 45 50 55 60

g 40 VAR '
£ o0 Xrcc4™ pb3™
5
§Cen- Tel
"§ 20 - P— S
3 40 ; P k
HTGTS | |11l LI O T
chr12:53,347,664-56,175,162 04Mb
C Npas3
RefGene § Wil SHHBH PHHP-HBBH H- | HE Wi

GRO-["‘QS il - w 1. .
d - 1 ] R I 1 A

chr12:53,347,664-56,175,162 W

Figure 3. Identification of Recurrent DSB Cluster in Npas3.
(A) Upper; illustration of intra-chromosomal translocation outcomes between Chr12-

sgRNA-1-mediated bait DSBs and Chr12 prey DSBs in Xrccd~/~p53~/~ NSPCs. Lower;
prey junctions identified from Chr12-sgRNA-1 bait DSBs over a 40-Mb Chrl12 region
containing the Npas3 RDC. Data are combined from four independent experiments; bin size,
500 kb. 13,455 junctions (3,489 junctions located more than 10 kb from either side of the
bait DSB and 9,966 inter-chromosomal junctions) are plotted. Junction enrichment within
Npas3 was highly significant (P=2.63x10715; see HTGTS Junction Enrichment Analysis in
Supplemental Experimental Procedures). Other details as in Figure 2A. (B) Upper,
illustration of intra-chromosomal translocation outcomes between Chr12-sgRNA-2 bait
DSBs and Chr12 prey DSBs, presented as in (A). Lower; prey junctions identified from
Chr12-sgRNA-2 bait DSBs over a 40-Mb Chr12 region containing the Npas3 RDC. Data
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combined from three independent experiments are presented as in (A); bin size, 500 kb.
5,471 total junctions (1,366 Chr12 junctions located more than 10 kb from either side of the
bait DSB and 4,105 inter-chromosomal junctions) are plotted. Junction enrichment within
Npas3 region was significant (P =2.03x10714), as described in (A). (C) GRO-seq and
RefGene information (bottom) shown as described for Figure 2B. See also Table S1.
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Figure 4. Genome-wide Identification of Replication Stress-induced RDCs in NSPCs
(A) Circos plot showing HTGTS junctions from Cas9:sgRNA-mediated bait DSBs on Chr15

(Chr15-Myc-sgRNA) in DMSO- (left) or APH-treated (right) Xrcc4~/~p53~/~ NSPCs.
Junctions from three independent experiments per condition were combined and randomly
down-sampled so that identical numbers of junctions for each condition (n=17,701
junctions) could be shown in each plot. (B) HTGTS junctions from bait DSBs on Chr12
(Chr12-sgRNA-1), as in (A). (C) HTGTS junctions identified in three (DMSO, left) or four
(APH, right) experiments from Chr16-sgRNA-2-mediated bait DSBs; other details as in (A).
For all panels, the bait DSB site (red arrowhead) and sgRNA off-target sites (blue stars) are
denoted. Lines in the middle of the plot connect the break-site to the SICER-identified
replication stress-induced RDCs that were identified for that particular break-site. Red lines
indicate 6 RDCs detected by bait DSBs on all three tested chromosomes. Blue lines in each
plot indicate RDCs detected by bait DSBs on two of the three tested break-sites, which
numbered 5 for the Chr15-Myc-sgRNA break-site (panel A), 19 for Chri2-sgRNA-1 break
site (panel B), and 16 for the Chr16-sgRNA-2 break site (panel C). Red stars indicate
location of Lsamp and Npas3. See also Figure S3.
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Figure 5. Characterization of Replication Stress-induced RDCs in XRCC4/p53-deficient NSPCs
(A) APH-induced RDCs in Xrcc4~/~p53~/~ NSPCs identified from bait DSBs located on

three different chromosomes. Six APH-induced inter-chromosomal translocation clusters
were detected by all three HTGTS strategies; the Ctnna2 (B) and Cdh13 (C) RDCs are
shown and the other four are shown in Figure S4A. (B, C) HTGTS junctions in either
DMSO- or APH-treated libraries prepared from the indicated bait DSBs. Genomic regions
corresponding to RDCs are highlighted in yellow. RefGene tracks are shown. Libraries were
normalized as described in Figure 4. (D-F) APH-induced RDCs in Xrcc4~/~p53~/~ NSPCs
in Csmd3 (D), Nrxn3 (E), and Cadm2 (F) identified from bait DSBs located on two different
chromosomes. The panels are organized as for panels A,B, and C. All panels show 2 Mb on
either side of the indicated RDC. See Figure S4 for additional examples of proximity-
facilitated RDC identification.
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Figure 6. Replication Stress-induced RDCs in Repair-proficient NSPCs
(A) Detection of RDCs on a different chromosome from the bait DSBs on Chr15 or Chr12.

Three are shown, including Lsamp (B), Nrxn1 (C) and Ctnna2 (D); others are shown in
Figure S5. Libraries were normalized as described in Figure 4 (Chr15 bait libraries, 14,525
junctions; Chr12 bait libraries, 10,088 junctions). Details are as in Figure 5. (E, F) Detection
of RDCs in Csmd3 (E) or Nrxn3 (F) from two bait DSBs of which one lies on the RDC-
containing chromosome. Libraries were normalized as described above. Other details as in
Figure 5. See also Figure S5.
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Figure 7. Replication Stress-induced RDCs in Long, Actively Transcribed, Neural Genes
(A) Transcriptional activity (GRO-Seq) of the identified 27 genes containing replication

stress-induced RDCs. Transcriptional activity cut-off value (RPKM = 0.05) is indicated by
dashed red line. (B) Transcription rate of all active (RPKM =>0.05) NSPC genes (black) and
active replication stress-induced RDC-genes (green). Whiskers show minimum and
maximum values; top and bottom edge of box plots correspond to 25t and 75t percentile,
respectively; horizontal lines indicate the median; **P < 0.005, Kolmogorov-Smirnov (K-
S) test. (C) Venn diagram of the indicated molecular functions among the 27 identified
RDC-genes (yellow circle); 22 of 27 genes (81.5%; light green circle) have roles in
synaptogenesis and synapse function. 15 of the 27 genes (55.6%; purple circle) have roles in
neural cell adhesion, with the majority (13 of 15 genes, 86.7%) also having roles in
synaptogenesis and synapse function. See Table S6 for a detailed description. (D) Gene
length comparison of all active NSPC genes (black) and NSPC RDC-genes (green). Box-
and-whisker plots show the binary logarithm of kb gene length; graph details as in (A);
****P < 0.0001, K-S test. (E) Five groups (R1-5) of 50 actively transcribed 15-20 kb genes
each were randomly selected from three independent Xrccd~/~p53~/~ Chr12-sgRNA-1 bait
DSB libraries and junction numbers within the concatenated regions determined (gray bars).
Junction numbers within the indicated inter-chromosomal RDCs were determined in the
same libraries (blue bars). Translocation density is indicated as junctions per Mb. (F)
Translocation densities of concatenated average-size (15-25 kb) active genes on Chr12 (R6,
n=62, gray bar) or intra-chromosomal Chr12 RDCs (blue bars). Data represent mean and
SEM of libraries from three independent Chr12-sgRNA-1 bait DSB experiments. (G)
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Replication timing analysis of RDC-genes (see Experimental Procedures for details).
Average and SEM are shown. See also Figures S6, S7, and Table S6.
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