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Chromosome translocations arewell-established hallmarks of cancer cells and often occur at nonrandom sites in the
genome. The molecular features that define recurrent chromosome breakpoints are largely unknown. Using a
combination of bioinformatics, biochemical analysis, and cell-based assays, we identify here specific histone
modifications as facilitators of chromosome breakage and translocations. We show enrichment of several histone
modifications over clinically relevant translocation-prone genome regions. Experimental modulation of histone
marks sensitizes genome regions to breakage by endonuclease challenge or irradiation and promotes formation of
chromosome translocations of endogenous gene loci. Our results demonstrate that histonemodifications predispose
genome regions to chromosome breakage and translocations.
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Chromosome translocations are among the most com-
mon genetic aberrations found in human cancers (Mitel-
man et al. 2007). The initiating molecular event in the
formation of any chromosome translocation is the occur-
rence of persistent DNA double-strand breaks (DSBs)
(Roukos and Misteli 2014), frequently induced by cellular
and genotoxic stress (Mani and Chinnaiyan 2010; Lin
et al. 2012). Translocations recur at nonrandom genomic
sites, and breakpoints tend to cluster in the translocating
genes, often within introns (Zhang and Rowley 2006). The
molecular features that determine which regions of the
genome are particularly susceptible to breakage and trans-
location are largely unknown (Roukos et al. 2013a). While
DNA sequence features such as CpG content, repeti-
tive elements, and secondary non-B DNA structures
have been implicated in promoting breakage of some ge-
nome regions (Nambiar and Raghavan 2011), large-scale
sequencing of translocation junctions indicates consider-
able sequence diversity over translocation-prone genome
regions (Talkowski et al. 2011). Given the integral role
of chromatin in DNA accessibility and repair (Price and
D’Andrea 2013) and the fact that DSBs occur in the con-
text of chromatin, we sought to probe the role of histone
modifications in the formation of chromosome transloca-

tions using a combined computational, biochemical, and
cell-based approach.

Results

Computational analysis of chromatin features at
recurrent breakpoints

To identify candidate chromatin features that may mark
human translocation breakpoints, we computationally
analyzed histone modifications and chromatin structure
in a large set of frequent translocation genes in primary
CD34+ hematopoietic cells using genome-wide chroma-
tin immunoprecipitation (ChIP) sequencing (ChIP-seq)
and DNase I sequencing (DNase I-seq) data available
through theNational Institutes of Health Roadmap Epige-
nomics Project. CD34+ cells are ideally suited for this
analysis, since many translocation events in leukemias
and lymphomas are thought to occur within the hemato-
poietic stem cell population or in early progenitors de-
rived from this population (Bonnet and Dick 1997; Bernt
and Armstrong 2009). A set of 74 translocation genes, de-
fined as translocated in at least 10 clinical cases of
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hematologic malignancies, was selected using the Mitel-
manDatabase of ChromosomeAberrations (translocation
genes) (Supplemental Table S1). Each translocation gene
waspairedwith a set of 100controlRefSeqgenesnot impli-
cated in any translocations (control genes) (Fig. 1A; Supple-
mental Table S1). Each set of control genes shared closely
matching propertieswith its translocation gene, including
quantitative expression status based on mRNA-seq data,
gene length, exon percentage, number of exons, and GC
content (Fig. 1A; see theMaterials andMethods). The his-
tonemodificationChIP-seq tag density in the genebody±2
kbof thepooled set of 74 translocationgeneswas first com-
pared with the aggregate population of 5076 control genes
(<7400 due to overlapping control genes). While most
histone modifications were similar among the compared
gene sets, H3K4me1 was significantly enriched in the
translocation genes (P < 0.01) (Fig. 1B; Supplemental
Fig. S1A–F). To achieve higher sensitivity and eliminate
the possibility of not detecting histone modifications en-
riched or depleted in subpopulations of genes, each trans-
location gene was individually compared with its set of
100 matched control genes and ranked relative to them
(Fig. 1C,D; Supplemental Fig. S1G). This analysis con-
firmed that H3K4me1 was strongly enriched in a majority
of translocation genes (41 of 74 translocation genes, >75th
percentile). Byhierarchical clustering,mostH3K4me1-en-
riched translocation genes showed mutual enrichment
of H3K4me3, H3K27ac, and DNase I hypersensitivity
(Fig. 1D).While several of thesemarks are commonly asso-
ciated with transcriptionally active regions, the enrich-
ments in translocation-prone genes were not due to their
elevated transcriptional activity, since the control genes
were selected based on closelymatching expression levels
(Supplemental Fig. S2). A distinct set of translocation
genes was characterized by depletion of the H3K9me3-re-
pressive mark compared with control genes (14 of the 37
bottom genes according to gene expression) despite their
transcriptional silencing based on mRNA-seq data (Sup-
plemental Fig. S3). Fifteen translocation genes, includ-
ing RUNX1, CEBPA, SEPT11, and four out of five Hox
genes, featured bivalent enrichment of H3K4me3 and
H3K27me3, which is commonly seen in genes poised for
transcription in stem cells (Bernstein et al. 2006). Taken
together, these data suggest the presence of specific his-
tone modification patterns at translocation-prone genes
in hematologic malignancies.

Altered levels of histone modification at breakpoints in
anaplastic large cell lymphoma

To specifically test the association between histone
modifications and translocations in a well-defined clini-
cally relevant translocation system, we used anaplastic
large cell lymphoma (ALCL). ALCL is characterized by re-
current translocations between nucleophosmin 1 (NPM1)
on chromosome 5 and anaplastic lymphoma kinase (ALK)
on chromosome 2, leading to constitutive activation of
the ALK tyrosine kinase (Tabbo et al. 2013). However, a
significant fraction of symptomatically indistinguishable
patients lacks the t(2;5) translocation (Tabbo et al. 2013).

t(2;5)-negativeALCL cell lines derived from these patients
are poised to undergo t(2,5) translocations, since NPM1
and ALK form translocations at high frequency upon
irradiation (Mathas et al. 2009). To identify chromatin fea-
tures that may contribute to predisposingALK andNPM1
toward breakage and translocation, we probed the histone
modification landscape over the breakpoint regions in
t(2;5)-negative cells. Histone modifications were mapped
using specific primer sets around themost frequent break-
points located in the 910-base-pair (bp) intron 4 of NPM1
and the 1923-bp intron 19 of ALK (Fig. 2A), and histone
modification levels were normalized to unmodified H3.
As previously reported, the NPM1 gene was expressed in
all four cell lines, whereas the ALK gene transcript was
undetectable in all lines (Fig. 2B; Mathas et al. 2009).
Comparative mapping by quantitative ChIP (qChIP) of a
set of histone modifications across the breakpoint regions
in two t(2,5)-negative ALCL cell lines, FEPD and Mac2A,
showed twofold enrichment of H3K4me1, H3K4me3,
andH3K36me3 at theNPM1 locus comparedwith control
Jurkat and KE37 cells that do not form NPM1–ALK trans-
locations upon irradiation (P < 0.05) (Fig. 2C–E; Mathas
et al. 2009). As observed in the global computational anal-
ysis, histone modification enrichments were not related
to expression level, as NPM1 was similarly expressed
across all four lines (Fig. 2B). Similarly, the ALK locus
was marked by a 1.5-fold enrichment of H3K4me1 and a
1.5-fold reduction in H3K9me3 across the breakpoint re-
gion in t(2,5)-negative ALCL lines compared with control
cell lines (P < 0.05) (Fig. 2C,F), again uncorrelated with
transcription status (Fig. 2B). These alterations did not rep-
resent a global alteration of H3 methylation marks in
ALCL cells, since the levels of these modifications were
unchanged at the constitutively active cyclophilin A
(CycA) gene, the constitutively inactive Nanog locus,
and pericentric-heterochromatin-specific SatII regions in
all cell lines (Fig. 2C–F). Similarly, lower levels of nucleo-
some density acrossNPM1 andALK regionswere detected
in t(2;5)-negative ALCL cells, as indicated by the reduced
ratio of immunoprecipitated H3 DNA to total DNA input
(Supplemental Fig. S4A). Several chromatin features, in-
cluding active (H3K9ac, H3K27ac, H3K79me2, and
H4K16ac) and inactive (H3K9me1 and H3K27me3) his-
tone marks as well as those found to mark both active
and inactive genes (H3K56ac and H4K20me1), did not dif-
fer between cell lines (Supplemental Fig. S4B–I).

H3K4 methylation facilitates DSB formation by
endonucleases

We next sought to directly test the role of specific histone
modifications in chromosome breakage and translocation
formation. As a first approach, we tested DSB formation
by endonucleases, since several translocation events in
hematopoietic and solid tumors result from off-target
and sequence-independent DSBs induced by endogenous
endonucleases (Lin et al. 2012). Using a previously cha-
racterized Lac repressor/operator protein–DNA-tethering
system containing an integrated I-SceI restriction site
(Soutoglou and Misteli 2008; Burgess et al. 2014), we
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Figure 1. Computational analysis of chromatin features at recurrent translocation genes. (A) Strategy for analysis of chromatin features
using a population or individual gene approach. Seventy-four frequent translocation geneswere identified, and, for each translocation gene,
100 control genes were selected with closelymatched properties: expression, size, exon percentage, number of exons, and GC percentage.
(B) For population analysis, a kernel density plot comparing H3K4me1 signal density distribution in 74 translocation genes versus 5076
control genes is shown. Signal density was measured over each annotated gene body ±2 kb, and the average read count (number of tags
per kilobase per 1 million reads) in each gene is represented on the X-axis. The distribution of H3K4me1 in translocation genes is signifi-
cantlyenriched comparedwith control genes. (∗)P < 0.01,Wilcoxon test. (C ) For individual gene analysis, the average read count (numberof
tags per kilobase per 1 million reads) for each histone modification of each translocation gene (red dot) was compared with its 100 control
genes (box plot). The percentage of control genes whose tag densities were lower than that of the translocation gene was calculated (rank
listed below the X-axis). (D) Heat map of individual analyses of histone modifications and DNase I hypersensitivity for 74 translocation
genes. The percentiles of each translocation gene ranked amongst its control genes are indicated. The rank of expression for translocation
genes from 1 to 74 is shown at the right. Translocation genes were hierarchically clustered using the overall ranking matrix.
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created chromatin domains enriched in specific his-
tone modifications by tethering fusion proteins between
the LacR and histone-modifying enzymes responsible for
candidate translocation-relevant histone modifications
(H3K4 methyltransferases ASH2L and SET7/9, H3K36
methyltransferase SET2, and H3/4 lysine acetyltransfer-
ase TIP60) to the LacO array in U2OS cells (Fig. 3A). DSB
formation by I-SceI in the chromatin domainwas assessed
after expression for 12 h of the glucocorticoid receptor I-
SceI (GR-I-SceI), which localizes to the cytoplasm with

trace amounts in the nucleus due to the leakiness of cyto-
plasmic retention (Fig. 3A; Soutoglou et al. 2007). The cat-
alytic activity and deposition of the correct histone
modifications on the LacO array was confirmed by immu-
nofluorescence (IF) and ChIP (Fig. 3B; Supplemental Fig.
S5A–E). Tethering of ASH2L or SET7/9 resulted in visible
expansion of the array and reduced recovery of immuno-
precipitated H3 at the array, suggesting local chromatin
decondensation (P < 0.05) (Fig. 3B,C; Supplemental
Fig. S5F). When probed by ligation-mediated PCR (LM-

Figure 2. Altered levels of histone modifications at translocation breakpoints in t(2,5)− ALCL. (A) Schematic representation of the hu-
manALK andNPM1 breakpoint cluster regions (bcr). (Squares) Exons; (gray lines) introns; (paired arrows) primer pairs used in ChIP-qPCR
(quantitative PCR) experiments. (B) mRNA levels ofALK andNPM1 relative toCycA in Jurkat (dark blue), KE37 (light blue),Mac2A (dark
red), and FEPD (light red) cell lines determined by qPCR. (C–F ) Mapping of H3K4me1 (C ), H3K4me3 (D), H3K36me3 (E), andH3K9me3 (F )
at breakpoint and control regions in cell lines indicated in B by ChIP-qPCR. The percentage of input was normalized to unmodified H3.
(B–F ) values represent means ± SEM from three to four independent experiments. (∗) P < 0.05 to Jurkat cells; (#) P < 0.05 to KE37 cells, Stu-
dent’s t-test.
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PCR), I-SceI-inducedDSB formationwas elevated∼20-fold
after tethering the positive control remodeler BRG1 com-
pared with LacR alone and five- and fourfold in H3K4
methylated domains created by ASH2L and SET7/9, re-
spectively (P < 0.05) (Fig. 3D). Similarly, hyperacetylated
domains created by TIP60 and H3K36 methylated do-
mains created by SET2 were ∼2.5-fold more sensitive to
DSBs by I-SceI than LacR alone (P < 0.05) (Fig. 3D). In con-
trast, SUV3-9H1-mediated H3K9methylation, which was
found depleted over translocation-prone genome regions,
allowed twofold fewer DSBs than LacR alone, indicating
thatH3K9methylation impairs I-SceI-inducedDSB forma-
tion (P < 0.05) (Fig. 3D). We conclude that H3K4 methyla-
tion and, to a lesser extent, H3K36 methylation and
histone acetylation decondense chromatin and facilitate
DSB formation when challenged by an endonuclease.

H3K4 methylation facilitates breakage
of endogenous loci

Toaddresswhether translocation-associatedhistonemod-
ifications affect DNAbreakage at endogenous loci in cells,
we generated t(2,5)-negative ALCL FEPD and non-ALCL
control Jurkat cell lines stably overexpressing GFP-
ASH2L or GFP-SET7/9. Elevated H3K4 methylation at
ALK andNPM1 breakpoints was confirmed by ChIP (Sup-
plemental Fig. S6). Breakage frequency wasmeasured 24 h
after exposure to 25 Gy of ionizing radiation (IR) by high-
throughput fluorescence in situ hybridization (hiFISH) of

8000–10,000 cells per experimental condition using
break-apart probe sets for the ALK and NPM1 loci (Fig.
4A). These probe sets report on chromosome breakage by
measuring separation (more than four pixels; equivalent
to a distance of 1.28 μm) of two probes targeted to either
side of the ALK and NPM1 breakpoint regions (Fig. 4A,B,
panels i,ii; Supplemental Fig. S7A; see the Materials and
Methods). As a positive technical control, at least one
ALK and one NPM1 breakage event were detected in
95.4% (95% CI: 94.5–96.1, 2695 cells) and 96.1% (95%
CI: 95.2%–96.8%, 2448 cells) of cells, respectively, in the
t(2;5)-positive ALCL cell line Karpas299 (Fischer et al.
1988; data not shown).Cells expressing eitherH3K4meth-
yltransferase exhibited twofold higher breakage frequency
(ALK: ASH2L 3.15% ± 0.05% [SD], SET7/9 3.02% ±
0.49%, P < 0.05; NPM1: ASH2L 3.52% ± 0.49%, SET7/9
3.36%± 0.01%) than GFP-expressing control cells (ALK:
1.53%± 0.19%; NPM1: 1.95% ± 0.41%) after irradiation
(Fig. 4C–F). As a control for a histone-modifying enzyme
not observed to increase DSB formation by endonucleases
(Fig. 3D), cells expressing SUV3-9H1 caused no significant
increase in breakage frequency (ALK: 1.64% ± 0.22%;
NPM1: 1.93% ± 0.40%; Fig. 4C–F). Similar, albeit weaker,
effects were observed at an ALCL-unrelated locus (Nanog)
that, like ALK, is not expressed in t(2,5)-negative FEPD
cells (Fig. 4G,H). In all cases, breakage frequencies in irra-
diated cells were severalfold higher than the background
breakage frequency in nonirradiated cells (0.31% ± 0.10%
across all conditions) (Fig. 4C–H). The extent of breakage

Figure 3. H3K4 methylation induces
chromatin decondensation and facilitates
DSB formation by endonucleases. (A) Sche-
matic representation of chromatin-protein-
tethering system. Lac repressor (LacR) fu-
sions to either mCherry alone or to his-
tone-modifying enzymes are tethered to
the LacO-I-SceI-TetO array in U2OS cells
after transient expression. DSBs are formed
by transient expression of GR-I-SceI, which
localizes to the cytoplasm with trace
amounts in the nucleus due to leakiness
of cytoplasmic retention. (B, left panel)
Visualization of mCherry-LacR-ASH2L
(ASH2L) or mCherry-LacR (Lac) 20 h after
expression. Values in the left panel show
median array size ±median absolute devia-
tion from >50 nuclei. Enrichment of
H3K4me3 atASH2L- or Lac-tethered arrays
(arrows) when cells were fixed and immu-
nostained for H3K4me3 is shown in the
middle and right panels (merge). Values in
the right panel show the percentage of pos-
itive colocalizations between tethered ar-
ray and histone modification foci from
>100 nuclei. Images are the maximum in-
tensity projections of representative cells.
Bar, 5 µm. (C ) H3 density calculated from

ChIP-qPCRof unmodifiedH3 relative to totalDNAinput at primers for the array in cells expressingmCherry-LacR fusions to the indicated
histone-modifying enzymes ormCherry-LacR alone (Lac). (D) LM-qPCR detecting the quantity of DSBs in cells expressingmCherry-LacR
fusions to the indicated histone-modifying enzymes or mCherry-LacR alone (Lac) and GR-I-SceI. (C,D) Values represent means ± SD from
three independent experiments. (∗) P < 0.05, Student’s t-test.
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Figure 4. H3K4 methylation increases breakage and translocation formation by irradiation. (A) Schematic representation of the ALK
probe set. (Green probe) 5′ ALK region; (red probe) 3′ ALK region; (far red [represented as cyan] probe) 5′ NPM1 region. (B)Mergedmaximum
intensity projection image (seven Z-planes, four channels per plane) of irradiated FEPD cells stained with the ALK break-apart probe set
using hiFISH. (Green) 5′ ALK; (red) 3′ ALK; (cyan) 5′ NPM1; (gray) DAPI set to 30% transparency. The three dashed boxes indicate repre-
sentative cells (magnified in the right panels) with an intact ALK allele (panel i), a broken ALK allele (panel ii), or an NPM1–ALK trans-
location (panel iii), respectively (arrows). Bar, 10 µm. (C,E,G) Jitter plots of minimum hiFISH green–red distances in FEPD-derived cell
lines stably expressing the indicated GFP fusion proteins. AnALK (C ),NPM1 (E), orNanog (G) breakage event was defined as a minimum
green–red distance of more than four pixels (red dashed line). For each experimental condition, at least 20,000 minimum distances are
represented. (D,F,H) Percentages of cells treated as inC, E, andG, respectively, with at least oneALK (D),NPM1 (F ), orNanog (H) breakage
event per cell. (I,J,K ) Determination of translocation frequencies. (I ) Jitter plot of minimum hiFISH green–red (5′ALK–3′ALK) distances in
the subset of cells fromC that also contain proximal events between 5′NPM1 and 3′ALK. AnNPM1–ALK translocation event was defined
on a per-red-allele basis as aminimum red–far red distance of four pixels or less and aminimumgreen–red distance ofmore than four pixels
(dashed red line). For each experimental condition, at least 3000minimumdistances are represented. (J,K ) Percentages of cells treated as in
Jwith at least oneNPM1–ALK translocation event (J) orCycA–Nanog translocation event (K ) per cell. (D,F,H,J,K ) Values representmeans
± SD from three independent experiments. (∗) P < 0.05, one-way ANOVA followed by Tukey’s post-test for multiple comparisons between
all irradiated samples.
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correlatedwithH3K4methylation levels,whichwerecon-
siderably higher atALK andNPM1 than atNanog (Supple-
mental Fig. S6A,B), suggesting a locus-independent effect
of H3K4 methylation on breakage susceptibility. Along
the same lines, expression of either H3K4methyltransfer-
ase caused an increase inDNAbreaks atALK in Jurkat cell
lines but to a lesser degree than in FEPD cells (Supplemen-
tal Fig. S7B,C), in linewith the lower levels of H3K4meth-
ylation at breakpoints in Jurkat cells (Fig. 2C,D). These
observations suggest that increased H3K4 methylation
promotes breakage susceptibility to irradiation.

H3K4 methylation facilitates translocation
of endogenous loci

To finally determine whether H3K4 methylation in-
creased the frequencyofALCL translocations,wedetected
NPM1–ALK translocation events in intact FEPD cells by
hiFISH as the colocalization of a separated 3′ALK break-
apart probe (more than four pixels from the nearest 5′

ALK probe) with a 5′NPM1 probe (four pixels or less) (Fig.
4A,B, panel iii; Supplemental Fig. S7A; see the Materials
and Methods). The frequency of NPM1–ALK translo-
cations increased approximately twofold in cells express-
ing either ASH2L (0.53% ± 0.09%, P < 0.05) or SET7/9
(0.51%± 0.03%, P < 0.05) when compared with cells
expressing GFP alone (0.28% ± 0.03%) or SUV3-9H1
(0.25%± 0.02%) 24 h after challenge by irradiation (Fig.
4I,J). The increased translocation frequency in ASH2L-
and SET7/9-expressing cells is consistent with the in-
creased number of DNA breaks seen in these cells (Fig.
4C–F). As a control and as expected due to the lower inci-
dence of breakage at theNanog locus, the level of translo-
cations between the normally nontranslocating 3′ Nanog
and 5′ CycA was significantly lower than NPM1–ALK
translocations in FEPD cells expressing ASH2L (0.25%±
0.02%, P < 0.05) or SET7/9 (0.26% ± 0.03%, P < 0.05) (Fig.
4K). Translocation frequencies in irradiated cellswere sev-
eralfold higher than the background frequency of translo-
cations in nonirradiated cells (0.03%± 0.008% across all
conditions) (Fig. 4J,K). We conclude that H3K4 methyla-
tion enhances translocation frequency in intact cells.

Discussion

We provide here evidence that the levels of histone mod-
ifications in translocation-prone genome regions influ-
ence chromosome breakage and translocation frequency.
Using several independent approaches, we identified
H3K4 monomethylation and trimethylation as enriched
histone modifications in translocation-prone genome re-
gions. We found elevated H3K4 methylation levels in a
computational analysis of 74 translocation-prone genome
regions and by directed biochemical analysis of the ALK
and NPM1 translocation breakpoints in ALCL. While
these modifications are generally associated with tran-
scriptionally active, open genome regions (Bannister and
Kouzarides 2011), we show that their enrichment is not
due to elevated transcriptional activity of translocation-

prone regions. Our findings at naturally occurring translo-
cation sites extend recent correlative observations from
genome-wide studies that mapped I-SceI-induced translo-
cation junctions in B cells to within or near transcription-
ally active regions of the genome (Chiarle et al. 2011;
Klein et al. 2011) and in translocation-negative prostate
cancer cells, where liganded androgen receptor (AR) binds
near the TMPRSS2 translocation gene and increases its
transcriptional activity, leading to elevatedH3K4me3 lev-
els across the breakpoint region (Lin et al. 2009; Yu et al.
2010). Furthermore, H3K4me3 has been implicated in
DSBs generated by endonucleases during class switch
and V(D)J recombination processes in lymphocytes (Dan-
iel and Nussenzweig 2012), and both RAG2 and AID tar-
get extrachromosomal sites that are highly enriched in
H3K4me3 in a sequence-independent manner (Shimazaki
et al. 2009; Ji et al. 2010; Stanlie et al. 2010).
The increased formationofDSBsbyendonucleases in re-

gions of highH3K4methylation is likely due to chromatin
decondensation, resulting in higher chromatin accessibili-
ty (Mostoslavsky et al. 2003). In line with this interpreta-
tion, tethering of ASH2L or SET7/9 to chromatin leads to
its visible expansion, similar to the effects of tethering
chromatin remodelers such as BRG1 or VP16 (Tumbar
et al. 1999), as well as increased I-SceI-induced breaks.
Decondensation by H3K4 methylation may also account
for the observed increase in DSB formation upon irradia-
tion, as suggested by the finding of increased levels of
DSBs after globally decondensing chromatin by inhibition
of histone deacetylases (Camphausen andTofilon 2007) or
by placing nuclei in hypotonic conditions and subjecting
them to irradiation (Warters and Lyons 1992; Takata
et al. 2013). In addition, increased γ-H2AX foci formation
occurs at a defined region of transcribed genes relative to
a gene-poor region after irradiation (Falk et al. 2008).
Changes in histone modifications may also affect the pro-
gressionof theDNAdamage response (DDR)by interfering
with the restoration of baseline chromatin structure after
repair (Ayrapetov et al. 2014; Burgess et al. 2014; Khurana
et al. 2014), since, in ASH2L-expressing cells, recondensa-
tion at the site of DNA damage as well as upstream DDR
signaling is dampened (Burgess et al. 2014), and γ-H2AX
foci formation after irradiation is associated with loss of
H3K4me3 (Seiler et al. 2011; Lafon-Hughes et al. 2013;
Maroschik et al. 2014). These observations suggest that
H3K4 hypermethylation may impair DDR progression by
counteracting condensation and signaling required for effi-
cient DDR, thus resulting in persistent DSBs and enhanc-
ing the likelihood of formation of translocations. Taken
together,our findingspoint toan important roleof the local
chromatin environment, specifically histone modifica-
tions, in determining the susceptibility of genome regions
to breakage and translocation formation.

Materials and methods

Chromatin tethering

Transient transfections of LacR constructs were carried out by
electroporation of 2 µg of construct per 1 million LacO–I-SceI–
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TetOU2OS cells usingAmaxaNucleofector kit V (Lonza) accord-
ing to the manufacturer’s protocol. For IF and ChIP experiments,
cells were fixed 20 h after transfection. For I-SceI experiments,
2 million cells were transfected first with 4 µg of a chromatin-
tethering factor and, 12 h later, trypsinized, counted, and trans-
fected with 5 µg of CFP–I-SceI–GR per 1 million cells using
the same protocol. After 12 h (24 h total), cells were harvested
for LM-PCR. For these experiments, cells were maintained in
DMEM with 10% charcoal-dextran-treated serum (Atlanta Bio-
logicals) starting 48 h prior the first transfection.

FISH

The following BAC cloneswere used for generation of break-apart
probes: NPM-ALK probes used were ALK 5′ break apart (labeled
in 488; RP11-119L19), ALK 3′ break apart (labeled in 568 or
Cy5; RP11-100C1), NPM1 5′ (labeled in Cy5 or 568; RP11-
1072I20), and NPM1 3′ (labeled in 488; CTD-2336JI). CycA-
Nanog probes used were Nanog 5′ break apart (labeled in 488;
RP11-298G5), Nanog 3′ break apart (labeled in 568; RP11-
141A17), and CycA 5′ (labeled with Cy5; RP11-829C16).
The ALK break-apart probes were located 32 kb upstream of

and 65 kb downstream from the ALK breakpoint in intron 19
(Fig. 4A). The NPM1 break-apart probes mapped 55 kb upstream
of and 39 kb downstream from the NPM1 breakpoint in intron
4. The controlNanog break-apart probes mapped 55 kb upstream
of and 40 kb downstream from the center of the Nanog gene and
were chosenwith a similar distance in between them to resemble
the ALK and NPM1 break-apart probes. The 5′ CycA probe
mapped 45 kb upstream of the CycA gene. The specificity of all
probes was verified by PCR.

High-throughput imaging

Mounted coverslips were imaged using a slide holder adaptor on
an Opera QEHS high-throughput confocal microscope (Perkin-
Elmer) running Opera 2.0.1 software. All image acquisition was
performed using a planar apochromatic 40×, NA 0.9 water im-
mersion lens (Olympus) using 1.3-Mp CCD cameras with pixel
binning of 2. The pixel size in this imaging configuration was
320 nm. Four channels (DAPI, Alexa488, Alexa568, and Cy5)
were acquired in three separate exposures. For each coverslip,
multichannel images were acquired in seven Z-planes (1.5 µm
apart) per field over a total of 150 fields per coverslip. More than
8000 cells were imaged per experimental condition.

Automated image analysis

Image analysis was performed using Acapella 2.6 (PerkinElmer)
using a modified version of a previously described custom Aca-
pella script (Roukos et al. 2013b). Briefly, images from different
Z-planes were maximally projected. For each field, the image in
the maximally projected DAPI channel was used for nuclear seg-
mentation. Nuclear area and roundness were then calculated.
These two nuclear attributeswere used to filter out small or irreg-
ular nuclear objects, likely representing nuclear debris and/or nu-
clear segmentation errors. The filtered population of nucleus
ROIs was then used to sequentially detect FISH signals in dif-
ferent channels using a previously described spot detection algo-
rithm (Roukos et al. 2013b). Euclidean two-dimensional
distances in pixel units between the spot ROI centers of all of
the possible combinations of FISH signals of different colors
(Alexa488/Alexa568, green/red; Alexa568/Cy5, red/far red) in
the same nucleuswere then calculated. All of the single-cell-level

and single-spot-distance-level datawere individually indexed and
exported as independent text files.

Data analysis

hiFISH data analysis was performed using the statistical analysis
software R (version 3.1.2; http://www.R-project.org). Single-cell-
level and single-distance-level data were read from the text files
and concatenated, and experimental annotations (cell line, IR
treatment, transfected construct, repeat, and FISH probe mix)
were extracted from the files names. Single-cell-level informa-
tion, such as the number of detected FISH signals per cell in
each color, was added to the single-spot-distance-level data by
an inner join operation based on common indexes in the two
data sets. In order to exclude possible FISH and spot detection ar-
tifacts from the subsequent analysis, the single-spot-distance-lev-
el data set was filtered to retain only spot distances relative to
cells that conformed to both of the following two criteria: (1) at
least two green, two red, and two far red FISH spots, and (2) the
same number of green and red FISH spots. Minimum per-red-al-
lele spot distances were calculated for the green/red and red/far
red data sets. Theminimum red/far red distanceswere then added
to the corresponding minimum green/red distances by an inner
join using matching Red Spot indexes. A spot center-to-center
distance proximity threshold of four pixels (1.28 mm) was empir-
ically determined based on negative control Jurkat cells (Sup-
plemental Fig. S6B). A breakage event on a per-red-spot basis
was defined as a minimum red/green distance of more than four
pixels. A translocation event on a per-red-spot basis was defined
as a minimum red/green distance of more than four pixels and a
minimum red/far red distance of four pixels or less. Cells contain-
ing at least one breakage or translocation event were classified
as positive for the respective event class. The original single-
cell data sets, single-spot-distance data sets, and R analysis script
are available on request.

Genome-wide data analysis

For each translocation gene and each control gene, the number of
mapped sequencing tags in the gene body (defined as transcribed
region ±2 kb) from each ChIP-seq andDNase-seq data set was cal-
culated and normalized by the length of the region and the num-
ber of allmapped tags in each data set. This normalized number of
mapped sequencing tags was referred to as tag density per kilo-
base and was used to represent the level of histone modification
or chromatin accessibility.
Translocation genes and control genes were compared as both

population (74 translocation genes vs. 5076 control genes) and in-
dividual (one translocation gene vs. 100 control genes) analyses
(Fig. 1A). For the population analysis, the distribution of tag den-
sities for each histone modification and DNase I hypersensitivity
was compared between gene bodies (defined above) of 74 trans-
location genes and 5076 control genes. Density plots were gen-
erated using function density available in R Project. For the
individual analysis, the levels of histone modifications and chro-
matin accessibility in the gene body of each control gene were
compared with those of its selected control genes. For each his-
tonemodification or DNase I, the tag density of the translocation
gene was compared with the tag densities of its control genes
in box plots using function boxplot in R. The percentage of con-
trol genes whose tag densities were lower than that of the trans-
location gene was calculated, and the translocation gene was
given a rank (0–100) equal to this percentage. The 74 transloca-
tion genes were clustered by their ranks for each histone modifi-
cation and DNaseI hypersensitivity using function hclust
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available in R, and heat maps were generated using R package
ggplot2 version 0.8.9.

Statistical analysis

ChIP and RT–PCR results are presented as means ± SEM from
a minimum of three independent experiments. LM-PCR and
hiFISH results are presented as means ± SD from three indepen-
dent experiments. Student’s t-test was used for comparisons be-
tween two experimental groups, and one-way ANOVA followed
by Tukey’s post-test was used for comparisons of more than
two groups. P < 0.05 was considered statistically significant for
these analyses. The Wilcoxon test was used for comparison be-
tween two pooled gene populations in the computational analy-
sis, since they did not follow normal distributions. P < 0.01 was
considered statistically significant. Statistical tests were per-
formed using Microsoft Excel or the GraphPad Prism software
package (version 6.0). Additional details are described in the fig-
ure legends.
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