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SUPPLEMENTAL METHODS
Cell Culture and Lysate Preparation
K562 (ATCC CCL 243) cells were grown to 0.5×106 cells/mL in 20 mL of IMDM-10% FSC in T75 flasks. The 107 cells in medium were treated with 25 M etoposide (Sigma-Aldrich E1318), 2 M mitoxantrone (Sigma-Aldrich M6545) or 50 M genistein (Sigma-Aldrich G6776) in DMSO (0.05% final concentration) × 1 h, with 8 M p-benzoquinone (Sigma B-Aldrich 10358) in DMSO (0.05% final concentration) × 4 h, or with the DMSO vehicle control (0.05% final concentration) × 1 or 4 h. The cells were collected by centrifugation and washed once with PBS at room temperature. Cell pellets were lysed by addition of 1 mL ice-cold RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 1% Sodium deoxycholate, 0.5% SDS with 1× Roche Complete EDTA-free Protease Inhibitor Cocktail) and transferred to microcentrifuge tubes. Lysates were incubated on ice × 15 min and passed through a 25 g needle four times and then through a 27 g needle four times. Clumps and debris were removed by centrifugation × 20 min at 4°C in an Eppendorf microcentrifuge at 13.2 × 103 rpm. 
	The supernatants were sonicated at high power in a Diagenode Bioruptor to fragment the DNA to peak sizes between 250 and 1000 bp (range 100 – 1500 bp).  The DNA in a 25 L test aliquot of each sonicated lysate was purified by extraction with a 25:24:1 mixture of phenol:chloroform:isoamyl alcohol followed chloroform extraction and ethanol precipitation. The purified DNA was resuspended in 25 L dH20 and a 2 L aliquot representing 0.2% of each sonicated lysate was brought to 5 L final volume in 1x Thermo DNA loading buffer / 1% SDS and size-separated on a 1.5% agarose gel in 1X TAE buffer (40 mM Tris, 31.25 mM sodium acetate, 1 mM EDTA) to evaluate DNA fragmentation.
	The sonicated lysates were frozen overnight at -20°C before TOP2A immunocapture.  

Immunocapture of TOP2A Including TOP2A in Cleavage Complexes from Sonicated Lysates
TOP2A including any TOP2A in cleavage complexes was immunocaptured by addition of 20 g rabbit anti-TOP2A polyclonal antibody (Kamiya PC-123) to each 1 mL of sonicated lysate, incubation with rotation at ~6 rpm at 4°C × 1 h, addition of 50 L of Protein G magnetic beads (PureProteome Millipore) and incubation at room temperature with rotation × 10 min. The beads were collected with a magnet, washed twice with 500 L Dulbecco’s PBS (GIBCO 14190) containing 0.1% Tween 20 (Sigma P1379) and set aside on ice. The non-bound fractions of the lysates were subjected to two further rounds of immunocapture as per above. At each round of immunocapture, a 25 L aliquot of the supernatant was set aside for Western blot analysis. The beads from each of the three successive rounds of immunocapture were combined, washed three more times with Dulbecco’s PBS containing 0.1% Tween 20 and then twice with 1× NEB Buffer 3.  

Release of TOP2A Bound DNA from Cleavage Complexes using Calf Intestinal Alkaline Phosphatase (CIP), DNA Purification and Quantification
The DNA covalently attached to TOP2A in cleavage complexes by phosphodiester linkage was detached from the antibody-bound TOP2A by incubation of the beads with 60 U CIP (New England Biolabs M0290) in 150 L 1× NEB Buffer 3 at 37°C × 1 h. The beads were removed from the eluate containing the released DNA with a magnet. The eluates were transferred to low-bind tubes (Eppendorf) and brought to 200 L by addition of 50 L 1× NEB Buffer 3. The DNA was purified by extraction using 200 L of a 25:24:1 mixture of phenol:chloroform:isoamyl alcohol. Then, 1/10 volume 3M sodium acetate, 20 g glycogen (Roche) and either 2.5 × volume of ethanol or 1 × volume of iso-propanol were added and the DNA was precipitated overnight.  The DNA was collected by centrifugation at 13.2 × 103 rpm × 30 min at 4°C. The DNA pellets were washed twice with 70% ethanol and resuspended in 12 L DEPC water (Ambion AM9937). Two L of each sample were used to quantify the DNA using a Quant-iT HS DNA assay (Life Technologies). 

Elution of TOP2A from Magnetic Beads and Western Blot Analysis of Specificity of TOP2A Immunocapture
Following release of the TOP2A-bound DNA from the beads by CIP incubation, the beads were washed twice in 150 L PBS-0.1% Tween 20 (PBS-T), resuspended in 150 L PBS-T and equally redistributed into three clean tubes. The PBS-T was removed and 25 L 1X LDS sample buffer (Invitrogen) containing 2.5% 2-mercaptoethanol was added to the first tube and the tube was heated at 80°C for 10 min to elute the bead-bound TOP2A. The LDS sample buffer solution containing the eluted TOP2A was collected from the first tube and used to sequentially elute the bead-bound TOP2A from the other two aliquots of beads by the same procedure. 
	Following elution of the TOP2A from the third aliquot of beads, 50% of the sample buffer containing the eluted TOP2A was used for Western blot analysis alongside a 10 L aliquot of the sonicated input (1% of total lysate) and 10 L aliquots representing ~1% of each of the three non-bound fractions in 1X sample buffer / 2.5% 2-mercaptoethanol. The proteins and 10 L Novex Sharp Pre-Stained Protein Standard (Life Technologies) were size-separated on a 3-8% Tris Acetate SDS-PAGE gel (Life Technologies) and transferred onto a PVDF membrane (0.45 m, Life Technologies). The membrane was incubated overnight at 4°C with 1:1000 anti-TOP2A (SC-56803, Santa Cruz Biotechnlogy) or 1:1000 anti-BECN1 (SC-48341, Santa Cruz Biotechnlogy) mouse antibodies followed by incubation with HRP-conjugated anti-mouse secondary antibody (1:2000) for 1 hr at room temperature and detection using Amersham ECL Prime (GE Healthcare Life Sciences).

Pre-Amplification of DNA Released from TOP2A Cleavage Complexes and Input DNA from Sonicated Lysates
Where applicable, e.g. in event of <5 ng DNA recovery (Ram et al. 2011), the DNA samples or 0.4 ng of purified sonicated lysate input DNA were amplified using a SEQXE kit (Sigma-Aldrich). The primers were removed from the amplified products with SEQXE kit reagents. The amplified DNA was purified on a spin column (Promega A9281) and recovered in 50 L nuclease-free water provided with the kit.

Library Synthesis and Sequencing of DNA Released from TOP2A Cleavage Complexes
The ends of non-pre-amplified DNA in a 2.5 L aliquot of the purified sonicated lysate, as well as the DNA ends in samples that were not pre-amplified after CIP release from TOP2A cleavage complexes, were repaired using End Repair Mix (TruSeq ChIP Sample Preparation Kit; Illumina IP-202-1012 or 1024) per manufacturer’s instructions.
	The DNA ends in the pre-amplified samples were repaired according to the SEQXE protocol. In detail, the DNA in 40 L of the 50 L sample recovered as per above in nuclease free water, was treated × 15 min at 12°C in a reaction mixture containing 1 U T4 DNA polymerase (New England Biolabs M0203), 1 × New England Biolabs Buffer 2, 0.1 mg/mL BSA (New England Biolabs) and 0.1 mM dNTP mix. The reaction was stopped by adding 1 L 0.5 M EDTA (Fisher Scientific), and the volume was adjusted to 100 L by adding 50 L of the Resuspension Buffer in the Illumina kit. 
	Regardless of whether the DNA was pre-amplified, the preparation of libraries for sequencing was performed according to the Illumina protocol. After end repair, the DNA was purified by adding 160 L AMPure XP beads (Agencourt A63881) to the 100 L reaction mixture. The 3’ ends of the DNA were adenylated, and indexed Illumina adapters were ligated to the DNA fragments using the TruSeq ChIP Sample Preparation Kit. The resulting libraries were electrophoresed on a 2% agarose gel, eluted from gel slices and purified on spin columns using a MinElute Gel Extraction Kit (Qiagen 28604). The libraries were PCR enriched using 18 or 15 cycles for non-pre-amplified and pre-amplified samples, respectively. The DNA yield per library was measured using a NanoDrop spectrophotometer (Thermo Scientific) and the size distribution was assessed on a Bioanalyzer DNA1000 chip (Agilent Genomics). Libraries meeting purity (A260/A280 > 1.8) and size (main peak 225-375 bp) quality control criteria were sequenced. The sequencing (SE50) was performed by BGI@CHOP on an Illumina HiSeq2500 instrument at a minimum coverage of 30M reads per library. The actual coverage achieved for each library that was sequenced was ≥ 41M reads (c.f. Supplemental Table S1).

TOP2A in vitro Cleavage Assays
Subcloning was performed, DNA substrates were prepared and TOP2A in vitro cleavage assays were carried out as described (Felix et al. 1995; Lovett et al. 2001a; Lovett et al. 2001b; Whitmarsh et al. 2003; Mistry et al. 2005; Robinson et al. 2008). PCR amplified DNA fragments of the KMT2A bcr comprising GRCh38/hg38 positions 118,484,197-371, 118,484,320-907, 118,488,339-611 or 118,484,536-656 of Chr 11 (NC_000011.10) were subcloned into pBluescript II SK+. Nicks were repaired in 20 g of plasmid DNA containing each fragment of interest using T4 DNA ligase (New England Biolabs). The fragment was released by restriction enzyme cleavage and the 5’ ends were dephosphorylated using CIP (NEB). The fragment was radiolabeled by treatment with polynucleotide kinase (New England Biolabs) and 1.5 mCi [ (Perkin Elmer) followed by further restriction enzyme cleavage to create a singly 5’ end-labeled fragment to be used as the substrate. The singly 5’ end-labeled substrate was separated in a 1.5% agarose gel in 1× TAE, purified from the gel and used in the cleavage assays. Alternatively, non-radiolabeled substrates were prepared as per above except that the T4 polynucleotide kinase reaction was performed with cold ATP. Each 50 L cleavage reaction contained a total of 25 ng substrate DNA comprising 30,000 cpm radiolabeled DNA and the remainder non-radiolabeled, +/- 2.5 g recombinant TOP2A, +/- 20 M TOP2 poison, 4% DMSO, 10 mM Tris-Cl (8.0), 100 mM KCl, 0.1 mM EDTA and 5 mM MgCl2. Reactions were carried out at 37°C × 10 min. The cleavage complexes were irreversibly trapped by adding 5 L 10% SDS, followed by addition of 3.75 L 250 mM EDTA. The reaction products were deproteinized by incubation with Proteinase K (60 g/mL final concentration) at 45°C × 30 min, precipitated twice in ethanol, resuspended in 6 L Stop Solution (Sequenase kit; USB Corporation), and then resolved in a denaturing polyacrylamide gel alongside a dideoxy DNA sequencing ladder of the relevant substrate. Gels were imaged by autoradiography and analyzed by scanning densitometry (Bio-Rad GS-800). 

Read Processing and Alignment
Raw reads were aligned to the human genome version GRCh38/hg38 (Release date: Dec. 2013) using Bowtie2 (version 2.1.0) in default end-to-end mode reporting 1-2 alignments per read (Langmead and Salzberg 2012). SAM mapping files were converted to BAM files and sorted with SAMtools (version 0.1.19) (Li et al. 2009). The BAM files were converted to BED files, filtering sites with multiple reads and only retaining reads that mapped uniquely. The reads that mapped uniquely were normalized to RP10M (reads per 10 million reads mapped) for further analysis. BED files were converted to bedgraph and then to bigwig files (Kent et al. 2010), which were uploaded to the UCSC Genome Browser (http://genome.ucsc.edu/) (Kent et al. 2002). Correlation coefficients of reads in 10 kb windows were calculated for biological replicates to evaluate reproducibility.
	TOP2A cleavage sites were identified as the most 5’ bases (i.e. +1 position of cleavage sites on plus strand, and +1 position of cleavage sites on minus stand corresponding to plus strand position +4; Fig. 1A) of all reads that both mapped uniquely and showed a 4-fold enrichment compared to input at the same specific base at a p-value < 0.05 (Audic and Claverie test) (Audic and Claverie 1997). 

Analysis of Preferred Hexanucleotides at TOP2A Cleavage Sites 
The bases at positions -1 to +5 of each cleavage site in the sense strand were defined as hexanucleotides in which position +1 was the site of TOP2A attachment. The hexanucleotides on the minus strand were recorded as the complementary sense strand sequences (i.e. minus strand position +1 is complementary to position +4 of the sense strand hexanucleotide). The ratio of the frequency of each hexanucleotide in DMSO-treated samples and TOP2 poison-treated samples was calculated relative to the frequency of the same hexanucleotide in the genome. Hexanucleotides that were enriched at least 2-fold in the DMSO-treated samples relative to the genome were defined as TOP2A specific. Hexanucleotides that were enriched at least 2-fold in TOP2 poison-treated but not DMSO-treated (native) samples identified TOP2A poison sequence preferences. The preferred hexanucleotides at TOP2A cleavage sites that these analyses identified were compared with reported sequence preferences for cleavage by TOP2 previously detected by in vitro assays (Capranico et al. 1993; Palumbo et al. 1994; Capranico and Binaschi 1998; Bandele and Osheroff 2007).

Identification of Cleavage Cluster Regions (CCRs)
Adjacent cleavage sites were collapsed if separated by ≤ 200 bp, allowing closely spaced cleavage sites to be combined into CCRs similar to Spo11 hotspots (Pan et al. 2011). CCR boundaries were defined by the first and last cleavage sites in each cluster. CCRs were subsequently filtered to require a 25 nt minimum length and 4-fold enrichment of total read counts normalized to RP10M over input in the exact regions of the CCRs (Pan et al. 2011). The requirement of 4-fold enrichment of all reads over input adds further stringency by eliminating candidate CCRs with high background signals from extraneous non-cleavage sites. For further analysis, the strength of CCR signals was defined as the sum of read counts at all qualifying TOP2A cleavage sites within the CCR, normalized to hits per 10 million reads (HP10M), where each individual TOP2A cleavage site in the CCR showed at least 4-fold signal enrichment compared to sonicated input at the same specific base with a p-value < 0.05 (Audic and Claverie 1997). CCRs from replicate amplified samples were merged as union sets of CCRs from similarly treated samples or, alternatively, as union sets containing all CCRs from all amplified DMSO and TOP2 poison-treated samples. Further analyses were based on the merged CCR datasets. The sum of normalized CCR signals across each chromosome divided by chromosome length (HP10M reads per Mb) was calculated to determine CCR density by chromosome.

Functional Analysis of CCRs
The CCRs were compared with exons and introns of coding genes, pseudogenes, lincRNAs, repeats and promoters. A human genome annotation file (GRCh38/hg38 gff3 annotation file) 
from GENCODE (http://www.gencodegenes.org) (Harrow et al. 2012) was downloaded, and annotations of exons and introns of protein-coding genes, pseudogenes, lincRNAs, repeats and promoters were extracted. All annotation of each of these genome elements was done ‘greedily’, i.e. all classes that overlapped with a given CCR were counted equally. Random length-matched datasets of 10,000 regions were sampled from GRCh38/hg38 as genomic background controls. 
	The CCRs were compared with human single nucleotide polymorphism (SNP) data to evaluate sequence conservation. SNP data for GRCh38/hg38 from The 1000 Genomes Project Consortium 2015 (ftp://ftp.ncbi.nlm.nih.gov/snp/organisms/human_9606_b142_GRCh38/BED/) (The 1000 Genomes Project Consortium 2015) were downloaded, and the number of SNPs per 100 nt windows in the 10 kb surrounding CCR centers was calculated. 
	To determine trends in CCR positions within genes, each gene was divided into 100 equally-sized segments, and the number of CCRs in each segment was determined. Significance was assessed using Pearson chi-squared tests for CCR enrichment compared to the random background control (c.f. Statistical Methods below). 
	For Gene Ontology (GO) term classification, TOP2A CCR containing genes common to a union set of all amplified DMSO and TOP2 poison treated samples (Supplemental Table S1) were analyzed using an online tool for functional classification and viewed in pie chart format (http://pantherdb.org) (Mi et al. 2013). Each gene was sorted to a single GO term category.
	The relationship between length and gene-level CCR signal strength was investigated for four categories (<10 kb, 10-49 kb, 50-99 kb and ≥100 kb) of coding genes or lincRNA loci. Coding gene and lincRNA lengths were based on GRCh38/hg38. For these analyses, to control for the tendency of longer genes to have more CCRs by virtue of increased sequence space, genic CCR signal strength was defined as the average of all CCR signal strengths within any given locus, i.e. Pearson chi-squared test was used to evaluate significance as per the Statistical Methods section (c.f. below). Coding genes and lincRNA loci were classified as having lower or higher than average genic CCR signal strength to plot CCR signal strength vs. transcript abundance within length categories, where transcript abundance was ascertained from two replicates of RNA-seq datasets for untreated K562 cells (GEO Accession number GSE46718) as described below (Bansal et al. 2014).

CCR Enrichment Analysis in Cancer-Associated Fusion Genes
Genes containing CCRs were compared to the KMT2A recombinome (Meyer et al. 2013) and to cancer-associated fusion genes in the Mitelman database (Mitelman et al. 2016). KMT2A partner genes were extracted from a comprehensive list of the KMT2A recombinome (Meyer et al. 2013). A file of fusion genes was downloaded from the Mitelman database of Chromosome Aberrations and Gene Fusions in Cancer (http://cgap.nci.nih.gov/Chromosomes/Mitelman) (Mitelman et al. 2016). Proportions of genes in the KMT2A recombinome (Meyer et al. 2013) or all cancer fusion genes (Mitelman et al. 2016) containing CCRs were compared to proportions of coding genes in the genome containing CCRs. Significance was determined using Pearson chi-squared test as per the Statistical Methods section (c.f. below).

TOP2A Double Strand Break (DSB) Enrichment Analysis in KMT2A Recombinome
Proportions of genes in the KMT2A recombinome containing TOP2A DSBs were compared to the proportions of coding genes in the genome containing TOP2A DSBs. Significance was determined using Pearson chi-squared test as per the Statistical Methods section (c.f. below).

Comparisons of CCRs with K562 Cell Line RNA-seq Datasets
Transcript abundance for all genes was compared to transcript abundance for genes containing TOP2A CCRs. Two replicates of RNA-seq datasets for untreated K562 cells were downloaded from GEO (Accession number GSE46718) (Bansal et al. 2014). SRA data were converted to FASTQ files and aligned to GRCh38/hg38 using TopHat (Trapnell et al. 2009) with default parameters and GENCODE annotation (http://www.gencodegenes.org) (Harrow et al. 2012). Mapped reads of coding or lincRNA loci were counted using HTSeq (Anders et al. 2015) (htseq-count with parameter stranded=no) and then normalized to RPKM (Reads Per Kilobase of transcript per Million reads mapped).  The distribution of transcript abundance density for all coding genes or lincRNA loci, respectively, was compared to that of coding genes or lincRNA loci with ≥ 1 CCRs (c.f. Statistical Methods). The same RNA-seq datasets (Bansal et al. 2014) were used to analyze the relationship between coding gene or lincRNA length and transcript abundance. The smooth.function (geom_smooth) in the ggplot2 package was used to fit the data (http://ggplot2.org) (Wickham 2009) and correlation coefficients were calculated for the log2 values for length and transcript abundance as detailed in the Statistical Methods (c.f. below). Coding genes or lincRNA loci were separated into four length categories (<10 kb, 10-49 kb, 50-99 kb and ≥100 kb) and then sub-classified as having lower or higher than average genic CCR signal strength, and transcript abundance was compared as a function of CCR signal strength within each length interval.

Comparisons of CCRs with Data from The ENCODE Project Consortium 2012 for Chromatin Features in the K562 Cell Line
Publically available K562 cell line ChIP-seq data from The ENCODE Project Consortium 2012 for H3K36me3, H3K4me1, H3K27ac and POLR2A, as well as DNase I hypersensitivity site (DHS) data (www.encodeproject.org) (The ENCODE Project Consortium 2012) (c.f. Supplemental Table S4 for GEO Accession numbers and Production Laboratories) were downloaded from the NCBI (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51334) and liftOver (http://genome.sph.umich.edu/wiki/LiftOver) (Hinrichs et al. 2006) was used to convert the genomic positions in the datasets from GRCh37/hg19 to GRCh38/hg38. Each H3K36me3 broad peak that overlapped with a gene body was scored as TOP2A-cleaved or non-cleaved using BEDtools (Quinlan and Hall 2010) depending on whether or not there was overlap with TOP2A CCRs. Similarly, broad peaks for POLR2A sites, DHSs, H3K4me1 and H3K27ac were marked as overlapping or non-overlapping with CCR sequences using BEDtools (Quinlan and Hall 2010). H3K4me1 or H3K27ac signals per 100 nt windows were determined relative to the total H3K4me1 or H3K27ac signals, respectively, within 2 kb surrounding CCR centers to analyze enhancer elements. Significance was assessed using the Statistical Methods described below.

Principal Component Analysis of Chromatin Features in TOP2A CCR Genomic Landscape 
The correlation between CCRs identified by high throughput sequencing in a union set of all amplified DMSO and TOP2 poison treated samples (c.f. Supplemental Table S1) and signals of chromatin features for K562 cells was investigated using a principal component analysis (PCA) (Huff et al. 2010) in order to define the genomic environments in which the CCRs occur. 
The genome-wide signal data from The ENCODE Project Consortium 2012 for H3K4me1, H3K27ac, H3K27me3, H3K36me3, H3K4me3, H3K79me2, H3K9ac, H3K9me1, H3K9me3, H4K20me1, H2AFZ, POLR2A sites and DNase I hypersensitivity sites (DHSs) (www.encodeproject.org) (The ENCODE Project Consortium 2012) (c.f. Supplemental Table S4 for GEO Accession numbers and Production Laboratories) were first converted from GRCh37/hg19 to the GRCh38/hg38 genome assembly using liftOver (http://genome.sph.umich.edu/wiki/LiftOver) (Hinrichs et al. 2006). The clustering of chromatin features with TOP2A CCRs was investigated using customized R script and K-means clustering algorithms. The data were plotted in a matrix in order to determine the covariance of the features using described methodology (Huff et al. 2010).

Statistical Methods
The cor function of Pearson Method in R (https://www.r-project.org) (R Core Team 2015) was used to compute correlation coefficients for read densities between samples. For large-scale multiple testing, p-values were adjusted using the p.adjust function in R for false discovery rate (FDR) calculation, and p ≤ 0.05 was considered significant at FDR < 5%. Pearson chi-squared test was used to compare enrichment/depletion of CCRs in genomic elements vs. genome background, KMT2A recombinome vs. all genes, and all cancer fusion genes vs. all genes; TOP2A DSBs in KMT2A recombinome vs. all genes; average CCR signal vs. length; transcript abundance vs. average CCR signal by length category. Kruskal-Wallis Test was used to determine whether genome-wide distributions of two different populations of features were identical or different without expecting them to follow a normal distribution for the following comparisons: SNP frequencies at CCR centers vs. flanking 10 kb; transcript abundance for genes with CCRs vs. all genes; DNase I signal density distribution in genes that overlap vs. do not overlap with CCRs; H3K36me3 signal strength in genes with vs. without CCRs; POLR2A signal strength in genes with vs. without CCRs; H3K4me1/H3K27ac signal strength in CCR center vs. flanking 1 kb. Correlation coefficients between transcript abundance and length were calculated using the cor function of Pearson Method in R (R Core Team 2015).

DATA ACCESS INSTRUCTIONS
All data were deposited in Gene Expression Omnibus (GEO; Accession number GSE79593).
All data can also be located on the UCSC Genome Browser through the URL https://genome.ucsc.edu/cgi-bin/hgCustom: by uploading the track URLs below for links to the individual samples studied:
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