SUPPLEMENTARY INFORMATION
Aberrant RAG-mediated recombination contributes to multiple structural rearrangements in lymphoid blast crisis of chronic myeloid leukemia

Supplementary Materials and Methods

RNAseq gene expression analysis  
Sequencing was performed on an Illumina HiSeq2500 or NextSeq 500 using the Illumina TruSeq stranded total RNA (non-polyA captured) protocol for 100bp or 150bp paired end sequencing as previously described(1). Strand-specific read counts under the iGenomes/UCSC hg19 gene models were quantified using STAR(2). Expression analysis and visualization was carried out in R (v3.5.2), using Bioconductor (v3.4) packages limma(3, 4) and edgeR(4, 5) and annotated using the Bioconductor Homo.sapiens library. Expression was normalized using the TMM method(6). Heteroscedasticity was allowed for using voom(7), quantification of differentially expressed genes between groups using TREAT(8). Table of genes expression, in lcpm (Supplementary Table 5), was printed prior to removing genes with <1 counts per million in at least one group (diagnosis, MBC or LBC). Multidimensional scaling (MDS) and mean-difference (MD) plots were made using limma(3). Heatmaps were created using Heatmap3(9), with hierarchical clustering performed via Ward’s linkage method and utilizing a Euclidean distance metric. Gene ontology annotation was performed using GOPanther(10). Gene expression was plotted with boxplots, with differences of statistical significance calculated with a student’s t test and p-value indicated *<0.05, **<0.01, ***<0.001, ****<0.0001. Expression analysis was performed for the patients tested at CP diagnosis and compared with those who transformed to BC during therapy. Samples were excluded from the expression analysis, differing from our previous report(1) for the following reasons: ‘14_LBC’ was the only patient with T-cell leukemia; ‘4_LBC’ was found to be heavily treated with chemotherapy at the time of sample collection and the disease burden was low and not representative of the BC clone; ‘28_diagnosis’ was found to have a low tumor burden at diagnosis; patients 1, 2 and 38 were diagnosed in BC; and the diagnosis and BC samples for patient 23 were excluded since the sample type was bone marrow, whereas expression analysis was uniformly assessed using peripheral blood for all other samples.

Bioinformatic identification of RAG-mediated genomic deletions from WES data
Patient samples were divided into 5 groups with roughly similar number of samples in each group: 3 diagnosis groups corresponding to subsequent outcome, MMR (n=9), MBC (n=9) or LBC (n=6); and 2 BC groups, MBC (n=11) and LBC (n=8). One LBC sample was excluded as the quality of the data was found to be suboptimal for this analysis (patient 16). To identify candidate structural variants from WES, we used Manta v1.2.1(11) with the following options; --bam \ –exome \ --generateEvidenceBam \ --outputContig. We then filtered the CandidateSV.vcf output using bcftools(12) to select for genomic deletions with nucleotide insertions (2-25 nucleotides in length), and a minimum PAIR_COUNT of 2. Genomic sequence surrounding breakpoints (+/- 25 nucleotides) were calculated with bedtools getfasta(13), and unsupervised motif enrichment was performed using MEME(14). A summary schematic is provided in Supplementary Figure 3. 

Combinatorial method of identification of structural variants
Copy number variation (CNV) analysis was performed as previously described(1). Chimeric transcripts were identified from RNAseq with STAR(2) and aberrant splicing identified by selection of unannotated splice junctions from STAR’s SJ.out.tab file. A summary schematic is provided in Supplementary Figure 1.

Identification of acquired single nucleotide variants and COSMIC mutational signatures
Somatic single nucleotide variants (SNVs) were identified with high confidence using 7 variant callers: Strelka (v1.0.13)(15), MuTect (v1.1.4)(16), Virmid (v1.1.1)(17), Seurat (v2.5)(18), Shimmer (v0.1.1)(19), SomaticSniper (v1.0.3)(20) and Varscan2 (v2.3.5)(21) as described(1). COSMIC mutational signatures(22) were calculated using MuSiCa (mutational signatures in cancer)(23) using 691 somatic SNVs from 31 diagnosis patients, 235 SNVs from 7 LBC patients and 406 SNVs from 11 MBC patients, where matched germline samples were available. Two diagnosis and 2 LBC samples were excluded from the analysis since no germline samples were available to establish the somatic status of SNVs (patients 7 and 10).

Quantitative reverse transcription PCR 
RNA extraction and cDNA synthesis was performed as described(24). Quantitative reverse transcription PCR (qRT-PCR) was performed using the following conditions: 5 µL of Power SYBR™ Green PCR Master Mix (Thermo Fisher Scientific), 2.5 µL of AccuGene water, 250nM of each forward and reverse PCR primers and 2 µL of cDNA template. qRT-PCR was performed on a ViiA7 instrument with the following cycling conditions: 50°C 2 min, 95°C 10 min, 95°C 15 s, 60°C 1 min (40 cycles), 95°C 15 s, 60°C 15 s, 95°C 15 s. For each sample, 2 separate RT reactions were performed and each cDNA underwent separate qPCR analysis for each gene of interest (RAG1, RAG2 and DNTT) and reference genes (ELF1 and IPO8). Reference genes were chosen from lists of published reference genes(25, 26) and assessed for consistent expression between CML disease phases using our RNAseq expression data. Serial dilution assays were performed and the average amplification efficiency calculated for each gene. ViiA7 software (Applied Biosystems) assessed CT values and the relative mRNA expression levels were determined using the method of Pfaffl et al.(27). The LBC cell line BV-173 that expresses high levels of RAG1/2 and DNTT was used as the control for each reaction. BCR-ABL1 expression was performed as described(28).

Primer sequences (5’)
RAG1_F:GAGGGCAAGGAGAGAGCAGA
RAG1_R:GCTGAATTTCATCTGGGGCA
RAG2_F:GGCAAAGATTCAGAGAGGCG
RAG2_R:CAGTGGGGCAGGATCTTTTG
DNTT_F:ATTTGGAGTGGGGCTGAAGA
DNTT_R:CATCCGGAAGAAATGCCCAG
ELF1_F:AGTTCACTGGATGTTGCTGAAGAA
ELF1_R:CAATTGTTTCATCCCCGTCAT
IPO8_F:GAAGCAGATGAAGCCACACA
IPO8_R:ATGGATCTTCTTGCCACAGC

Data Sharing Statement
The sequence data have been deposited at the European Genome-phenome Archive, which is hosted by the European Bioinformatics Institute, under accession #EGAS00001003071.


Supplementary Figures
Supplementary Figure 1. Bioinformatics pipeline. Bioinformatic analyses included fusion detection (STAR and Manta), gene expression analysis (EdgeR, Limma), and copy number variation analysis (developed in-house(1)). Unsupervised motif detection of sequences surrounding breakpoints was performed with MEME. High confidence single nucleotide variants (SNV’s) were unanimously detected by 7 different SNV callers and COSMIC(22) mutational signatures were quantified using MuSiCa(23).

[image: ]


Supplementary Figure 2. CML disease phase is characterized by global differential gene expression. Heatmap of top 1000 genes that were differently expressed between LBC and MBC groups (P<0.001). Hierarchical clustering of 70 patient samples separated LBC patient samples (red) from diagnosis/CP (green) and MBC (blue).[image: ]
Supplementary Figure 3. Bioinformatic pipeline for identification of genomic deletions with the RAG signature. WES results from CML samples were divided into groups corresponding to diagnosis in CP (Dx/CP) and blast crisis (BC) and further subdivided into subsequent outcome; major molecular response (MMR), myeloid blast crisis (MBC) or lymphoid blast crisis (LBC). Manta(11) was used to identify genomic deletions and filter for those with nucleotide insertions (2 to 25 nucleotides in length). The genomic sequence surrounding breakpoints (+/- 25 nucleotides) was then investigated for motif enrichment (MEME(14)).
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Supplementary Figure 4. Identification of genomic deletions with nucleotide insertions show antigen receptor rearrangement at LBC. Bioinformatically identified genomic deletions with RAG signature (deletions with nucleotide insertions, represented by blue bars) were visualized using Integrative Genomics Viewer (IGV)(29), at IMGT (international ImMunoGeneTics information system(30)) defined regions. The majority of RAG-mediated deletions were in LBC. 
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Supplementary Figure 5. Copy number loss at antigen receptor loci was observed in patients at LBC. Copy number variation (CNV) analysis from WES shows promiscuous V(D)J recombination, seen as copy number loss (descending red bars) at antigen receptor loci including immunoglobulin and T-cell receptor (TCR) loci. Typical examples of patients at LBC and MBC are shown, with corresponding diagnosis/CP sample shown for LBC patients.
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[bookmark: _GoBack]Supplementary Figure 6. RAG is constitutively up-regulated by reinforced regulatory activation. Boxplots showing expression of key V(D)J recombination inhibitors (top) and activators (bottom), in 43 patients at diagnosis (green), 11 in MBC (blue) and 16 in LBC (red). Statistical difference between the means of LBC and diagnosis/CP groups were calculated with a student’s t test and P value indicated with * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001). The box of the boxplots corresponds to the 25th to 75th percentile (interquartile range); the thick horizontal line indicates the median; and the vertical line includes data within 1.5× the interquartile range.[image: ]
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Supplementary Figure 7. The contribution of COSMIC mutational signature in CML patients at diagnosis/CP, MBC or LBC, measured using MuSiCa(23).
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Supplementary Tables
Supplementary Table S1. CML patient samples and sequencing.

Supplementary Table S2. Bioinformatic identification of genomic deletions with non-template nucleotide insertions at breakpoints and enrichment of the ‘CACAGTG’ motif. Including the gene name/s at the deletion (column A), the disease phase when the deletion was acquired and subsequent outcome (column B), the patient ID (column C), the chromosome, start, end and strand of the deletion (columns D-G), the first (start) or second (end) breakpoint of the deletion (column H), the sequence at the DNA break with the motif consensus highlighted (columns I-K) and the non-template nucleotide insertions at the break (column L, blue).

Supplementary Table S3. Structural variants outside the Philadelphia chromosome and immunoglobulin/TCR regions identified in CML patients from combined RNAseq and WES analysis. Including the patient ID (column A), the gene name/s at the DNA breaks (column B), BC phenotype (column C), chromosome coordinates of the first and second breaks (column D-E), sequence at the breakpoint containing the RAG RSS-like motif for the first break (‘|’ indicates the breakpoint) (column F-H), the non-template nucleotide insertion (column I), sequence at the breakpoint containing the MEME identified RAG RSS motif for the second break (column J-L), RAG1/2 and DNTT expression (lcpm) (column M-O), where moderate to high gene expression is highlighted in green.

Supplementary Table S4. Structural variants associated with the Philadelphia chromosome. Including the patient ID (column A), the gene names/s associated with DNA breaks (column B), the chromosome location of the breaks (columns C-D), sequence at the breakpoint containing the MEME identified RAG RSS-like motif at the first break if present (columns E-G), the non-template nucleotide insertion if present (column H), sequence at the breakpoint containing the MEME identified RAG RSS-like motif at the second break if present (columns I-K), RAG1 expression, where high gene expression is highlighted in green.

Supplemental Table S5. Global gene expression (lcpm) for 70 patient samples. 
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Contribution of COSMIC mutational signatures in CML patients (n=51)
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