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            Abstract
Recent genomic studies have identified chromosomal rearrangements defining new subtypes of B-progenitor acute lymphoblastic leukemia (B-ALL), however many cases lack a known initiating genetic alteration. Using integrated genomic analysis of 1,988 childhood and adult cases, we describe a revised taxonomy of B-ALL incorporating 23 subtypes defined by chromosomal rearrangements, sequence mutations or heterogeneous genomic alterations, many of which show marked variation in prevalence according to age. Two subtypes have frequent alterations of the B lymphoid transcription-factor gene PAX5. One, PAX5alt (7.4%), has diverse PAX5 alterations (rearrangements, intragenic amplifications or mutations); a second subtype is defined by PAX5 p.Pro80Arg and biallelic PAX5 alterations. We show that p.Pro80Arg impairs B lymphoid development and promotes the development of B-ALL with biallelic Pax5 alteration in vivo. These results demonstrate the utility of transcriptome sequencing to classify B-ALL and reinforce the central role of PAX5 as a checkpoint in B lymphoid maturation and leukemogenesis.
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                    Fig. 1: Integrative B-ALL subtypes.[image: ]


Fig. 2: Mutational profile of PAX5-altered (PAX5alt) B-ALL.[image: ]


Fig. 3: Mutational profile of PAX5 P80R B-ALL.[image: ]


Fig. 4: Distribution of signaling mutations in B-ALL subtypes.[image: ]


Fig. 5: Gene expression signature of PAX5 P80R.[image: ]


Fig. 6: Event-free and overall survival of the PAX5 p.Pro80ARg (P80R) subtype.[image: ]


Fig. 7: PAX5 P80R impairs B cell differentiation and drives development of B-ALL.[image: ]
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              The raw and analyzed data are provided in a graphical, interactive platform (see URLs). Genomic data generated for this study have been deposited in the European Genome-phenome Archive (EGA) under accession number EGAS00001003266. Other legacy data used in this study have been deposited in the EGA in previous projects under accession numbers EGAS00001000654, EGAS00001001952, EGAS00001001923, EGAS00001002217 and EGAS00001000447. The TARGET genomic data used in this study are available through the TARGET website (see URLs) and also in dbGaP (see URLs) under accession number phs000218 (TARGET). The other data supporting this study are available from the corresponding author upon reasonable request.
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Integrated supplementary information

Supplementary Figure 1 B-ALL subtypes.
a, Heatmap of 1,988 cases’ gene expression profile clustered by Pearson correlation and Ward’s clustering method based on the 500 most variable genes (evaluated by median absolute deviation). B-ALL subtypes specified in Fig. 1a are annotated at the top of the heatmap. The newly identified subtypes including PAX5 P80R, PAX5alt and IKZF1 N159Y are highlighted in red; the subtypes not annotated in Fig. 1a are highlighted in blue. PAX5alt group was defined by this hierarchical clustering of gene expression profiles. Among the cluster (highlighted in red rectangle) of 173 cases enriched with PAX5 alterations, 25 were classified as other subtypes including NUTM1 (N = 1), BCL2/MYC (N = 1) and Ph-like (N = 23), and the remaining 148 cases were classified as PAX5alt. b, Distribution of B-ALL subtypes in different age groups. Definition of age groups is described in Table 1. The KMT2A-like (N = 5) and ZNF384-like (N = 4) subtypes are merged with KMT2A and ZNF384, respectively. The subtypes are grouped as gross chromosomal alteration, transcription factor (TF) rearrangement, other TF alteration, kinase driven and others. AYA, adolescent and young adult. SR, standard risk; HR, high risk.


Supplementary Figure 2 Pipeline of defining B-ALL subtypes.
Details of cohort distribution across different age groups are shown at the top. Gene rearrangements identified by transcriptome sequencing (RNA-seq) were used to define 10 B-ALL subtypes. Available karyotypic information and chromosomal level copy number alterations called from RNA-seq were used to distinguish aneuploidy: high hyperdiploid, low hypodiploid and near haploid. B-ALL subtypes (N = 11, yellow box) showing distinct gene expression profiles and with sufficient number of cases (n ≥ 10) were used as training dataset for Prediction Analysis for Microarray (PAM; Tibshirani, R. et al., Proc Natl Acad Sci U S A. 99, 6567–6572, 2002) to predict “-like” subtypes. Detailed rules are provided in Table 1. chr no., chromosome number.


Supplementary Figure 3 Distribution of PAX5 alterations.
a, Distribution of PAX5 rearrangements (PAX5r) and sequence mutations (PAX5mut). The same parameters as Fig. 1a are used in this tSNE plot and all samples in this study are included (N = 1,988). PAX5 rearrangements with JAK2 and ZCCHC7 are most commonly observed in Ph/Ph-like subtypes, while the other PAX5 rearrangements (PAX5r-other) are clustered in the PAX5alt group. Two frequently observed rearrangements PAX5-ETV6 and PAX5-NOL4L are highlighted. b, Distribution of all types of PAX5 alterations in 1,141 cases with both SNP array and RNA-seq data available. The copy number alterations (CNAs) were called from SNP array and divided into the following types: 1 copy gain/loss, broad copy gain/loss, which could be chromosomal or arm level CNA; focal 1 copy gain/loss, no more than 10 canonical genes are encompassed in the CNA region; partial 1 copy loss/gain, CNA’s breakpoint is in PAX5 gene body; CN-LOH, copy-neutral loss of heterozygosity; del between PAX5 and ZCCHC7, which is a deletion commonly observed in B-ALL and could result in PAX5-ZCCHC5 fusion; partial 1 copy loss within PAX5 is a type of focal deletion with both start and end breakpoints in PAX5 gene body (intragenic). Focal intragenic amplifications on PAX5 (N = 10; PAX5amp) are specifically enriched in PAX5alt group (N = 8). c, Distribution of PAX5 alterations in each B-ALL subtype.


Supplementary Figure 4 PAX5 internal tandem duplication (ITD) of exons 2–5.
a, PAX5-ITD (PAX5amp) detected by whole genome sequencing (WGS) in Integrative Genomics Viewer (Robinson, J.T. et al., Nat Biotechnol 29, 24-6,2011). Upper scatter plot shows WGS coverage relative to the germline sample. The genomic region with elevated copy number is highlighted by a red bar. The red arc denotes a tandem duplication encompassing PAX5 exons 2–5. Transcriptome sequencing coverage from the same sample is shown as a blue histogram and elevated expression of gained exons is shown. Below are the aligned WGS reads, and the discordant pairs are shown in red, supporting the structural variation. b, Wild-type and mutant PAX5 with amplified exons (e) 2–5. Primers (shown as arrows) were designed to amplify the fragments with the 5ʹ end in exon 5 and 3ʹ in exon 2 (primer e5: GACACCAACAAGCGCAAGAGAGAC; e2: TGATGAGCAAGTTCCACTATCCTC). c, Representative electropherogram of Sanger sequencing showing the junction of exon boundaries characterizing the duplication of exons 2–5. d, Fluorescent in-situ hybridization (FISH) confirming the presence of a PAX5 (exons 2–5) tandem duplication. Duplication is indicated by paired red signals (PAX5 exons 2–5 fosmid clone) associated with a green signal (chromosome 9 control probe). Sixty-three percent of analyzed cells were determined to be positive for the PAX5 duplication. A FISH validation in normal metaphase cells confirming the localization is shown on the left panel.


Supplementary Figure 5 Event-free (EFS) and overall survival (OS) of pediatric B-ALL cases.
Kaplan-Meier estimates for EFS and OS of children treated on St. Jude (SJ) Total protocols. P values are calculated by the two-sided time-stratified Cochran–Mantel–Haenszel test across all the subtypes in each panel. Detailed analysis results are provided in Supplementary Table 25. Favorable subtypes include High hyperdiploid, ETV6-RUNX1, TCF3-PBX1 and DUX4, 304 patients; KMT2A, 33; PAX5 P80R, 6; PAX5al, 31; Ph, 17; Ph-like, 27; other includes BCL2/MYC, CRLF2(non-Ph-like), ETV6-RUNX1-like, TCF3-HLF, iAMP21, MEF2D, NUTM1, ZNF384 and all other, 56.


Supplementary Figure 6 CRISPR/Cas9 engineering of Pax5 P80R and G183S loci.
a, Schematic representation of the Pax5 gene and mutations introduced to generate Pax5P80R and Pax5G183S mouse lines. sgRNAs (blue) targeting exon 3 or exon 5 were used to introduce Pax5 P80R or Pax5 G183S mutations (red). Several silent mutations were also introduced to facilitate PCR genotyping and prevent Cas9-mediated cleavage of the loci after repair. These include mutations disrupting the protospacer adjacent motif (PAM) sequences (underlined) and protospacer elements (orange). Blue arrow, Pax5-e3-F1; green arrow, Pax5-e3-R1; yellow arrow, Pax5-e5-F1; red arrow, Pax5-e5-R1; arrowhead, Cas9 cleavage sites. b, Representative Sanger sequencing validation of Pax5 wild-type, P80R, and G183S alleles to assign genotypes.


Supplementary Figure 7 Infer chromosomal copy number alterations (CNAs) from transcriptome sequencing data.
Gene expression level (rlog) evaluated by DESeq2 was normalized and shown on each chromosome to indicate whole chromosomal copy number gain or loss (upper). The boxplot for each chromosome shows the median value as the center line, and 25 and 75% quantile as the lower and upper hinge of each box, respectively. Lower whisker equals the smallest observation greater than or equal to lower hinge - 1.5 * IQR (interquartile range), and the upper whisker reaches the largest observation less than or equal to upper hinge + 1.5 * IQR. The skyblue line indicates the rlog from all the chromosomes, and the red line shows the median expression level of genes on chromosomes with 2 copies. With copy number changes, mutant allele frequency (MAF) of SNVs are changed and the density peaks of MAF are skewed (lower, highlighted in red if the highest peak is not around 0.5). Homozygous duplication of a chromosome could be recognized by elevated gene expression level, but is not noticeable on MAF density plot (for example, chromosome 14 and 21). The example patient ID is SJALL040088 and the figure, with the exception of chromosome 15, was highly consistent with the karyotype: 61,XX,+X,+3,+4,+5,+6,+10,+11,+12,del(12)(p11.2),+14,+15,+16,+17,+18,+21,+21 (14/70%) 62,idem,+mar (3/15%) 46,XX (3/15%). As shown in Supplementary Table 34, we observed consistency in calling of aneuploidy of autosomes between SNP array CNA data and RNA-seq data; erroneous calling on karyotyping may arise from miscalling of suboptimal metaphase data.
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