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            Abstract
Changes in gene dosage are a major driver of cancer, known to be caused by a finite, but increasingly well annotated, repertoire of mutational mechanisms1. This can potentially generate correlated copy-number alterations across hundreds of linked genes, as exemplified by the 2% of childhood acute lymphoblastic leukaemia (ALL) with recurrent amplification of megabase regions of chromosome 21 (iAMP21)2,3. We used genomic, cytogenetic and transcriptional analysis, coupled with novel bioinformatic approaches, to reconstruct the evolution of iAMP21 ALL. Here we show that individuals born with the rare constitutional Robertsonian translocation between chromosomes 15 and 21, rob(15;21)(q10;q10)c, have approximately 2,700-fold increased risk of developing iAMP21 ALL compared to the general population. In such cases, amplification is initiated by a chromothripsis event involving both sister chromatids of the Robertsonian chromosome, a novel mechanism for cancer predisposition. In sporadic iAMP21, breakage-fusion-bridge cycles are typically the initiating event, often followed by chromothripsis. In both sporadic and rob(15;21)c-associated iAMP21, the final stages frequently involve duplications of the entire abnormal chromosome. The end-product is a derivative of chromosome 21 or the rob(15;21)c chromosome with gene dosage optimized for leukaemic potential, showing constrained copy-number levels over multiple linked genes. Thus, dicentric chromosomes may be an important precipitant of chromothripsis, as we show rob(15;21)c to be constitutionally dicentric and breakage-fusion-bridge cycles generate dicentric chromosomes somatically. Furthermore, our data illustrate that several cancer-specific mutational processes, applied sequentially, can coordinate to fashion copy-number profiles over large genomic scales, incrementally refining the fitness benefits of aggregated gene dosage changes.
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                    Figure 1: Rearrangements of chromosome 21 in patient PD9020a.[image: ]


Figure 2: Rearrangements of der(15;21) in patient PD7170a.[image: ]


Figure 3: Rearrangement patterns of the iAMP21 chromosome in the remaining patients.[image: ]


Figure 4: Chromothripsis alters the copy-number landscape of chromosome 21 in a non-random fashion.[image: ]
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Extended data figures and tables

Extended Data Figure 1 FISH studies of patient PD10009a indicating the role of the centromeres in the formation of the iAMP21 chromosome from rob(15;21)c patients.
a, A representative normal metaphase from a non-leukaemic cell hybridized with centromere specific probes for chromosomes 15 (CEP15, Cytocell) labelled green and chromosomes 13 and 21 (this probe cross hybridizes to both chromosomes 13 and 21, CEP13/21, Cytocell) labelled red. The chromosomes are counterstained with DAPI (blue). The discrete green signal indicates one copy of the normal chromosome 15, the two discrete red signals at the bottom of the cell indicate the two normal copies of chromosomes 13 and the discrete red signal at the top indicates the normal chromosome 21. The closely apposed red green signals at the bottom of the cell are hybridized to the rob(15;21)c confirming that this chromosome is dicentric with intact copies of both centromeres. In order to maintain stability and normal segregation at mitosis, one centromere of a dicentric chromosome needs to be inactive. In Robertsonian translocations, chromosome 15 is most frequently inactivated. This is often depicted by decondensation of the chromatin, in contrast to tightly condensed chromatin of an active centromere. In some cells the chromosome 21 centromere of the rob(15;21)c appeared smaller (condensed) than the chromosome 15 centromere (decondensed). b, A representative normal metaphase indicating the chromosome 15 centromere (CEP 15, green) and a probe set designed to cover the common region of amplification of chromosome 21 (CRA); probes RP11-777J19, RP11-383L18 and RP11-773I18 (as previously described) were hybridized together and labelled red. The discrete green signal indicates the centromere on the normal chromosome 15, the discrete red signal indicates the CRA on the normal chromosome 21, whereas the red and green signals close together show the centromere of chromosome 15 and the CRA on the rob(15;21)c. c, e, The same representative abnormal metaphase hybridized with CEP15 (green) and CEP13/21 (red) as above. The discrete green signal indicates the intact chromosome 15 centromere on the normal chromosome 15. The three discrete red signals show the centromeres on the two normal chromosomes 13 located either side of the red signal on the normal chromosome 21. The iAMP21 chromosome, which we know to be composed of both chromosomes 15 and 21, as patient PD7170a (Fig. 2), and to be in the formation of a ring chromosome has one red signal indicating the presence of an intact chromosome 21 centromere, but absence of the green signal indicating loss of the chromosome 15 centromere, which is present in the normal cells as shown in a. This loss of chromosome 15 centromere from the der(15;21) is also confirmed by sequencing (Fig. 3b). In e, the metaphase shown in panel c has had colours inverted to confirm the origin of the chromosomes and indicate the ring formation of the iAMP21 chromosome (arrow). d, f, The same representative abnormal metaphase hybridized with CEP15 (green) and the probe set specific for the CRA (red) as above. The discrete green signal at the bottom indicates the intact chromosome 15 centromere on the normal chromosome 15. The discrete red signal (bottom left) shows one copy of the CRA on the normal chromosome 21. The iAMP21 chromosome has multiple red signals indicating multiple copies of the CRA interspersed throughout this abnormal ring chromosome. In f, the image shown in d is inverted to confirm the origin of the chromosomes and indicate the ring formation of the iAMP21 chromosome (arrow).


Extended Data Figure 2 Rearrangement orientations are distributed equally on chromosome 21 in iAMP21 patients.
Comparison of rearrangement orientations for rearrangements on chromosome 21 (leftmost 4 bars for each panel) against the rest of the genome (rightmost 4 bars for each panel) for the 9 patients sequenced. These show that the distribution was not statistically different from uniform for the chromosome 21 rearrangements (P values under x axis legend). For rearrangements in the rest of the genome, deletion-type rearrangements (TH, coloured red) predominated. Multinomial distribution statistical significances (raw P values, rounded to 4 decimals) for the null hypothesis of equal distribution between all orientation types are shown in the x axis labels.


Extended Data Figure 3 Rearrangement metrics used to describe rearranged sections of a genome.
a, b, Illustration of the process of compiling rearrangement metrics in a hypothetically rearranged chromosome (a) and summarization of these values into the rearrangement metrics representation used in this study (b). CN, copy number.


Extended Data Figure 4 Rearrangement metrics of 50 simulated chromosomes under two alternative sequences of two rearrangement events, two BFB cycles and chromothripsis.
In copy-number step-size distribution plot, every simulated instance is represented by a point at each of the 5 copy-number change-size value, showing the frequency of copy-number steps with each copy-number step size. In copy-number jump-size distribution, rearrangements from all 50 simulated chromosomes are aggregated. In copy-number trajectory, every connected line represents a single simulated chromosome.


Extended Data Figure 5 Comparison of rearrangement metrics of two alternative sequences of rearrangements that generate a chromothripsis-like copy-number pattern involving three copy-number states.
In copy-number step-size distribution plot, every simulated instance is represented by a point at each of the five copy-number change-size value, showing the frequency of copy-number steps with each copy-number step size. In copy-number jump-size distribution, rearrangements from all 50 simulated chromosomes are aggregated. In copy-number trajectory, every connected line represents a single simulated chromosome.


Extended Data Figure 6 Copy-number and rearrangement pattern in the iAMP21 chromosome of patient PD9022a.
a, Copy-number and rearrangement pattern of PD9022a chromosome 21. D, deletion type rearrangement link; TD, tandem duplication type; TT, tail-to-tail rearrangement; HH, head-to-head rearrangement. b, the deletion type (tail-to-head) rearrangement resolved by five unmapped split reads whose mates mapped to the vicinity of the associated copy-number breakpoint. The mapped mates and unmapped split reads are joined together by dashed lines. The 5 split reads are aligned to the two ends of the rearrangement.


Extended Data Figure 7 Fold-back-like rearrangements of patient PD7170a.
aâ€“c, Three fold-back-like rearrangement of the der(15;21) chromosome of patient PD7170a are shown (arrows). In a, the rearrangement is tail-to-tail type. In b and c, the rearrangement is head-to-head type.


Extended Data Figure 8 Formation of fold-back-like rearrangements.
If two copies of the same chromosome are rearranged in the same event, fold-back-like rearrangements may form (left). If two copies of the same chromosome undergo separate rearrangements, fold-back-like rearrangements cannot form.


Extended Data Figure 9 Chromothripsis effect based on the four sequenced rob(15;21)c iAMP21 ALLs patients on chromosome 15.

Extended Data Table 1 Application of published criteria for chromothripsis14 to the chromosome 21 amplifications analysed in this manuscriptFull size table
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        Editorial Summary
Chromothripsis in acute lymphoblastic leukaemia
A subgroup comprising some 2% of patients with the childhood cancer acute lymphoblastic leukaemia (ALL) carries an intrachromosomal amplification of one copy of chromosome 21, iAMP21, with distinct prognostic and therapeutic implications. Peter Campbell and colleagues combined genomic, cytogenetic, transcriptional and bioinformatic analyses to reconstruct the evolution of this form of ALL. They find that the rare constitutional Robertsonian translocation between chromosomes 15 and 21 greatly increases the risk of developing iAMP21 ALL. In these cases, amplification is initiated by chromothripsis (multiple chromosome rearrangements) involving both sister chromatids of the Robertsonian chromosome, a novel mechanism for cancer predisposition. In sporadic iAMP21, breakage-fusion-bridge cycles are typically the initiating event, often followed by chromothripsis. The data indicate that dicentric chromosomes may be an important precipitant of chromothripsis.
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