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            Abstract
The Zero Childhood Cancer Program is a precision medicine program to benefit children with poor-outcome, rare, relapsed or refractory cancer. Using tumor and germline whole genome sequencing (WGS) and RNA sequencing (RNAseq) across 252 tumors from high-risk pediatric patients with cancer, we identified 968 reportable molecular aberrations (39.9% in WGS and RNAseq, 35.1% in WGS only and 25.0% in RNAseq only). Of these patients, 93.7% had at least one germline or somatic aberration, 71.4% had therapeutic targets and 5.2% had a change in diagnosis. WGS identified pathogenic cancer-predisposing variants in 16.2% of patients. In 76 central nervous system tumors, methylome analysis confirmed diagnosis in 71.1% of patients and contributed to a change of diagnosis in two patients (2.6%). To date, 43 patients have received a recommended therapy, 38 of whom could be evaluated, with 31% showing objective evidence of clinical benefit. Comprehensive molecular profiling resolved the molecular basis of virtually all high-risk cancers, leading to clinical benefit in some patients.
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                    Fig. 1: Zero Childhood Cancer Program cohort demographics.


Fig. 2: Pathogenic aberrations in high-risk pediatric cancers.


Fig. 3: Clinically actionable aberrations in high-risk pediatric cancers.


Fig. 4: Integration of WGS, RNAseq and mutation signature analyses reveals a high incidence of germline driver mutations.


Fig. 5: Comprehensive molecular profiling drives high rates of MTB recommendations.


Fig. 6: Clinical responses to targeted therapies are observed across all tiers of recommendations.



                


                
                    
                
            

            
                Data availability

              
              WGS, RNAseq and methylation data generated by this study are available from the European Genome-phenome Archive under accession number EGAS00001004572. Databases used to help filter, prioritize and interpret variants are available online, including COSMIC (https://cancer.sanger.ac.uk/cosmic), Cancer Gene Census (https://cancer.sanger.ac.uk/census), Pecan (https://pecan.stjude.cloud/), dbscSNV (http://www.liulab.science/dbscsnv.html), dbNSFP (https://sites.google.com/site/jpopgen/dbNSFP), ExAC (http://exac.broadinstitute.org/), gnomAD (https://gnomad.broadinstitute.org/), MGRB (https://sgc.garvan.org.au/), GIAB (https://jimb.stanford.edu/giab-resources), Platinum Genomes (https://github.com/Illumina/PlatinumGenomes), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), ESP (https://evs.gs.washington.edu/EVS/) and 1000 Genomes (https://www.internationalgenome.org/data).

            

Code availability

              
              Software and scripts related to this publication are available at https://github.com/CCICB/2020-hrPC-landscape.
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Extended data

Extended Data Fig. 1 ZERO Workflow.
a, The workflow of samples through the ZERO program is shown. Patients were enrolled at one of eight paediatric hospitals, samples processed centrally then profiled at various national centres of excellence for WGS, RNAseq and methylome analysis. The data from each molecular profiling platform are analysed centrally and integrated where possible via dedicated bioinformatics pipelines. The resulting molecular aberrations or classifications from all analysis pipelines are collated and stored in a relational database and integrated by an in-house integration system, Glooee. Here, Glooee applies algorithms that score and rank each variant for prioritisation and generates visualisations to support data quality control assessment and downstream curation. The curation process is critical for classifying molecular aberrations prior to reporting changes to the Molecular Tumour Board (MTB). The multidisciplinary curation team determines the pathogenicity of each variant (C1–C5) consistent with published guidelines29. Ultimately the molecular aberrations are assessed for their reportability (that is of potential interest to clinicians), potential targetability with anticancer drugs, potential to support, refine, or propose a change of diagnosis, prognosis, or indicate the presence of a germline cancer predisposition syndrome. The MTB determines the strengths of molecular, preclinical or clinical data supporting potential therapeutic findings. Ultimately, the MTB seeks consensus on what is reported back to the patient. b, the variant types for which each sequencing platform was used. The red colouring in Tumour WGS and RNAseq indicates that both platforms were used to corroborate these variant types where possible.


Extended Data Fig. 2 Mutational Landscape of High-Risk Paediatric Cancers.
An oncoprint of the reportable germline and somatic events, of any type, observed in more than 2 patients. Genes are classified into broad pathway categories and ordered by the percentage of patients harbouring an alteration in the specified gene. The barplot above shows the number of events in each patient highlighted by aberration type. The barplot on the right shows the total number of events in each indicated gene, highlighted by aberration type and represents genes where more than one aberration, for example CNV gain and over-expression, occurred in the same sample. Where individual genes are shown for each patient, the colour represents the variant type (legend shown on right). Where these bars have multiple colours, it is because the same variants were detected by different techniques, or there are multiple variant types affecting each allele. The heatmaps on the bottom show the distribution of cancer type, stage of disease and sex of patient (legend shown on the right).


Extended Data Fig. 3 Pathogenic Aberrations in High-Risk Paediatric Cancers.
a, Genes recurrently altered by any of the different variant types are shown, grouped by broad pathway categories and ordered by the frequency of the mutation. The plot includes all genes affected in >2 patients. The colouring of the bars indicates the proportion of each variant type. b–f, Circos plots of the genome-wide copy number profiles for each major category of cancers. The amplifications and deletions or LOH relative to the tumour ploidy are shown according to the inset legend. The scale on both rings is 0–70% and inverted for the inner ring. The genes most frequently observed with high-level amplifications, homozygous deletions and immunoglobulin or T-cell receptor gene rearrangements (*) are shown. The number of patients in each subtype are CNS (n=92), HM (n=43), NBL (n=20; n=8 males), Sarcoma (n=61), other solid tumours (n=35).


Extended Data Fig. 4 Complex structural rearrangements driving novel fusions.
a, BRD4-LEUTX fusion identified from RNAseq and WGS from a CNS embryonal tumour at diagnosis in an infant. This figure reveals that at least one SV joined exons 1–11 of BRD4 to exons 2–3 of LEUTX. These exons were highly expressed (coverage histogram above each exon) and the resulting fusion was in-frame and retained the bromodomains in BRD4 and homeobox domain in LEUTX. The expression of LEUTX across cohort is depicted (right), with patient highlighted in red, other CNS embryonal tumours in green and cohort in black. b, LINX visualisation guide, highlighting how multiple SV can be chained together into a derivative chromosome, where SV breakpoints flank defined CNV segments. c, Complex genome topology underlies an out-of-frame TP53-SUZ12 fusion identified from an MPNST tumour at initial diagnosis in an adolescent. The plot shows a predicted derivative chromosome, characterised by many SVs (purple lines) and CNV segments (predominantly green segments with ploidy of 2–4) of 10 chromosomes as indicated. d, A dot plot representation of expression TPM values of TP53 in the cohort, patient with TP53-SUZ12 highlighted in red, other MPNST in green and cohort in black, black horizontal line signifies cohort mean TPM. e, A pathogenic 607 bp deletion affecting intron 1, a 96 Kb deletion and a 66 Kb inversion, both affecting exons 2–3 of IKZF1 were identified in three patients with pre-B ALL. The inversion was likely in trans with a germline pathogenic splicing variant (IKZF1:c.40+1G>A). In two other pre-B ALL cases a tumour with a haploid genome had an IKZF1 deletion and another had a deletion and a likely pathogenic somatic variant (IKZF1:c.544T>C, p.(Cys182Arg)); in both cases the CNV was not deemed to be a driver mutation and was not reported. The plot was made using GenomePaint (X Zhou, in prep).


Extended Data Fig. 5 Integration of WGS and RNAseq reveals the impact of mutations on splicing.
a–l, The impact of unique somatic mutations on gene splicing, where details about each mutation are in Supplementary Table 3. In each case, a patient’s mutation is shown in red, relative to the exon-intron boundary. The patient’s RNAseq read coverage is shown above (red) as a histogram, and the number of reads supporting each splice junction, compared to four cancer-type matched controls below (purple).


Extended Data Fig. 6 Methylation classification results from CNS tumours.
CNS tumour methylation array classification results from 76 patients were binned into those where a strong, weak or no match was made to a known tumour subtype and then by whether that classification matched, differed, or resulted in a change of the initial diagnosis determined from standard of care diagnostic testing.


Extended Data Fig. 7 Tumour Mutation Burden across the cohort.
Somatic single nucleotide tumour mutation burden (TMB) for each patient and the mean per cancer type (red line), expressed as genome-wide mutations per MB. Ninety-four percent of tumours had low TMB (<10 mutations per MB), consistent with previous reports10.


Extended Data Fig. 8 Germline and somatic features of ultramutated CNS tumours.
a, Circos plot depicting the genome-wide mutation profile of an HGG, from a child, with 165 mutations/MB. The inner area shows SVs, followed by the minor allele ploidy (here highlighting the expected loss of heterozygosity on chrX), then CNV (deletions in red, amplifications in green), followed by somatic SNVs coloured according to the figure legend. b, Mutation signature analysis69 (Methods) showed that most mutations matched previously known mutation signatures. c, The burden of each mutation signature is shown, where signature 14 has been associated with CMMRD and somatic POLE/POLD1 mutations in the exonuclease domain49. A somatic POLE hotspot mutation (p.Leu424Val) was identified, which was classified as a VUS in ClinVar (RCV000033144) at the time of sequencing. d, MLPA analysis revealed a heterozygous exon 12 duplication but could not resolve the breakpoints. We re-inspected the WGS data which revealed the heterozygous exon 12 duplication of PMS2 from 7:6,021,129–6,023,032 (POLE:p.(Lys670Ala725dup). None of our SV detection tools from WGS or RNAseq identified this variant. Exons 12–15 of PMS2 are difficult to sequence due to 99% sequence homology with a pseudogene. WGS easily identified the other pathogenic allele (c.949C>T, p.(Gln317Ter)) and loss of PMS2 expression confirmed by IHC, resulting in a diagnosis of CMMRD. Panels E-H similarly represent the molecular findings from a hemispheric HGG tumour with 353 mutations/MB. In this case, signature 14 again prompted us to look for POLE/POLD1 variants, revealing a clear somatic deletion of one POLE allele and a subclonal hotspot mutation (p.S459F) with just 4 supporting reads and several VUS on the remaining allele. RNAseq did not support the expression of this hotspot mutation, so it was not reported. Both examples highlight how somatic features of the tumour, in this case TMB and mutation signatures prompted a deeper investigation into the molecular drivers of these tumours.


Extended Data Fig. 9 Germline HR mutation driving a tumour with signature 3.
An example of concordant germline and somatic findings supporting a treatment recommendation, showing the tumour’s observed mutation spectrum (top panel), the HR-associated signature 3 mutation spectrum (middle panel), and the inferred signature exposure in the tumour (bottom panel), with signature 3 the dominant signal supporting the recommendation of a PARP inhibitor.


Extended Data Fig. 10 Multi-platform approach in ZERO increases reportable events.
a, The number of reportable events identified in each individual patient, coloured by the source of the data, whether from WGS only, RNAseq only, both WGS and RNA, germline WGS or by methylation array. The x-axis is each patient in the cohort. The y-axis is the number of reportable findings in each patient. b, The total number of reportable variants separated by type of event and coloured by the platform identifying the event. SNV: Single Nucleotide Variant, CNV: Copy Number Variant, SV: Structural Variant, EXP: Gene Expression, GL: Germline, METH: Methylation, TMB: Tumour Mutation Burden.
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