
 1 

Supplemental Methods 

 

Whole exome sequencing and variant calling on euploid and triploid chromosomes 

Genetic data-preprocessing of whole exome sequencing data and germline variant 

calling were performed based on the Genome Analysis Tool Kit (GATK) best practices 

guidelines. 1 In summary, Burrows-Wheeler Aligner (BWA) 0.7 was used to align the 

FASTQ files to human reference genome 38 (hg38). 2 GATK 4.0 was then used to mark 

duplicates and base quality score recalibration in BAM files. Variant calling was 

performed with the HaplotypeCaller command in GVCF mode and joint variant calling 

across the entire cohort was subsequently performed using the GenotypeGVCFs 

command. 

 For non-chromosome 21 (i.e. euploid) chromosomes, we removed variants with a 

total read depth < 20, genotype quality (GQ) < 20, average GQ < 35, or missingness > 

10%. 3 Variant Quality Score Recalibration (VQSR) was then applied with a truth 

sensitivity level of 99.5% for single nucleotide variants (SNVs) and 99.0% for 

insertion/deletion polymorphisms (indels), and variants that did not pass VQSR were 

removed. Given the high depth of sequencing, we used relatively stringent thresholds for 

further filtering of likely spurious variant calls, removing variants with quality by depth 

(QD) scores <5 and/or with an alternate allelic ratio <0.25. 

For the triploid chromosome 21, following removal of variants with total read 

depth < 20, GQ < 20, average GQ < 35, or missingness >10%, we compared the variant 

calling accuracy of two different methods, GATK and Freebayes, 4 each of which were 

run in diploid or triploid ploidy mode. A higher number of chromosome 21 SNVs were 
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called per sample by Freebayes than by GATK, in both diploid (Freebayes mean N=420 

vs. GATK N=275) and triploid (Freebayes N=410 vs. GATK N=286) modes. We 

calculated the per sample ratio of transitions (Ti) to transversions (Tv) of SNVs called in 

each of the four modes to assess the quality of variant calls, 1 and found that variants 

called by GATK in diploid mode had the highest mean TiTv ratio (2.10), followed by 

GATK triploid mode (1.84), Freebayes triploid mode (1.66), and then Freebayes diploid 

mode (1.63) (Figure S1). This was likely due to Freebayes (in both modes) and GATK in 

triploid mode calling a higher number of variants with low alternate allele fraction, which 

were likely spurious, than GATK in diploid mode.  Thus, we proceeded to generate 

variant calls using GATK Haplotype caller in diploid mode. Due to the relatively low 

number of variant calls on chromosome 21, we carried out hard filtering instead of VQSR 

for removal of likely spurious variants, with SNVs with QD < 5.0, FS > 60.0, 

MQRankSum < -12.5, and ReadPosRankSum < -8.0 removed, and indels with QD < 5.0, 

FS > 200.0 and ReadPosRankSum < 20.0 removed.  

For all chromosomes, variant annotation was performed using ANNOVAR, 5 

which incorporated information for Gencode v26, 6 Genome Aggregation Database 

(gnomAD) 2.0.2 allele frequencies, 7 and ClinVar (07-01-2018). 8 BCFtools version 1.9 9 

was used to annotate variants with allele frequencies from the Trans-Omics for Precision 

Medicine (TOPMed) program Freeze 5 10 and with Combined Annotation Dependent 

Depletion (CADD) Phred-scaled scores (version 1.4). 11  

 

Identification of pathogenic/likely pathogenic variants in predisposition genes 
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We limited our analyses to variants that are rare in the general population, by 

filtering out all SNVs or indels with allele frequencies >0.0001 (0.01%) in gnomAD or 

TOPMed. We retained only variants annotated as loss-of-function (stopgain, stoploss, 

frameshift insertion/deletion, splicing), as “Pathogenic” or “Likely pathogenic” (P/LP) in 

ClinVar, or that had a CADD Phred-scaled score ≥ 20. Variants annotated as “benign” or 

“likely benign” in ClinVar were removed. Further, we limited to variants overlapping 

genes in our candidate predisposition gene list (Table S2), which included 565 putative 

cancer-predisposition genes assessed in a previous sequencing study of germline variants 

in childhood cancer, 12 plus 9 genes at risk loci discovered in GWAS of ALL: CEBPE; 

PIP4K2A; BMI1; IKZF3, GSDMB, and ORMDL3 (candidate genes at locus 17q12); 

LHPP; ELK3; and SP4; 13-19 in addition to IKZF2, which is somatically altered in some 

ALL tumors. 20 Additional ALL GWAS genes (IKZF1, ARID5B, CDKN2A, GATA3, 

MYC, ERG) 21-24 were already included in the 565 cancer-predisposition gene list.  

 

Copy number analysis 

To confirm trisomy 21 status in DS-ALL patients, we performed copy number 

analysis using two different tools, CNVkit 25 and CopywriteR, 26 both of which were 

designed for use with targeted or whole exome sequencing. Aligned BAM files generated 

by BWA were used as input for CNVkit, which uses both on-target and off-target reads to 

calculate log2 copy ratios across the genome, and for CopywriteR, which utilizes only the 

off-target reads for copy number analysis. In addition to trisomy 21 confirmation, we 

explored whether any copy number variants overlapped known ALL predisposition 

genes.  
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Supplemental Figure and Table Legends 

 

Figure S1 – TiTv ratios for chromosome 21 variant calls using different calling 

methods. Boxplots displaying TiTv ratios for variant calls on the trisomic chromosome 

21 generated from whole exome sequencing data (BAM files) from the 73 DS-ALL 

patients using two different calling algorithms, GATK and Freebayes, each in either 

diploid or triploid ploidy mode. Median and mean TiTv ratios across the 73 patients are 

displayed by horizontal black lines and black crosses, respectively. Boxplots were 

generated using BoxPlotR (http://shiny.chemgrid.org/boxplotr/). 

 

Figure S2 – Chromosome 21 copy number analysis revealing partial trisomy 21 in a 

DS-ALL patient. We performed copy number analysis using whole exome sequencing 

data to confirm trisomy 21 status in the 73 DS-ALL patients. Panel A shows log2 ratio 

values across chromosome 21 for several full trisomy 21 patients and one apparent partial 

trisomy 21 patient (23168), generated using the CNVkit software. Panel B shows the 

chromosome 21 log2 ratios for the partial trisomy 21 patient, generated using the 

CopywriteR tool.   

 

Figure S3 – Pathogenic germline IKZF1 variant in DS-ALL patient. Patient 21869 

harbored a germline p.Arg162Trp variant in IKZF1, which was confirmed by PCR and 

Sanger sequencing (A). This variant is located at a hotspot codon for germline 

predisposition to B-ALL, as additional variants in this codon, p.Arg162Pro and 

p.Arg162Gln, have been described in individuals with childhood B-ALL (B). The 

http://shiny.chemgrid.org/boxplotr/
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mutation “lollipop plot”, generated using the St. Jude Cloud Protein Paint software 

(https://pecan.stjude.cloud/proteinpaint), displays all rare germline variants (N=22 amino 

acid changes) confirmed to be functional in B-ALL patients in: i) ~5,000 sporadic B-ALL 

patients from the St. Jude Children’s Research Hospital/Children’s Oncology Group 

study (Churchman et al. 2018), ii) from ClinVar (i.e. p.Arg162Gln), and iii) in our DS-

ALL patient. Codon 162 is the only one reported with multiple different amino acid 

changes that predispose ALL.  

  

Figure S4 – Sanger sequencing validation of rare germline variants in predisposition 

genes in DS-ALL patients. Screenshots of Sanger sequencing chromatograms showing 

confirmation of likely pathogenic (IKZF1, NBN, AKAP9, RTEL1, FOXP1) and possibly 

pathogenic (ARID5B, APC) germline variants DS-ALL patients.  

 

Figure S5 – Integrative Genomics Viewer (IGV) screenshot of germline MLLT1 

variant. The MLLT1 germline p.Arg473Gln variant was supported by 61 mutant reads 

out of 129 total reads, with approximately equal alternate calls in forward and reverse 

reads. This IGV screenshot displays 13 mutant reads out of a total of 32 reads.  

 

Table S1 – Demographic and clinical data for 73 DS-ALL patients in the International 

Study of Down Syndrome Acute Leukemia (IS-DSAL) included in this whole exome 

sequencing study. 

 

Table S2 – Candidate cancer predisposition gene list. 

https://pecan.stjude.cloud/proteinpaint
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Table S3 – Rare and predicted functional germline variants in cancer-related genes and 

relevant variant annotations, in 73 DS-ALL patients in the IS-DSAL. 
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