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Abstract
Whole genome copy number alterations, targeted gene-panel and RNA sequencing were used to
investigate differences in high hyperdiploid (HH) B-cell acute lymphoblastic leukemia (ALL), with and
without whole chromosome uniparental isodisomy (wUPD). Patients with wUPD demonstrated a higher
modal number of chromosomes with gains of chromosome 5. Mutations in genes within epigenetic
pathways with upregulation of genes involved in cellular response to stress and stimuli were seen in
wUPD, in contrast to mutations in RAS/RTK pathways and upregulation of genes in RNA Polymerase III
pathway in noUPD. AP-1 transcription factors and NUDT18, potentially implicated in thiopurine drug
resistance, were upregulated in wUPD. wUPD was associated with female gender, higher presenting white
cell count and lower end of induction minimal residual disease levels, though survival rates were similar
in the two groups. Genome-wide differences in HH ALL with and without UPD suggest plausible biological
explanations for the heterogeneity in therapeutic response.

Introduction:
High hyperdiploid (HH) (51–67 chromosomes) is the most common cytogenetic subtype of childhood B-
Cell precursor (BCP) acute lymphoblastic leukaemia (ALL) accounting for 30–40% of all BCP-ALLs
worldwide. It is characterised by non-random gains of chromosomes, usually + X, + 4, +6, + 10, +14, + 17,
+18 and + 21 1. Evidence suggests that HH originates during a single mitotic event 2, possibly after cell
fusion 3. With contemporary minimal residual disease (MRD) based risk strati�ed therapeutic protocols,
HH ALL patients have outcomes close to 90%, and classi�ed as good risk genetics 4. Nevertheless, HH is
also the largest genetic subgroup in relapsed BCP-ALL 5. Prognostically, outcomes in relapsed ALL are
signi�cantly correlated with the time of the relapse. Early on-therapy relapses have poor outcomes even
with allogeneic stem cell transplant 6, while late off-therapy relapses often have excellent outcomes with
conventional chemotherapy 7. About 70% of HH relapses are late while the rest are early 5. The basis for
these outcome heterogeneities remains unclear. Large structural abnormalities (seen in about 50% of HH
BCP-ALL), modal numbers, sex and age do not appear to in�uence outcomes, but + 17 and + 18 in the
absence of + 5 and + 20 are associated with lower relapse rates8,9. Smaller prognostically signi�cant
copy number alterations such as those that characterise the IKZF1-plus group10 in other BCP-ALL’s are
infrequent in HH 7,11,12. Approximately half of HH cases have mutations in genes of the receptor tyrosine
kinases (RTK)/RAS pathways or histone modi�ers 13. These are frequently subclonal and gained or lost
at relapse 14. Mutations/deletions of CREBBP appear to be enriched at relapse and the co-occurrence of
mutations in KRAS and CREBBP are associated with a higher incidence of relapse 15. However, these do
not explain disease recurrence in the majority of HH ALL. Monosomic chromosomes duplicated at
mitosis give rise to acquired whole chromosome uniparental isodisomy (wUPD). Between 25–50% of HH
patients have wUPD, a phenomenon almost unique to this genetic subgroup of ALL 11,13,16,17. Mutations
appear to be rare in genes present on chromosomes with wUPD, and seen more frequently in segmental
UPD’s which also occur in other ALL subtypes 18. The prognostic signi�cance of wUPD is unknown. In
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this report, we investigate copy number alterations, mutations and gene expression in HH with and
without wUPD to investigate possible biological differences that may lead to variations in response to
treatment.

Results

Chromosomal Gains in High Hyperdiploid ALL
One hundred six patients with HH were identi�ed in 303 BCP-ALL patients sequentially analysed between
2015–2019. 58 HH patients were analysed with whole genome SNP arrays (Supplementary Table 1 and
Supplementary Fig. 1). Detection of copy neutral loss of heterozygosity (LOH) across most chromosomes
with an accompanying TP53 mutation identi�ed a patient with masked hypodiploidy who was excluded
from further analyses. Similar to previous reports, the most frequent gains of chromosomes were + X, + 4,
+6, + 10, +14, + 17, +18 and + 21 with modal numbers ranging from 52–67 chromosomes (Fig. 1A)
1,11,19−21. Majority of gains (83%) were trisomies, except for chromosome 21, which was tetrasomic in 48
and pentasomic in two patients. All tetrasomies were duplications of two homologues (2:2 pattern),
except in four patients (3 patients with tetrasomy 21 and one with tetrasomy 10). The only chromosome
loss detected was a monosomy 7 seen in a UPN7. Subclonal chromosomal gains were seen in 6 patients
(Supplementary Table 2.1).

Structural changes in HH ALL
Structural abnormalities > 5MB were seen in 33 (58%) patients (Table 1). The commonest were a partial
gain of 1q and isochromosome 7q, similar to previous reports 11,19,22 (Supplementary Table 2.2).
Segmental subclonal gains and losses were observed in 8 patients. A single patient showed subclonal
isochromosome of 7q (UPN 47). A chromothripsis like pattern 23–25 was seen on chromosome 20 in UPN
9 (Fig. 1B). 45 microdeletions (< 5MB), were seen in 22 patients (median 2; range 1–5) (Supplementary
Table 2.3) of which 13 had additional structural abnormalities. Twenty-eight deletions identi�ed in 21
patients, involved genes commonly deleted in paediatric BCP-ALLs 26–29 (Fig. 1C). Deletions were
predominantly hemizygous except those involving CDKN2A/2B genes, where 6/7 patients showed
homozygous deletions. In UPN 54, the homozygous deletion of CDKN2A/2B was in a wUPD 9 16 (Fig. 1D).
In UPN 8, an IKZF1 deletion (exon 2–8) was detected on a single homologue of a trisomic chromosome
7. A 37.1Kb deletion in 16q22.1 was detected in UPN 16. This resulted in an in-frame fusion between exon
2 of RIPOR1 and exon 3 of CTCF, veri�ed at transcript level, resulting in a premature stop codon and
presumably loss of CTCF function (Fig. 1E). A RIPOR1::CTCF fusion has been previously reported in acute
myeloid leukaemia 30. A similar loss of CTCF function as a result of a downstream deletion, resulting in a
CTCF::PARD6A fusion has been previously described in HH ALL.13 Deletions in 13q12.2, as previously
reported,11,31 were not observed in this cohort. An AA genotype (rs10994982) of the ARID5B gene reported
to be associated with an increased risk of HH BCP-ALL was detected in 45 (79%) patients 32,33

(Supplementary Table 2.4).
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Frequency of Whole Chromosome Uniparental isodisomy in
HH
Whole-chromosome uniparental isodisomy (wUPD) was seen in 26 (45%) patients (median 2; range 1–6
chromosomes), with subclonal wUPD of chromosome 9 in two patients (Fig. 2A). wUPD was further
con�rmed by whole genome sequencing in 3 patients (Fig. 2B). No germline wUPD’s were detected in
remission DNA samples in 22 analysed patients, con�rming the somatic origin of wUPD (Supplementary
Table 2.5). UPN10 was a female patient with copy neutral LOH of four copies of chromosome X.
Segmental UPD’s were seen in 20 patients (1–14 segments) (Supplementary Table 2.6). Frequencies of
structural abnormalities/microdeletions were comparable in patients with or without wUPD. wUPD’s were
most commonly seen involving chromosomes 9, 15 and 19 11,16,17. Compared to those without (noUPD),
patients with wUPD, had higher chromosomal modal numbers (Fig. 2C) similar to previous reports 16.
More frequent gains of chromosomes + 5, +11, + 12, +16 and + 22 not typical of classical HH were
observed in wUPD (Fig. 2D). Gains of chromosomes 17 and 18 were evenly distributed in wUPD and
noUPD patients with gain of chromosome 5 more frequent in wUPD patients. Given the differences in
patterns of gains between HH with wUPD and noUPD we further investigated for differences in somatic
mutations and gene expression between the two groups.

Distinct Mutations are present in wUPD and noUPD
Mutation analysis using a targeted gene panel (mean coverage 1311.4x, range 124.3-5122x,
Supplementary Table 3, Supplementary Fig. 2) was performed on 20 noUPD, 21 wUPD and one HH
patient for whom somatic copy number abnormalities (SCNA) data was not available. Two hundred
seventy-three variants were predicted to be pathogenic or probably pathogenic based on the analysis
done by an in-house informatics pipeline (Supplementary Fig. 3). Frameshift insertions, deletions,
substitutions and stop gain variants were considered pathogenic by default. Variants with less than 10
reads were excluded. 270 single nucleotide variants (SNVs) were inspected manually with the Integrative
Genomic Viewer (IGV), and 138 variants validated by Sanger sequencing and/or IGV visualisation of RNA
sequencing data. Mutations not previously described, or not validated by sequencing, or not present on
RNA sequencing or uncertain on IGV inspection, were excluded. Finally, 60 pathogenic mutations in 20
genes were identi�ed in 36 patients (average 1.66 mutations per sample) including 46 missense
mutations, 4 non-frame shift insertions deletions and substitution, 3 frame shift insertions and deletions
and 4 stop-gain variants. (Supplementary Fig. 4 and Supplementary Table 4)

The majority of mutations, 41/60 (68%), were identi�ed in genes with two copies. Seventeen (28%) were
detected in genes with more than two copies. Mutations were infrequent in wUPD chromosomes, with
only 3 (5%) detected (Fig. 3A). Two mutations were identi�ed in samples where SCNA information was
unavailable. The majority (86%) of mutations had variant allele frequencies (VAF) < 50% with a peak
between 31–40% (Fig. 3A), suggesting that mutations occurred after chromosomal gains as previously
reported 13. In UPN1 with wUPD of chromosome 1, the somatic VAF of ARID1A (1p36.11) was 89.4%,
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suggesting that this mutation preceded the development of wUPD. Transitions (N = 31) were more
frequent than transversions (N = 20) (Fig. 3B). The most frequent mutational signature was C > T
transition, all involving CpG dinucleotides in both groups, suggesting common endogenous mutagenic
mechanisms as previously reported 13.

As previously described in HH ALL the most frequent mutations were in genes belonging to the RAS,
epigenetic and chromatin modifying pathway 13 (Fig. 3C)., Though the numbers are small mutations
involved in the RAS pathway (KRAS,NRAS) occurred more frequently in noUPD, while genes involving
epigenetic and chromatin modifying pathways(KMT2D,ARID1A) were more likely to be mutated in wUPD
patients (Fig. 3D). Mutations in KRAS and NRAS genes occurred primarily in described hotspot regions.
The few in non-hotspot regions (K117N, A146T, E63K) have been described previously in BCP–ALL and
other cancers 13,34−38 (Fig. 3E) The RAS mutations were mutually exclusive except in UPN30, where KRAS
and NRAS VAFs of 15% and 16% were detected. This could possibly be due to mutations present in two
different subclones. Of the 7 mutations identi�ed in KMT2D, there were 6 missense mutations in the
disordered protein region and one non-frame shift substitution in the PHD domain (Fig. 3F). Two of the
three KMT2D mutations in this cohort, not previously reported were veri�ed on RNA sequencing.

Differences in gene expression between wUPD and noUPD
RNA sequencing was performed on 14 wUPD and 14 noUPD patients. From 20,260 protein coding genes
identi�ed, the 1000 most variable genes (Mahalanobis distance method) were used for further analysis.
The expression levels of diploid wUPD chromosomes lay between haploid and diploid chromosomes,
suggesting that the loss of allelic variation was associated with a lower gene expression in chromosomes
with wUPD 39 (Fig. 4A). Gene expression levels are strongly in�uenced by SCNAs. In HH, this is at the level
of whole chromosomal gains 13,17,40,41. Unsupervised hierarchical clustering did not distinguish between
HH with or without wUPD (Fig. 4B) possibly because of the commonality of whole chromosomal copy
numbers between the two groups (Fig. 2A). Indeed, the commonality in segmental SCNAs between wUPD
and noUPD provides a partial explanation for the grouping in the hierarchical cluster (Fig. 4B). A tSNE
analysis showed a central cluster of wUPD along with peripheral clusters of noUPD and combinations of
noUPD and wUPD patients (Fig. 5A). A similar observation was made with a similarity matrix analyses
(Supplementary Fig. 5) which con�rmed that SCNA were mostly matched in common clusters. Peripheral
clusters had in common SCNAs and/or mutations (Supplementary Table 5). The central wUPD cluster
was heterogeneous for SCNAs and mutations. This suggested the possibility of a unique set of genes
expressed differentially in wUPD, accounting for the cluster. To further identify genes uniquely expressed
in wUPD, a differential gene expression analyses was performed with EdgeR (FDR < 0.1)42 with gene
enrichment analysis (TOPPR). 113 and 108 genes were signi�cantly upregulated in wUPD and noUPD
respectively (Supplementary Table 6.1). The expression of these genes were also in�uenced by whole
chromosomal gains (Fig. 5B). Restricting the analysis to log fold change of -1 to + 1, identi�ed 71 and 18
genes signi�cantly upregulated in wUPD and noUPD respectively (Supplementary Table 6.2 and Fig. 5C).
Pathway analysis was performed using 84/89 protein coding differentially expressed genes (DEGs).As
previously reported for HH ALL, in both wUPD and noUPD, pathway analyses showed an enrichment in
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transcription, translation and protein metabolism 43 (Supplementary Table 7). Genes involved in RNA
polymerase II and III transcription were enriched in noUPD. Genes involved in cell response to stress
stimuli and activation of AP-1 transcription family were among those enriched in wUPD (Fig. 5D).

In wUPD, copy number adjusted TPM values showed upregulation of the AP-1 transcription factors (FOS,
FOSB and JUN), NUDT4 and NUDT18 and RAC2 (Supplementary Fig. 6). RQ-RT-PCR con�rmed the
differences in expression in 10 of 15 genes analysed (Fig, 5E, NUDT15 analysed for comparison). Similar
copy number adjusted TPM values suggested upregulation of ABL1 in noUPD and C-MYC in wUPD. RQ-
RT PCR con�rmed the expression of C-MYC (Fig. 5F), this was not validated for ABL1. Unavailability of
samples with high expression of select genes may have affected the RQ-RT PCR results as well as
variations in expression (Supplementary Fig. 7). NRAS upregulation was unrelated to the activating
mutations in NRAS (Supplementary Fig. 7).

The downregulation of cohesion complex genes and CTCF resulting in weakening of topologically
associated domain boundaries has been reported in HH 43. We identi�ed a RIPOR1-CTCF fusion with
presumptive loss-of-function of CTCF (UPN16). In wUPD expression of CTCF (p = 0.0526) and cohesion
complex gene SMC3 (p = 0.0357) were lower compared to noUPD patients (Supplementary Fig. 8).

Clinical Comparison of patients with wUPD and noUPD
The demographics of the patients analysed in this study are shown in Table 2. wUPD were more likely to
be female (p = 0.0497) and have a higher presenting WBC (p = 0.0004). A high end of induction MRD (≥ 
10− 4) was detected in 11/29 (38%) and 4/23 (17%) in noUPD and wUPD respectively (p = 0.1318).
Relapse rates, event free and overall survival were comparable in the two groups (Supplementary Fig. 9).
Figure 6 shows the correlation of copy number alterations and mutations with therapeutic responses.
There were no speci�c SCNA or mutation patterns seen in relapsed patients. CREBBP mutation/deletions
14,44, and in particular those associated with KRAS mutations15 have been described to be enriched at
relapse. Of the 8 patients with a CREBBP mutation/deletion in this cohort, 2 have relapsed. UPN51 with
both KRAS (VAF 14%) and CREBBP (VAF 39%) mutations remains in CR1. UPN 20 had a MRD of 2.3% at
the end of induction with subsequent clearance of MRD after consolidation. A combined bone marrow
and CNS relapse occurred 50 months after diagnosis. In this retrospective analysis we identi�ed a
homozygous deletion of IKZF1, JAK2R683G mutation (VAF 56%) and a CRLF2::P2RY8 fusion (100% cells),
which meets the de�nition of Ph-like ALL 45. Relapse occurred in 5/16(31%)/ and 7/41(17%) of patients
with MRD ≥ 10− 4 and < 10− 4 respectively. IKZF1 deletions and NRAS mutations were not seen more
frequently in those with a MRD ≥ 10− 4 as previously reported 7.

Discussion
To date, reports on genomic characterisation of HH ALL have come primarily from analyses of western
patients. In this Indian cohort, chromosomal gains, modality, structural abnormalities, frequency of
microdeletions in genes recurrently deleted in BCP-ALL (IKZF1, PAX5, CDKN2A/2B, ETV6) and mutations
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were similar to those previously reported 13,28,46,47. Recurrent deletions at 13q12.2 that result in loss of
TAD borders and overexpression of FLT3,11,31 were not observed. wUPD in ALL occurs almost exclusively
in HH ALL 16,18. Mutations occurred primarily on disomic chromosomes with noUPD. Of the 3 mutations
identi�ed in wUPD chromosome, one is likely to have occurred prior to the development of wUPD. This
suggests the development of wUPDs along with gains of chromosomes are initial events in the
leukaemogenic process with mutations as secondary events. The expression of CTCF and SMC3 was
lower in wUPD patients. The lower expression of CTCF and cohesion alters TAD boundaries impacting
gene expression in HH ALLs43, with aberrant cohesion complexes associated with increased copy number
heterogeneity at the level of whole chromosome copy numbers in HH ALL 48. Thus, cohesion
dysregulation is a potential mechanism for the higher modal numbers and more frequent gains of non-
classical chromosomes in wUPD HH ALL. A more detailed analysis using Assay for Transposase
Accessible Chromatin (ATAC) sequencing, chromatin immunoprecipitation (ChIP) chromosome
conformation capture, followed by sequencing to study the chromatin interactions and gene dosage
difference between wUPD and noUPD patients is required to investigate this possibility.

In HH, trisomies of + 4, +10 and + 17 are associated with good 19,49,50, and trisomies of 5 and 20 with
poor outcomes 51,52. Presence of + 17 and + 18 in the absence of + 5 and + 20 identi�es subset of HH
patients with a lower relapse rate and good overall survival rate 9. Patients with wUPD were more likely to
have + 5, though none of the patients in this series had a + 20. Patients with noUPD were more likely to
have mutations in RTK/RAS pathways while genes involving epigenetic and chromatin modifying
pathways were more likely to be mutated in wUPD. Along with a higher frequency of RAS mutations,
NRAS expression (unrelated to mutations) was higher in noUPD. A number of noUPD patients also had
upregulation of ABL1. NRAS mutations 7 and ABL1 expression 53 are associated with high MRD levels in
childhood ALL. This supports the observation that patients with noUPD had higher MRD levels.

Therapy for ALL patients with high MRD levels at the end of induction is intensi�ed, as this is associated
with improved outcomes 54. The intensive phase of treatment lasts 6–9 months and this is followed by
maintenance therapy for 2–3 years. The main drug used during this latter phase is 6-Mercaptopurine.
Intolerance or resistance to 6-Mercaptopurine is associated with late relapses occurring shortly before or
after stopping therapy, and late relapse are seen in the majority of HH ALL. The AP-1 factors (FOS, JUN
and FOSB) and RAC2, upregulated in wUPD, have been linked to resistance to 6-Mercaptopurine 55,56.
NUDT18, a member of Nudix hydroxylase family, was upregulated in wUPD. Germline polymorphisms in
NUDT15, another Nudix hydroxylase, results in decreased activity of the enzyme. This results in an
increase in the incorporation of thiopurine metabolites during the maintenance phase of therapy leading
to excessive toxicity 57. There is considerable overlap in the substrate activities of NUDT15 and NUDT18
including the dephosphorylation and inactivation of thiopurine metabolites 58. Arguably somatic
overexpression of either gene could promote resistance to thiopurines and associate with late relapse.
While higher MRD levels are associated with higher relapse rates, so is thiopurine resistance, and overall
outcomes of between those with and without wUPD were comparable. Furthermore, in wUPD, but not in
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noUPD, there was also an elevated expression of C-MYC unrelated to copy number change of 8q24 or
translocation involving that region. Isolated C-MYC expression has been previously described at the
protein level in BCP-ALL, but its prognostic signi�cance is unknown 59.

Given the favourable outcomes of HH ALL, we would not expect to see a survival differences in this small
cohort. Similarly, identifying differences in gene expression between the two groups would also bene�t
from a larger number of patients especially as the similarity in copy number variation in�uences
expression. Nevertheless, a number of differences of potential prognostic signi�cance were identi�ed in
patients with wUPD and noUPD. Patients with wUPD, were more likely to be females ,have a higher
presenting white cell count with a better MRD response. DEG analyses showed upregulation of cell
cycle/mitosis genes (CCNB1, CDC20 and PLK2) suggesting that wUPD is associated with cell
proliferation. Though our investigations suggest possible biological explanations for variations in the
therapeutic response in HH ALL, it is likely the complex genomic changes in HH ALL, result in
therapeutically signi�cant genetic changes in individual patients. An example in this study is UPN20
which had deletions of IKZF1 (e2-3), and PAR1 with a JAK2R683G activating point mutation. He suffered
late relapse and retrospective FISH analysis showed a CRLF2 gene rearrangement. In our clinical setting,
FISH and karyotype are used for initial diagnoses and treatment strati�cation 60 and would not be able to
identify such patients.

This study provides possible explanations, based on differences in gene expression, that merit further
functional investigation. Further dissection of the response variability, prognostication and alternative
therapeutic interventions requires collaborative analyses to which our data obtained from a
systematically treated cohort of patients is contributory.

Methods
Patients 

All patients included in the study were diagnosed as precursor BCP-ALL, based on morphology and
immunophenotyping, and treated on the Indian Childhood Collaborative Leukaemia Group
(ICICLE)/(INPOG-ALL-15-ICiCLE-ALL-14; CTRI/2015/12/006434) 61 protocol between 2015 to 2019.
 Consent was obtained prior to start of treatment and for collection and banking of samples.  The
institutional review board of the institute approved the study. 

 

Banking and Nucleic Acid Extraction 

Mononuclear (MNC) fractions were obtained with Ficoll density gradient centrifugation from bone
marrow aspirates collected at diagnosis and remission. Genomic DNA and total RNA were extracted from
MNC cells using QIAamp Blood kit from Qiagen and Trizol reagent (Invitrogen), respectively. The
concentration and purity of the extracted nucleic acids were assessed using a Thermo Nanodrop ND-
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2000 UV-Vis Spectrophotometer (Wilmington, DE, USA) and Qubit 2.0 Fluorometer (Thermo Fisher
Scienti�c, USA) and gel electrophoresis.  RNA quality was assessed using Agilent TapeStation 4200.
Samples demonstrating > 6.0 RINe values were selected for further downstream analysis. 

 

Cytogenetics 

Cytogenetic analysis of pre-treatment bone marrow or peripheral blood was performed using karyotyping
and FISH analysis using standard protocols 62. High hyperdiploidy was diagnosed integrating the results
of karyotyping and FISH analysis as described before60.

 

 

SNP arrays analysis

SNP array analysis was performed using CytoScan™ HD, (ThermoFiSher, USA) platform as per
manufacturer’s instructions. Brie�y, DNA extracted from mono nuclear fractions obtained from bone
marrow aspirates collected at diagnosis was digested and ligated to NSP1 adaptors followed by
ampli�cation using Titanium Taq. The PCR products were puri�ed, fragmented, biotin labelled and
hybridised to Cytoscan™ HD GeneChip. Data was analysed using the Chromosome Analysis Suite 3.1.1
(ChAS 3.1.1, ThermoFISHER) software suite based on GRCh37/hg19 as previously described 63,64.

Remission DNA samples from patients with one or more whole chromosome uni parental isodisomy
(wUPD) at diagnosis on the Cytoscan™ HD analysis were analysed with an In�nium 850K Beadchip array
SNP. The samples were processed in accordance with the manufacturers protocols. Illumina generated
.GCT �les were imported into BlueFuse Multi version 4.5 (Illumina) and analyzed using the default
BlueFuse algorithm.

 

Targeted Panel Sequencing 

A targeted panel of 95 genes (Supplementary   Table 3), based on reported mutations in BCP-ALL patients
28  was designed using the Agilent SureDesign software to identify single nucleotide variants (SNV). The
probe design included 102966 amplicons covering 1.977 million bases; all coding exons, intron-exon
boundaries and average 1000 bp upstream promoter sequences within selected genes. Target regions
were captured using Agilent HaloPlex High-Sensitivity Target Enrichment kit (Agilent technologies, Santa
Clara, USA) according to the manufacturer’s instructions. Library fragments were ampli�ed by PCR
followed by quality assessment using D1000 High-Sensitivity Screen-Tape analysis. Qubit �uorometry as
well as a quantitative PCR-based (qPCR) approach using KAPA library quanti�cation kit from Roche

file:///C%3A/Volumes/MainBkup/High%20Hyperdiploid/Literature%20hyperdiploidy/supplementary%20data%20of%20ppai%20MDS%20paper/TableS1.pdf%20Clinical%20and%20biological%20implications%20of%20driver%20mutations%20in.pdf
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Diagnostics were used to quantify each of the libraries before pooling them for sequencing. An expected
average fragment size of 230 to 250 bp were considered as a typical library fragment to perform paired-
end (2x75 bp) sequencing using Next-Seq 550 Illumina platform (Illumina, San Diego, CA, USA).

 

RNA Sequencing

Whole-transcriptome sequencing was performed using the Illumina TruSeq stranded Total RNA library
prep protocol. Quanti�cation of libraries was performed using Qubit 2.0. After passing the quality control
parameters the libraries were sequenced using Next-Seq 550 instrument at 2x150 bp read-length. An
average of 50-55 million reads were generated for each sample.  

Informatics

Fastq �les were quality assessed and mapped to the human genome 19 using Burrows-Wheeler aligner
BWA, MEM algorithm and converted to BAM �les. Alignment was re�ned with Broad GATK and quality
controlled for miscalls and recalibrated prior to analysing variant calls.  Three variant callers (VarScan,
VarDict and Mutect2) were used to identify variants. Variants identi�ed by at least 2 of the 3 tools were
selected for gene-based functional annotation using ANNOVAR.

3408 variants were obtained after excluding synonymous variants. 2189 germline variants, identi�ed
from sequencing remission DNA samples, were excluded leaving 1219 single nucleotide variants (SNVs).
 The 1000 genome and the dbSNP database were used to �lter out single nucleotide polymorphisms as
were variants with low allele frequencies (<12.25%), leaving 564 variants. PROVEAN, SIFT, FATHMM and
MutationTaster (http://www.mutationtaster.org/) tools were used to predict the deleterious effect of
mutations. The M-CAP pathogenicity classi�er was used to classify rare missense variants. 273/564
variants were predicted to be pathogenic or probably pathogenic by at least two of 5 programs.
Frameshift insertions, deletions substitutions and stop gain variants were considered pathogenic by
default. Variants with less than 10 reads were excluded. 270 SNVs were inspected manually with the
Integrative Genomic Viewer (IGV), and 138 variants validated by Sanger sequencing and  IGV
visualisation of RNA sequencing data (Supplementary Fig. 10). Mutations not previously described; or not
validated by sequencing; or not present on RNA sequencing; or uncertain on IGV inspection, were
excluded.

Transcriptomic  Analysis 

RNASeq samples were �rst mapped to the reference human genome (Grch37 assembly) using hisat2
alignment program.  Aligned bam �les obtained from the program were further used to generate the
hisat2 speci�c counts for annotated human Ensembl Grch37 genes using featureCounts program. Finally,
the count �les were then used to identify a common set of differentially expressed (FDR < 0.1) genes
from EdgeR and DESeq2 program for downstream analysis (Supplementary Table 8). We  applied

http://www.mutationtaster.org/
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independent hypothesis weighting (IHW) method 65  during multiple testing procedure that increases
power compared to the method of Benjamini and Hochberg by assigning data-driven weights to each
hypothesis. The principal component analysis (PCA) of gene expression pro�le of the patient samples
was performed with the top-1000 highly variable gene set. The PCA and subsequent cluster analysis were
performed using FactoMineR R package. We further estimated the copy-number normalized expression
signal of each gene after dividing the raw counts of the genes by their observed copy-number values and
then multiplied by their expected diploid copy-number.

Whole Genome Analysis 

Fastq reads were aligned against build 37 of the human reference genome using BWA mem (0.7.15)
software. The resulting �les were converted to compressed binary format (BAM), sorted by coordinate,
indexed, and marked for PCR duplicate reads using the Picard toolkit (bundled with GATK v4.1.8.1). Base
quality scores were recalibrated with GATK to improve call accuracy and variants were called with the
Haplotype Caller algorithm from GATK.

Copy Number Analysis

Chromosome coverage was computed as the median of the coverage of each individual base in the
chromosome.  The coverage of a position in a chromosome was computed as the number of reads
mapped to the chromosome that spanned the position.  In computing the coverage of a position in the
chromosome, only reads with a mapping quality >= 20 with base quality>= 10 were considered. Unlike
targeted exome sequencing, whole genome sequencing yields uniform coverage. Chromosome 13 was
selected as reference and the ratios of median coverages of other chromosomes were evaluated with
respect to the reference chromosome (Supplementary Fig. 11) to derive copy number status of each
chromosome. Chromosomes that showed gains on SNP array analysis exhibited a corresponding high
median coverage ratio (> 1.2) with respect to the reference.   

 Analysis of copy neutral loss of heterozygosity 

 Segments of genome with UPD are characterized by a high percentage of homozygous calls. In order to
con�rm the wUPD reported on SNP array analysis, variant calls with the highest con�dence were
evaluated in the whole genome data. Speci�cally, a high con�dence subset of single nucleotide variants
in the samples (calls marked as “PASS”, with a GQ>= 30) that had also been reported in 1000 genomes
(phase 3) were shortlisted for the analysis. The fraction of homozygous variants per chromosome arm
was computed and compared with variant calls from �ve 1000 genomes (phase 3) samples of similar
sex and ethnicity (population code BEB) as reference (Supplementary Fig. 12). Chromosomes reported
with wUPD on SNP array analysis showed signi�cantly higher than expected fraction of homozygous
SNV calls (Fig. 2B)  in whole genome sequencing. wUPDs of chromosomes 2, 9, 19 in UPN25,
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chromosomes 15, 19, 20 in UPN13 and in chromosome 10 in UPN24, were con�rmed by analysis of
whole genome data.

Structural Abnormalies (>5MB) Number of patients (%)

1q duplication  27 (47%)

1q triplication  2(3.5%)

Isochromosome 7 4(7%)

8p deletion 2(3.5%)

16p deletion 2(3.5%)

6q deletion 1 (2)

20p deletion 1(2%)

13q duplication 1(2%)

12p duplication 1(2%)

19q duplicaiton 1(2%)

5q duplication  1(2%)

Xq duplication 1(2%)

isochromosome Xq 1(2%)

Chromopthisis like pattern involving chromosome 20 1(2%)

Table 1.   Frequency of Structural abnormalities > 5 MB identi�ed by Cytoscan -HD SNP array analysis in
57 cases of paediatric high hyperdiploid BCP-ALL. More than one structural abnormality was present in
13 patients.
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Figure 1

A. Chromosomal gains in 57 high hyperdiploid BCP ALL patients analysed by SNP array. Trisomy and
tetrasomy in the sex chromosomes X and Y correspond to one or two additional copies of these
chromosomes respectively. B. Chromopthisis like copy number pattern in chromosome 20 of UPN 9.
Disomy of chromosome 20 is apparent with an average log2 ratio ~0 and A and B cell frequencies of 0, 1,
and -1. Multiple segments of contiguous and concurrent gains and losses with sizes ranging from 60.707
kbps to 2059.05 kbps are visible across the short arm and long arms of the chromosome suggesting a
chromopthisis like copy number change pattern. C. Frequently identi�ed genetic deletions. Larger copy
number abnormalities leading to whole gene deletions were seen for IKZF1, CDKN2A/2B, and ETV6 gene.
Of the 4 patients showing complete deletion of IKZF1, isochromosome 7q was present in 3 patients and
monosomy 7 in one patient. D.  Uniparental isodisomy of chromosome 9 in UPN 54, with a 112 kbps
deletion at 9p13.2 resulting in a homozygous deletion of the CDKN2A/2B locus. E. Schematic showing a
37.1kb deletion in 16q22.1 in UPN 16. The deletion spans the intragenic regions of RIPOR1 (intron1) and
CTCF genes (intron2), resulting in juxtaposition of RIPOR1 intron 1 to CTCF intron 2, with loss of the �rst
exon and translational starting site of the CTCF gene (left panel). The presence of a fusion transcript was
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con�rmed by RT-PCR (right panel). The fusion transcript encodes for a non-functional CDS due to early
termination of stop codon, resulting in loss of function of both RIPOR1 and CTCF genes. The schematic
also shows a deletion involving exons 6-12 of the CTCF gene and exons 10-12 of ACD resulting in a
CTCF-PARD6A fusion reported as reported earlier (13).

Figure 2

A. Schematic of chromosomal copy number changes and whole chromosomal uniparental isodisomy
(wUPD) detected in the study cohort. Patients are in rows. Chromosomes are represented in columns, with
separate adjacent columns representing p and q arms for non-acrocentric chromosomes. Copy number
changes are colour coded (right panel). B. Whole genome analysis of three patients (UPN 13, 24 and 25).
The top panel shows copy number status and the bottom panel shows heterozygosity status. Patients
are in rows. Chromosomes are represented in columns, with separate adjacent columns representing p
and q arms for non-acrocentric chromosomes. Top Panel: Shows copy number derived by calculating the
number of reads mapped to speci�c chromosomes in reference to the number of reads mapped on to
chromosome 13. Bottom panel: Fraction of homozygous SNV calls per chromosome arm derived by
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comparing the SNVs in the samples with SNVs from 5 samples of similar sex and ethnicity procured from
the 1000 genomes dataset. The copy number status and copy neutral loss of heterozygosity identi�ed on
the whole genome analysis is concurrent with SNP array analysis. C. Distribution of chromosomal modal
numbers in patients with wUPD and noUPD. D. Gains of individual chromosomes in wUPD and noUPD
patients. The X-axis represents the individual chromosomes and the Y-axis shows percentage of patients
with gains of chromosomes.

Figure 3

A Variant allele frequencies of mutations in relation to the copy number status of the chromosomes
carrying the mutated gene. The variant allele frequencies are shown on X axis and the number of
mutations on Y-axis. The light blue (2 copies), dark blue (> 2 copies) and red (wUPD) coloured bars
represent the copy number status of the chromosome carrying the mutated gene. The majority (86%) of
mutations had VAFs < 50% with a peak between 31-40%. B Mutational signature shows predominance of
C>T transitions in a CpG context. C Waterfall plot showing predicted recurrent pathogenic mutations in 36
of 58 HH patients (columns). Genes involving the RAS pathway, receptor tyrosine kinase pathway, and
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epigenetic and histone modifying pathways were most frequently mutated. Non-recurrent mutations have
been excluded from the �gure. Mutations are colour coded according to the types of the mutation. D
Frequency of mutations in RAS-RTK pathway and epigenetic/ histone modifying pathway in wUPD and
noUPD HH ALL patients. E Schematic diagram representing mutations in the KRAS gene. Types of
mutations are shown along with colour coded functional domains. F Schematic diagram representing
mutations in the KMT2D gene. Types of mutations are shown along with colour coded functional
domains.

Figure 4

A Cumulative frequency distribution of gene expression values per copy number state. Gene expression
values were determined from RNA sequencing data as fragments per kilobase of transcript per million
reads and normalized (per gene) to mean 0 and variance 1. Copy number is correlated with gene
expression. Gene expression of wUPD chromosomes is closer to single copy number. B Left panel: Cluster
dendogram  based on unsupervised hierarchical clustering using the 1000 most variably expressed genes
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derived applying the Mahalabonis distance on gene expression data obtained from RNA sequencing of
28 (14 wUPD and 14 no UPD) HH patients. The right panel shows the clustering obtained based on
somatic copy number abnormalities derived from the SNP array analysis. 

Figure 5

A tSNE plot using the 1000 most variably expressed genes. The plot shows a central cluster of wUPD
patients, along with peripheral clusters of non-UPD and combinations of noUPD and wUPD. B
Differentially expressed genes (N=221) in wUPD and noUPD mapped to the chromosomal
location. Chromosomes are represented on the X-axis. The height of the bars on the Y-axis represents
number of upregulated genes between wUPD and noUPD patients on each chromosome. C Hierarchical
clustering of 28 HH ALL patients based on 89 differentially expressed genes derived using EdgeR (FDR
<0.1) and gene enrichment analysis with ToppR. Heat map shows genes relatively overexpressed in
wUPD HH ALL patients (in red) and genes under expressed (in blue) when compared to noUPD HH ALL
patients. D Pathway analysis using 221 protein coding genes differentially expressed in wUPD and
noUPD patients. E Box plot showing RQ-RT PCR validation of gene expression data in differentially
expressed candidate genes between wUPD and noUPD HH ALL Genes analysed are on the X-axis. Y-axis
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shows the normalised expression (Delta Ct) with the Inter quartile range of the expression values. The
center of the box plot is the median and the lower and upper hinges corresponds to the �rst and third
quartiles respectively; he whiskers are 1.25 times of the interquartile range and data beyond this range are
plotted as individual points. Non-parametric Wilcoxon rank sum test was uses to calculate the p values. F
Copy number normalised TPM values of cMYC gene in wUPD and noUPD patients.

Figure 6

Summary of patient demographics, clinical data including WBC count, prednisolone response, EOI MRD,
copy number status and mutations of 58 HH ALL patients.
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