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Genomic studies of pediatric acute lymphoblastic leukemia (ALL) 
have shown remarkable heterogeneity in initial diagnosis, with 
multiple (sub)clones harboring lesions in relapse-associated 

genes. However, the clinical relevance of these subclonal alterations 
remains unclear. We assessed the clinical relevance and prognostic value 
of subclonal alterations in the relapse-associated genes IKZF1, CREBBP, 
KRAS, NRAS, PTPN11, TP53, NT5C2, and WHSC1 in 503 ALL cases. 
Using molecular inversion probe sequencing and breakpoint-spanning 
polymerase chain reaction analysis we reliably detected alterations with 
an allele frequency below 1%. We identified 660 genomic alterations in 
285 diagnostic samples of which 495 (75%) were subclonal. RAS path-
way mutations were common, particularly in minor subclones, and com-
parisons between RAS hotspot mutations revealed differences in their 
capacity to drive clonal expansion in ALL. We did not find an association 
of subclonal alterations with unfavorable outcome. Particularly for 
IKZF1, an established prognostic marker in ALL, all clonal but none of 
the subclonal alterations were preserved at relapse. We conclude that, for 
the genes tested, there is no basis to consider subclonal alterations 
detected at diagnosis for risk group stratification of ALL treatment.

Multiclonal complexity of pediatric acute  
lymphoblastic leukemia and the prognostic 
relevance of subclonal mutations 
Željko Antić,1* Jiangyan Yu,1,2* Simon V. van Reijmersdal,1,2 Anke van Dijk,2 
Linde Dekker,1 Wouter H. Segerink,1 Edwin Sonneveld,1,3 Marta Fiocco,1,4,5  
Rob Pieters,1,3 Peter M. Hoogerbrugge,1,3 Frank N. van Leeuwen,1  
Ad Geurts van Kessel,2 Esmé Waanders1,6 and Roland P. Kuiper1,6 
1Princess Máxima Center for Pediatric Oncology, Utrecht; 2Department of Human 
Genetics, Radboud Institute for Molecular Life Sciences, Radboud University Medical 
Center, Nijmegen; 3Dutch Childhood Oncology Group, Utrecht; 4Medical Statistics, 
Department of Biomedical Data Science, Leiden University Medical Center, Leiden; 
5Mathematical Institute, Leiden University and 6Department of Genetics, University 
Medical Center Utrecht, Utrecht, the Netherlands 

*ŽA and JY contributed equally as co-first authors.

ABSTRACT

Introduction 

Improvements in the treatment of pediatric acute lymphoblastic leukemia (ALL) 
have resulted in high overall survival rates, now approaching 90%.1,2 Nevertheless, 
relapse still remains the most common cause of treatment failure and death in chil-
dren with ALL, and better recognition of individuals at risk of developing relapse 
will likely aid further improvements in outcome. Recent studies describing the 
genomic landscape of relapsed ALL have shown that relapse often originates from 
a minor (sub)clone at diagnosis, at a cellular fraction often undetectable by routine 
diagnostic methods.3-5 These minor (sub)clones harbor genomic alterations 
acquired later during leukemia development, which could potentially contribute to 
clonal drift, but are unlikely to be essential for initiation of the primary disease. 
However, selective pressure of the upfront treatment may provide a competitive 
advantage to subclones that harbor alterations in cancer genes, enabling their selec-
tive survival, eventually leading to treatment failure. Both the number and clonal 
burden of the alterations in these genes are expected to be increased at the time of 
relapse, compared to initial diagnosis. Indeed, mutations in relapse-associated 
genes, such as those in the histone acetyltransferase (HAT) domain of the histone 
methyltransferase CREBBP, can often be traced back to minor subclones in the 
diagnostic sample.4,6,7 



Genomic characterization of relapsed pediatric ALL has 
revealed multiple alterations that are enriched compared 
to diagnosis, including activating mutations in RAS path-
way genes, HAT domain mutations in CREBBP and dele-
tions or mutations in the B-cell transcription factor  
IKZF1.6-13 The presence of these aberrations at the time of 
diagnosis can be of potential prognostic relevance, as has 
been demonstrated extensively for IKZF1 in many differ-
ent treatment protocols12,14-19 and can even lead to adjust-
ments in stratification and treatment.14,20 However, it 
remains unclear whether mutations in relapse-associated 
genes when present in a minor subclone at initial diagno-
sis are also clinically relevant. 

Subclonal mutations can be identified using deep target-
ed, next-generation sequencing techniques.21,22 Despite 
the sensitivity of these techniques, both amplification and 
sequencing can easily lead to errors that hamper the reli-
able detection of low-level mosaic mutations. We previ-
ously demonstrated that single molecule molecular inver-
sion probes (smMIP), which use unique molecular identi-
fiers to barcode each DNA copy, can correct for sequenc-
ing and amplification artefacts, resulting in a reliable 
detection of low-level mosaic mutations, down to a vari-
ant allele frequency of 0.4%.23  

In this study we used the smMIP-based sequencing 
approach to perform deep targeted sequencing of seven 
relapse-associated genes in a cohort of 503 pediatric ALL 
samples taken at initial diagnosis, resulting in the detec-
tion of 141 clonal and 469 subclonal mutations. In addi-
tion, we performed real time quantitative polymerase 
chain reaction (PCR) to sensitively detect subclonal IKZF1 
exon 4-7 deletions (del 4-7), which were found at a similar 
frequency as full-clonal deletions. Subsequently, we esti-
mated their potential as drivers of clonal expansion and 
prognostic markers for relapse development.  

 
 

Methods 

In this study we analyzed two cohorts of diagnostic samples 
from B-cell precursor ALL patients treated according to the Dutch 
Childhood Oncology Group (DCOG) protocols DCOG-ALL9 
(n=131)12,24 and DCOG-ALL10 (n=245) (Online Supplementary Table 
S1). Both cohorts were representative selections of the total stud-
ies12,24 (Online Supplementary Table S2). The median age at diagno-
sis of the patients in these cohorts was 4 and 5 years, and the 
median follow-up time, estimated with a reverse Kaplan-Meier 
method, was 138 and 104 months, respectively.25 Relapse occurred 
in 18% (24/131) and 11% (27/245) of the patients, while 0.7% 
(1/131) and 2.8% (7/245) died during the follow-up. DNA was iso-
lated from mononuclear cells obtained from bone marrow or 
peripheral blood. The median blast percentage of the samples was 
92% (Online Supplementary Table S3). To increase the number of 
patients for the comparisons between relapsed and non-relapsed 
cases, we used an extended cohort of diagnostic samples from 127 
additional ALL patients treated according to the DCOG-ALL9 
(n=76) or DCOG-ALL10 (n=51) protocols; this cohort was 
enriched for patients who had a relapse and also contained 55 
patients with T-cell ALL. This latter cohort was not included in the 
survival analyses. In order to detect mutations preserved in major 
clones at relapse, we performed Sanger sequencing (73/171) or 
used previously published Ampliseq-based deep-sequencing data 
(98/171) to verify alterations observed at diagnosis.26 In accor-
dance with the Declaration of Helsinki, written informed consent 
was obtained from all patients and/or their legal guardians before 

enrollment in the study, and the DCOG institutional review board 
approved the use of excess diagnostic material for this study 
(OC2017-024). 

In order to accurately detect subclonal alterations in diagnostic 
samples, 166 smMIP were designed in CREBBP, PTPN11, NT5C2, 
WHSC1, TP53, KRAS and NRAS, seven genes that are frequently 
mutated in relapsed ALL (Online Supplementary Table S4, Online 
Supplementary Materials and Methods). IKZF1 and ERG deletion sta-
tus was assessed using the multiplex ligation-dependent probe 
amplification assay (MLPA) SALSA P335 ALL-IKZF1 and P327 
iAMP-ERG kits, respectively (MRC-Holland, the Netherlands), 
according to the manufacturer’s instructions and as described 
before.12,24 Additionally, IKZF1 4-7 deletions were assessed with 
Sanger sequencing and real-time quantitative PCR, using an IQ 
SYBR Green supermix (Biorad, USA). For detailed descriptions of 
the smMIP-based sequencing, IKZF1 deletion detection and data 
analysis, see the Online Supplementary Materials and Methods 
(Online Supplementary Figures S1 and S2, Online Supplementary 
Tables S4-S6). 

To test continuous and categorical variables, the nonparametric 
Wilcoxon signed rank and Fisher exact tests were used, respective-
ly (R packages ggpubr version 0.2 and stats version 3.5.1). 
Cumulative incidence of relapse (CIR) was estimated by employ-
ing a competing-risk model with death as a competing event.27 To 
assess the statistical difference between CIR, the Gray test28 was 
applied. To investigate the effect of prognostic factors on relapse, 
univariate and multivariate Cox proportional hazard regression 
models were estimated. Competing risk analysis was performed 
with the R packages cmprsk (version 2.2-7) and survminer (version 
0.4.3). Univariate and multivariate Cox models were estimated 
using R package survival (version 3.1-12). Data were visualized 
using the R package ggplot2 (version 3.2.1) and cBioPortal 
MutationMapper.29,30 

 
 

Results 

A total of 503 diagnostic samples from children with 
ALL (Online Supplementary Table S1) was subjected to tar-
geted deep sequencing of the relapse-associated genes 
TP53, CREBBP (HAT domain), KRAS, NRAS, PTPN11, 
NT5C2 and WHSC1 using smMIP, which contain random 
molecular tags to accurately detect low-level mosaic vari-
ants.23 Each targeted region was covered with an average 
of 308 unique capture-based consensus reads (Figure 1, 
Online Supplementary Figure S1A, B), enabling the reliable 
detection of alterations with allele frequencies even below 
1%. A total of 7,836 quality-filtered variants was detected, 
of which 610 were absent in public and private variant 
databases and were predicted as pathogenic. The allele 
frequency of these mutations ranged from 0.03-100% 
(Figure 2A, Online Supplementary Table S3). The majority of 
the mutations (473/610; 78%) was found in one of the 
three RAS pathway genes (KRAS, NRAS, PTPN11), of 
which 418 (88%) were known hotspot mutations.  

In addition to sequencing the seven relapse-associated 
genes, we performed sensitive screening for IKZF1 dele-
tions, which are strongly associated with the occurrence 
of relapse. We chose to focus on exon 4-7 deletions, which 
represent 25% of all IKZF1 deletions, have a similar unfa-
vorable outcome as other IKZF1 deletions,31 and show the 
strongest clustering of deletion breakpoints, thus enabling 
their sensitive upfront detection by breakpoint-spanning 
semi-quantitative PCR.32 Applying this strategy to the 503 
diagnostic samples revealed all 22 IKZF1 exon 4-7 dele-
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tions previously identified using a standard MLPA 
method, as well as 28 additional cases carrying deletions 
that were missed with the MLPA technique. All break-
points were sequenced to determine their unique break-
point-spanning sequences (Online Supplementary Table S6). 
Using a dilution series of a control sample with a full-clon-
al IKZF1 exon 4-7 deletion, we determined the level of 
clonality of the deletions, which ranged from 100% down 
to 0.32% (Figures 1 and 2, Online Supplementary Figure 
S1C). All but one of the subclonal IKZF1 exon 4-7 dele-
tions had allele frequencies below 10% (Online 
Supplementary Table S7). 

Subclonal alterations in relapse-associated genes are 
common at diagnosis 

Combining sequence mutations and IKZF1 exon 4-7 
deletions, we detected 660 genomic alterations in 285 
diagnostic samples, of which 165 (25%) were present in 
the major fraction of cells (allele frequency ≥25%), which 
were referred to as high-clonal. The remaining 495 muta-
tions (75%), most of which had an allele frequency <10% 
were referred to as subclonal (Online Supplementary Figure 
S2, Online Supplementary Table S7). A total of 147/285 
patients carried at least one alteration in a major clone, 
while 138/285 (48%) patients carried exclusively subclon-
al alterations. NRAS and KRAS were the most frequently 
affected genes, showing major clone mutations in 6% and 
8% of the cases and subclonal mutations in 20% and 15% 
of the cases, respectively (Figure 2A, B). 

The proportion of subclonal alterations, relative to 
major clone alterations, was variable among different 
genes, ranging from 59% for IKZF1 exon 4-7 deletions to 
86% for PTPN11 mutations (Figure 2B). Only one thus far 
unknown (subclonal) NT5C2 mutation (p.Arg507Trp) was 
identified in a leukemia sample from a patient who did 
not relapse (Figure 2A, B). Subclonal mutations were rela-
tively common in hyperdiploid ALL (184 cases), particu-
larly for mutations in RAS pathway genes (190/256; 74%), 
WHSC1 (22/26; 85%) and CREBBP (13/27; 48%) (Online 
Supplementary Table S8). Major clone WHSC1 mutations 

were mostly identified in ETV6-RUNX1-positive cases 
(4/10, 40%).  

 
Potency of RAS pathway genes as drivers of clonal 
expansion 

We identified 473 RAS pathway mutations in 225/503 
(45%) cases, of which 78% were subclonal (median allele 
frequency = 3.5%). Over half of the RAS-affected cases 
were hyperdiploid (>47 chromosomes), in line with previ-
ous studies indicating that RAS mutations are associated 
with hyperdiploidy at diagnosis.10,33 The abundance of 
these mutations in major and minor clones suggests that 
these mutations drive clonal expansion during the devel-
opment of leukemia. Major clone RAS pathway mutations 
(n=102; all being known hotspots) were found to be mutu-
ally exclusive, and 52/102 (51%) of these RAS-mutated 
cases had at least one additional subclonal mutation in one 
of the three RAS pathway genes. The mutations mostly 
affected codons 12 and 13 of KRAS and NRAS (Figure 3A-
C), and considerable variability in the level of clonality 
was observed between the different RAS hotspot muta-
tions at the time of diagnosis. For example, NRAS G12A 
(10 cases), NRAS G12V (7 cases), and PTPN11 E76K (7 
cases) were never found to be present in a major clone, 
whereas 55% (n=11) of the KRAS G13D and 27% (n=9) of 
the KRAS G12D mutations were found in major clones. 
With these high numbers of RAS mutations, the variabili-
ty in clonal burden between hotspot mutations may pro-
vide an opportunity to compare the capacity of different 
hotspots to drive clonal expansion of ALL. In order to test 
this hypothesis we compared allele frequencies and per-
formed statistical analyses. We found that KRAS hotspot 
mutations had a significantly higher allele frequency com-
pared to both NRAS and PTPN11 mutations (Wilcoxon 
signed-rank test, P<0.01) (Figure 3D). When comparing 
the different hotspot mutations within KRAS, A146V 
showed the lowest allele frequency, indicating a weaker 
potential of this hotspot to drive clonal expansion com-
pared to the other KRAS hotspots. Furthermore, the allele 
frequency of KRAS G13D was significantly higher than 
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Figure 1. Schematic representation of the study design. Single-molecule molecular inversion probe-based sequencing approach and real-time quantitative poly-
merase chain reaction were used in order to detect alterations in known relapse-associated genes in a large cohort of diagnostic samples from patients with  acute 
lymphocytic leukemia. Detected alterations were correlated with outcome and Sanger sequencing was performed on available relapse samples in order to confirm 
that exactly the same alteration was present in the major clone in relapse. smMIP: single-molecule molecular inversion probe; MLPA: multiplex ligation-dependent 
probe amplification assay; PCR: polymerase chain reaction; qPCR: real-time quantitative polymerase chain reaction. 
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Figure 2. Prevalence and distribution of alterations in eight relapse-associated genes. (A) Violin plot showing the variability in mutation allele frequency at diagnosis 
in the genes studied. The color of the dots indicates whether the mutation was detected in a case without relapse (blue) or with relapse (red). (B) Bar plot showing 
the frequencies of major clone (high-clonal) and subclonal alterations per case in the genes studied. RAS pathway genes (NRAS, KRAS, PTPN11) were the most fre-
quently mutated. Subclonal mutations (yellow bar) were highly prevalent in all genes tested. A subset of cases had both clonal and subclonal alterations in the same 
gene (gray bar).
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that of the NRAS hotspot mutations G13D, G12D and 
KRAS A146V (Figure 3E). This finding indicates that some 
RAS hotspot mutations (e.g., KRAS G12D, G13D, A146T) 
may result in a stronger expansion potential compared to 
others (e.g., KRAS A146V, NRAS G12D, G13D), and fur-
ther illustrates the complex heterogeneity of RAS hotspot 
mutations in their potential to drive clonal expansion.  

Relevance of gene alterations to relapse development 
The high number of alterations in these relapse-associ-

ated genes at the time of diagnosis triggers the hypothesis 
that these could be used as prognostic biomarkers for 
relapse development, even when present at subclonal lev-
els. To test this hypothesis, we first explored whether 
alterations in each of the eight genes were enriched in 
diagnostic samples from patients who subsequently 
relapsed compared to diagnostic samples from patients 
who did not relapse. In general, subclonal alterations were 
very common at primary diagnosis in patients who 
relapsed (60/82; 73%) as well as in patients who did not 
(165/203; 81%). For high-clonal alterations, we only 
observed a higher percentage of relapse development in 
cases with IKZF1 deletions compared to wild-type cases, 
whereas an association with relapse development was not 
observed for diagnostic samples with subclonal alterations 
in any of the genes, including IKZF1 (Figure 4). 
Furthermore, patients with high-clonal IKZF1 4-7 dele-
tions were more often classified as having high minimal 
residual disease (MRD; >5×10−4 at day 79 or 84 after start 
of the treatment) in both representative ALL9 and ALL10 
cohorts (Fisher exact test, P<0.01 and P<0.05, respective-
ly), compared to patients without an IKZF1 deletion 
(Online Supplementary Table S10). The CIR at 5 years was 
41.7% (SE 0.04%) and 42.9% (SE 0.03%) in patients with 
high-clonal IKZF1 4-7 deletions treated according to the 
ALL9 and ALL10 protocols, respectively (Figure 5). The 
cause-specific hazard ratio (HRCS) in the two representa-
tive cohorts (n=376), estimated with a univariate Cox pro-
portional hazards regression model, revealed an associa-
tion of high-clonal IKZF1 exon 4-7 deletions with relapse 
(HR=7.22; 95% CI: 3.27-15.95; P<0.01). In the multivari-
ate Cox model, in which age at diagnosis, gender and 
MRD status were included, the adjusted HRCS was 3.6 
(95% CI: 1.38-9.55; P<0.01) (Table 1, Online Supplementary 

Table S11). These data are in line with those from earlier 
studies on these cohorts in which all IKZF1 deletions were 
included.12,24 However, when we assessed the clinical rel-
evance of subclonal alterations for relapse development in 
IKZF1, or any of the other genes, Cox regression analysis 
revealed no significant associations in the combined ALL9 
and ALL10 cohorts compared to wild-type cases (Table 1, 
Online Supplementary Table S11), and the CIR was similar 
in the two groups (Figure 5). Furthermore, patients with 
subclonal IKZF1 4-7 deletions did not have significantly 
different levels of MRD compared to IKZF1 wild-type 
patients (Online Supplementary Table S10). Since previous 
studies have shown a lack of association of IKZF1 deletion 
with relapse in patients who carry a deletion in ERG,34,35 

we used MLPA to test whether there was an enrichment 
of ERG deletions in cases with subclonal IKZF1 exon 4-7 
deletions compared to those with clonal IKZF1 exon 4-7, 
but these deletions were infrequent in both groups (Online 
Supplementary Table S12). 

Tracing of major and minor clone mutations at the 
time of relapse 

To obtain further insight into the clinical relevance of 
the identified alterations in relapse development, we 
investigated whether these were preserved in the cases 
that relapsed. For this analysis, we used all 146 cases that 
later developed a relapse, of which 82 carried alterations 
in a major or minor clone in one or more of the genes 
(Online Supplementary Tables S13 and S14). Overall, we 
found that for most genes at the time of diagnosis the fre-
quency of subclonal alterations was similar or slightly 
higher compared to that of the alterations detected in a 
major clone (Online Supplementary Figure S3A, Online 
Supplementary Tables S13 and S14).  

We collected 73 relapse samples from patients who car-
ried these major or minor clone alterations at the time of 
diagnosis (89%), which enabled us to trace 171 of the 185 
sequence mutations, and 25 of the IKZF1 exon 4-7 dele-
tions. We did not assess whether mutations detected at 
diagnosis were still preserved in minor clones at relapse, 
since these clones were unlikely to be true relapse drivers. 
Overall, 56% (22/39) of the tested major clone mutations 
were found to be preserved in the major clone at relapse, 
whereas the value for the subclonal mutations was 7% 
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Table 1. Cox regression analysis in the combined representative ALL9 and ALL10 cohort (n=376). 
                                                  Status                      Number of patients     Univariate Cox regression1,2           Multivariate Cox regression1,2 

 IKZF1                                             High-clonal3                                      18                      P<0.01; HR=7.22 [3.27-15.95]                 P<0.01; HR=3.6 [1.38-9.55] 
                                                           Subclonal                                        22                       P=0.39; HR=1.69 [0.51-5.57]                P= 0.34; HR=1.8 [0.53-6.24]  
                                                   Other high-clonal4                                13                     P<0.01; HR=19.92 [9.76-40.66]               P<0.01; HR=13 [5.68-29.79] 
 MRD                                                      Low                                            111                                         1 (Ref)                                                       1 (Ref) 
                                                            Medium                                        227                          P=0.1; HR=2 [0.88-4.61]                     P=0.28; HR=1.6 [0.67-3.78] 
                                                                High                                             22                     P<0.01; HR=10.85 [4.16-28.28]                P<0.01; HR=5 [1.64-15.23] 
 Age at diagnosis, years                      0-4                                             173                                         1 (Ref)                                                       1 (Ref) 
                                                                 5-9                                             133                      P=0.34; HR =1.34 [0.73-2.46]                 P=0.6; HR=1.2 [0.64-2.25]  
                                                               10-14                                            47                        P=0.83; HR=0.9 [0.34-2.38]                   P=0.6; HR=0.8 [0.27-2.12]  
                                                               15-18                                            23                         P=0.3; HR=1.76 [0.6-5.12]                    P=0.3; HR=0.34 [0.04-2.66] 
 Gender                                                 Male                                            215                                         1 (Ref)                                                       1 (Ref) 
                                                             Female                                         161                      P=0.06; HR=0.56 [0.31-1.03]                  P=0.08; HR=0.53 [0.26-1.1] 
1The hazard ratio is given with a 95% confidence interval. Multivariate Cox regression analysis included gender, age at diagnosis and minimal residual disease status as covariates; 
2Analysis was done on the combined cohort stratified on treatment protocol. Representative ALL9 and ALL10 cohorts are outlined in Online Supplementary Table S1. 3Clonality 
status based on detection at initial diagnosis; high-clonal: allele frequency ≥25%, subclonal: allele frequency <25%. 4Detectable using a multiplex ligation-dependent probe ampli-
fication assay.  A full overview of all comparisons is given in Online Supplementary Table S11. MRD: minimal residual disease. 
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Figure 3. Potency of RAS pathway mutations to drive clonal expansion. (A-C) Schematic representation of KRAS (A), NRAS (B) and PTPN11 (C) indicating the preva-
lence of common hotspot mutations. (D) Violin plot showing allele frequency in hotspot mutations of three investigated RAS pathway genes. The median allele fre-
quency was significantly higher in KRAS, indicating a high potential of KRAS hotspot mutations to drive clonal expansion. (E) Violin plot showing allele frequencies in 
frequent KRAS and NRAS hotspot mutations. The median allele frequency was significantly higher in KRAS G13D, suggesting their higher potential to drive clonal 
expansion compared to other RAS hotspot mutations.
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(9/132) (Fisher exact test, P<0.01) (Figure 6, Online 
Supplementary Figure S3B, Online Supplementary Table S7). 
For IKZF1 exon 4-7 deletions, the difference was even 
more striking. Here, the presence of deletions was studied 
in 19 available relapse samples using breakpoint-spanning 
PCR, followed by Sanger sequencing to confirm that the 
breakpoint sequences were identical at diagnosis and 
relapse (Figure 6, Online Supplementary Figure S3B, Online 
Supplementary Tables S6 and S7). All major clone IKZF1 
exon 4-7 deletions were found to be preserved in the 
major clone at the time of relapse (n=12), which is in 
agreement with earlier findings and illustrates their rele-
vance to relapse development in these treatment proto-
cols.12,24 In contrast, none of the subclonal exon 4-7 dele-
tions in IKZF1 (n=13) was preserved in either the major or 
a minor clone at relapse. Collectively, the data from the 

present study indicate that these deletions, when present 
at initial diagnosis at a subclonal level, do not drive relapse 
in pediatric ALL. 

 
 

Discussion 

ALL is a heterogeneous disease in which specific 
genomic alterations show strong associations with relapse 
risk and outcome. In this study, we assessed the clinical 
relevance and prognostic value of subclonal alterations in 
eight genes frequently mutated in relapsed B-cell precur-
sor ALL in a cohort of 503 diagnostic samples. Our data 
demonstrate that subclonal alterations in these genes are 
very common at the time of diagnosis, but that these 
mutations do not provide a basis for risk stratification in 
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Figure 4. Prevalence of relapse associated genomic alterations at diagnosis. Bar plot showing the percentage of relapses in cases with high-clonal (blue) or sub-
clonal (yellow) mutations in seven relapse-associated genes, and in cases that were wild-type (black) for these genes. Only cases with high-clonal IKZF1 4-7 deletions 
showed a significantly higher percentage of relapse development compared to wild-type cases (Fisher exact test, P<0.01) (Online Supplementary Table S9).

Figure 5. Cumulative incidence of relapse for high-clonal and subclonal IKZF1 deletions. The cumulative incidence of relapse (CIR) was estimated using a compet-
ing-risk model with death as a competing event. CIR plots are presented for the representative ALL9 (left) and ALL10 (right) cohorts. Lines represent the IKZF1 dele-
tion status and include wild-type (black line), subclonal exon 4-7 deletion (yellow), other high-clonal deletion (purple), and high-clonal exon 4-7 deletion (blue). Straight 
lines depict relapses and dotted lines death. P-values shown are obtained by employing the Gray test to compare CIR curves. The 5-year CIR was higher in cases with 
high-clonal IKZF1 deletions, compared to wild-type cases in both representative cohorts. 



pediatric ALL. This finding is particularly relevant for 
IKZF1 alterations, which are currently used or implement-
ed for treatment stratification in multiple upfront treat-
ment protocols.14,20 

The selection of these genes was made based on 
enriched mutation frequencies in relapse found in previ-
ous studies. Of all alterations identified in this study, 75% 
were subclonal at diagnosis, suggesting that these relapse-
associated gene mutations accumulate during progression 
of the leukemia before the initial diagnosis, thereby 
increasing the clonal complexity. Whereas seven of the 
genes selected in our study showed this high mutational 
burden at diagnosis, both in terms of numbers and level of 
clonality, we identified only a single, not previously 
reported, subclonal NT5C2 mutation in a non-relapsed 
case (follow-up time 9.5 years). NT5C2 encodes the 
cytosolic nucleotidase, which is responsible for inactivat-
ing cytotoxic thiopurine monophosphate nucleotides, and 
activating mutations in this gene are recurrently found in 
relapsed ALL, mainly T-cell ALL.4,9,36-38 One explanation 
for the low number of activating NT5C2 mutations at 
diagnosis is that these mutations decrease cell fitness, and 
only obtain their selective advantage during treatment 
with thiopurine.36 If already present at the time of initial 
diagnosis, these mutations are usually detectable in only a 
very small subset of cells, far below the detection level of 
our smMIP analysis.36 

Hotspot RAS pathway mutations have been detected in 
nearly half of the cases, often of the hyperdiploid subtype, 
and their frequency and clonal burden varied between the 
different mutations. In our study, we used this variability 
to compare the potential of different hotspot mutations to 
drive clonal expansion under physiological conditions. 
Compared to diagnosis, we observed a less diverse spec-
trum of KRAS and NRAS hotspot mutations in relapse, 
with G12D, G12V and G13D together accounting for 
two-thirds of KRAS and NRAS hotspot mutations found 
in relapse-fated clones. Studies in other cancers have 
demonstrated that the prevalence of different RAS path-
way mutations varies depending on the type of cancer and 
tissue of origin, with KRAS mutations G12D, G12V, G13D 
and G12C being among the most common ones.39,40 

Comparison of oncogenic capacities of different RAS 

hotspots has also been performed using in vitro and in vivo 
modeling studies, focusing primarily on KRAS. These 
studies identified KRAS mutations G12D, G12V and 
G13D as having higher proliferative and transforming 
potential compared to other common hotspots in various 
tumors of epithelial origin.39,41,42 Our data indicate that in 
competition of multiple RAS hotspot mutations, some of 
these not only confer a proliferative advantage but can 
also more effectively sustain a treatment-induced selective 
sweep.4,10 

The presence of IKZF1 deletions has been shown to be 
associated with relapse and survival in multiple clinical 
ALL studies,12,14-19 and these deletions have been described 
to play a role in resistance to tyrosine kinase inhibitors 
and glucocorticoids.43-46 Therefore, with the advance of 
more sensitive detection techniques, the question of 
whether subclonal alterations are also associated with 
relapse is very relevant, both from biological and from 
clinical perspectives. We here demonstrate that, in con-
trast to major clone IKZF1 exon 4-7 deletions, cases that 
carry this deletion only in a subset of the cells do not show 
an association with relapse. Moreover, whereas all major 
clone exon 4-7 deletions were preserved in cases that 
relapsed, none of the relapses from cases with subclonal 
exon 4-7 deletions at diagnosis carried this deletion. 
Importantly, the majority of subclonal deletions had allele 
frequencies below 10% (Online Supplementary Table S7). 
Therefore, since a threshold to distinguish subclonal from 
major clonal deletions is difficult, deletions closer to our 
threshold of 25% should be evaluated with caution. 
Nevertheless, the difference between major and minor 
clone IKZF1 4-7 deletions is striking, and the reason 
behind this remains unclear. Possibly, the functional 
impact of full-clonal IKZF1 deletions, which arise early 
during leukemia development, is different from that of 
deletions that occur in later stages when the leukemia has 
already expanded. Other deletions in IKZF1 show much 
less clustering in their breakpoints and, therefore, screen-
ing for these subclonal deletions in diagnostic samples is 
much less efficient. We did not, therefore, directly assess 
the stability and potential prognostic importance of whole 
gene and rare intragenic IKZF1 deletions. However, a pre-
vious study showed that other IKZF1 deletion subtypes 
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Figure 6. Preservation of clonal and subclonal mutations at the time of relapse. Tracing of major clone (top) and subclonal (bottom) alterations detected in initial 
diagnosis samples from relapsed patients in the matched relapse samples. The pie charts depict the fractions of preserved (blue) and lost (orange) alterations at 
the time of relapse.



have similar prognostic relevance as exon 4-7 deletions,31 
suggesting that subclonal alterations in these other IKZF1 
deletions may show the same lack of association.  

In summary, we show that subclonal alterations in the 
relapse-associated genes IKZF1, CREBBP, KRAS, NRAS, 
PTPN11, TP53, and WHSC1 in pediatric ALL are fre-
quently present at initial diagnosis, often at a subclonal 
level. At relapse, however, most of these subclonal muta-
tions are lost, suggesting that their selective advantages 
over wild-type clones during treatment is limited. This 
finding has direct implications for clinical practice, par-
ticularly in the case of IKZF1, where deletion status is 
used for routine risk stratification. We conclude that, at 
least for the investigated set of genes, there is no basis for 
the use of subclonal alterations at initial diagnosis as a 
prognostic marker. 
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