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Abstract
Genomic alterations in relapsed B-cell precursor acute lymphoblastic leukemia (BCP-ALL) may provide insight into the role of specific
genomic events in relapse development. Along this line, comparisons between the spectrum of alterations in relapses that arise in
different upfront treatment protocols may provide valuable information on the association between the tumor genome, protocol
components and outcome. Here, we performed a comprehensive characterization of relapsed BCP-ALL cases that developed in the
context of 3 completed Dutch upfront studies, ALL8, ALL9, and ALL10. In total, 123 pediatric BCP-ALL relapses and 77 paired
samples from primary diagnosis were analyzed for alterations in 22 recurrently affected genes. We found pronounced differences in
relapse alterations between the 3 studies. Specifically, CREBBPmutations were observed predominantly in relapses after treatment
with ALL8 and ALL10 which, in the latter group, were all detected in medium risk-treated patients. IKZF1 alterations were enriched
2.2-fold (p=0.01) and 2.9-fold (p<0.001) in ALL8 and ALL9 relapses compared to diagnosis, respectively, whereas no significant
enrichment was found for relapses that were observed after treatment with ALL10. Furthermore, IKZF1 deletions were more
frequently preserved from a major clone at diagnosis in relapses after ALL9 compared to relapses after ALL8 and ALL10 (p=0.03).
These data are in line with previous studies showing that the prognostic value of IKZF1 deletions differs between upfront protocols
and is particularly strong in the ALL9 regimen. In conclusion, our data reveal a correlation between upfront treatment and the genetic
composition of relapsed BCP-ALL.
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Introduction

Despite the improved survival rate for B-cell precursor acute
lymphoblastic leukemia (BCP-ALL), relapsed ALL remains one
of the leading causes of cancer related death in children.1–3 Since
ALL relapse involves the outgrowth of therapy resistant leukemic
cells, a substantial fraction of genomic alterations identified at
relapse can be traced back in samples obtained at diagnosis, either
fully clonal or as minor clones.4–12 Furthermore, additional
genomic alterations are usually present at relapse, which are
acquired during or after therapy and may contribute to relapse
development.13–15 Therefore, the origin of genomic alterations
identified at relapse, may help identify those lesions that are most
strongly correlated with therapy failure.
Multiple studies have been aimed at investigating the genomic

landscape of relapsed BCP-ALL.4,11,12,16–20 A significant increase
in the median number of copy number alterations (CNAs) and
mutations was observed in BCP-ALL relapse samples, when
compared to diagnosis.4,11,20 These studies show that recurrently
affected genes and pathways at diagnosis, including those
involved in B-cell differentiation, cell cycle regulation, and Ras
and JAK/STAT signaling, are also observed at relapse, although
with different frequencies.4,6,12,20,21 Alterations observed with a
higher frequency at relapse, such as those affecting IKZF1, TP53,
and genes involved in Ras signaling (KRAS, NRAS, PTPN11,
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FLT3, and BRAF), may play a role in therapy resistance and
could be of prognostic value at the time of diagnosis.6,22–24 By
contrast, mutations in drug metabolism (NT5C2, PRPS1) or
chromatin modification (CREBBP) regularly appear to arise
during initial therapy, and become detectable only at relapse.13–16

Different chemotherapy regimens may have different effects on
every leukemic subclonepresent in a patient, resulting in changes in
clonal dynamics and, in some cases, survival of distinct
subclones.25 For example, KRAS hotspot mutations were found
to be associated with methotrexate resistance and vincristine
sensitivity of leukemic cells in vitro and in vivo.20 Furthermore,
mutations in NT5C2 and PRPS1 appear to confer selective
resistance to 6-mercaptopurine, a fundamental drug used in the
maintenance phase ofALL treatment, and leukemic cellswith these
mutations, even when present at extremely low numbers, have a
strong selective advantage during 6-MP treatment, allowing them
to grow out into a relapse.14–16,26 In addition, a therapy resistance
phenotype has been described for leukemic cells with alterations in
IKZF1, a gene in which alterations have a strong prognostic value
for relapse development.6,22 However, dependent on the protocol,
the predictive value of IKZF1 deletions varies. In the Dutch
Childhood Oncology Group (DCOG) trials, where the prognostic
effect was much stronger in ALL9 compared to ALL10, while not
significant in ALL8.27 These findings suggest that the treatment
efficacy of IKZF1-altered BCP-ALL depends on timing and dosage
of individual chemotherapeutics used in these protocols. There-
fore, the genetic characteristics of relapsed BCP-ALL might be
determined by the upfront treatment.
In the period of 1991 to 2012, over 2000 children with newly

diagnosed BCP-ALLwere enrolled in 3DutchALL treatment trials
ALL8, ALL9 and ALL10.3,28,29 Within each trial, patients were
stratified in groupsbasedon risk factors tomaximize outcomewith
optimal treatment intensity. However, the parameters used for
stratification were very different between the 3 protocols. For
example, whereas stratification of patients in ALL8 andALL9was
solely based on classical clinical and cytogenetic parameters,
ALL10 stratification was based on minimal residual disease
monitoring.3,28,29 Furthermore, timing and dosage of the various
chemotherapeutic drugs differed considerably between protocols
and treatment arms and, thus, also between patients with
comparable risk factors (Table S1, Supplemental Digital Content,
http://links.lww.com/HS/A53). One major protocol-dependent
difference in DCOG trials ALL8, ALL9, and ALL10 was the
number of glucocorticoids (GCs) in relation to the intensity of
additional chemotherapy that was used. In contrast to ALL8 and
ALL10, treatment in ALL9 heavily relied on high dose of GCs
(dexamethasone) during the induction and maintenance phases,
particularly in the ALL9 non-high risk (NHR) treatment arm.29

This variability in upfront treatment protocols creates an
interesting opportunity to study the impact of these protocol
differences on the genomic architecture of relapsed ALL, which to
date has not been systematically investigated.
Inthisstudy,wecharacterized123relapsedBCP-ALLsamplesthat

were treated upfront by one of 3 DCOG studies ALL8, ALL9 and
ALL10.Ourdata indicate that the compositionof genetic alterations
in relapsed BCP-ALL is indeed affected by the upfront treatment.
Results

Genomic profiling of relapsed BCP-ALL

To establish the frequency of recurrent genetic alterations in
relapsed BCP-ALL samples, we collected 123 BCP-ALL relapse
2

samples from patients that relapsed after upfront treatment
according to ALL8 (n=39), ALL9 (n=55) or ALL10 (n=29,
Figure S1, Supplemental Digital Content, http://links.lww.com/
HS/A53). The included relapses represented approximately half
of the total number of relapses that occurred in each of these
protocols (Table S2–3, Supplemental Digital Content, http://
links.lww.com/HS/A53). To enable quantitative comparisons
between these relatively small groups, we focused our study on
copy number alterations and mutations in a selected set of 22
genes that were found to be recurrently affected in relapsed BCP-
ALL in previous studies.4,6,11–13,16–22 This set of genes includes B-
cell differentiation genes (IKZF1, IKZF2, IKZF3, PAX5, and
EBF1), genes involved in Ras signaling (KRAS,NRAS, PTPN11,
FLT3, and BRAF), JAK-STAT signaling (JAK1, JAK2, JAK3),
cell cycle regulation (CDKN2A, CDKN2B, and RB1), and drug
metabolism (NT5C2, NR3C1 and BTG1), as well as genes
encoding the histone acetyltransferase CREBBP (CBP), the tumor
suppressor TP53, and ETS family transcription factor ETV6.
Targeted copy number and mutation screening was performed
using MLPA and Amplicon-based IonTorrent sequencing,
respectively (Table S4–5, Supplemental Digital Content, http://
links.lww.com/HS/A53). Using this approach, we detected an
average of 1.3 CNAs and 0.6 sequence mutations in the
aforementioned genes per relapse sample (range 0–5 and 0–3,
respectively).
Genes involved in B-cell differentiation were affected in

approximately half of the cases (47%), whereas activating
mutations in genes of the Ras pathway were found in 30% of the
relapses (Fig. 1A). Themost frequent genetic alterations identified
in these 123 relapses involved deletions and mutations in IKZF1
(33%), and deletions of the CDKN2A/2B locus (30%; Figs. 1B
and S2, Supplemental Digital Content, http://links.lww.com/HS/
A53).30 Alterations in ETV6 and PAX5 were found in 25% and
20% of the BCP-ALL relapse samples, and 11% carried
mutations in the HAT domain of CREBBP. Ras pathway
mutations mostly involved KRAS (15%) or NRAS (8%; Fig. 1B)
and BRAF mutations were not identified in our relapse cohort.
Four relapses were found to carry NT5C2 mutations, and also
BTG1 deletions (7%) and NR3C1 mutations (2%), which may
be correlated with GC resistance,4,31 were not common in these
relapse samples. IKZF1 alterations (p<0.0001; Fisher exact test)
and mutations in CREBBP and NT5C2 (p<0.0001 and p<
0.01; Fisher exact test) were more frequently found in relapsed
ALL compared to primary diagnosis (Table S6, Supplemental
Digital Content, http://links.lww.com/HS/A53), which is in line
with previous studies.11,13–15,21

Genomic presentation of relapse is influenced by
upfront treatment

To address the question whether the genetic makeup of relapse
varies between upfront treatment studies, we compared genomic
alterations observed in relapses that occurred after treatment
according to ALL8, ALL9, and ALL10. First, we compared the
prevalence of genetic alterations in ALL relapses between the 3
studies as a whole because frequencies of these alterations at time
of diagnosis, so before risk stratification, will be similar. The
average number of alterations per relapse sample for the ALL8,
ALL9 and ALL10 groups was 1.8, 2.1, and 1.8, respectively,
which was not significantly different (Fig. 2A). Compared to
diagnosis, we indeed observed differences in the pattern of genetic
alterations between relapses observed after these 3 upfront
treatment studies. Whereas CREBBP mutations were particular-
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Figure 1. Genomic profiling of relapsed BCP-ALL. (A) Frequency of genetic alterations in pathways studied in relapse samples. B-cell differentiation genes
include IKZF1, IKZF2, IKZF3, PAX5, and EBF1. Cell cycle regulation genes include CDKN2A, CDKN2B, TP53, and RB1. Transcription regulators include CREBBP
and ETV6. Ras signaling genes include KRAS, NRAS, PTPN11, FLT3, and BRAF. Drug response genes are NT5C2, BTG1, and NR3C1. Genes involved in JAK/
STAT signaling are JAK1, JAK2, and JAK3. (B) Frequency of genetic alterations in the genes studied in relapse samples.
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ly enriched in relapses from patients treated according to ALL8
and ALL10, mutations in PTPN11 were increased only in ALL9
relapses (Fig. 2B and Table S6, Supplemental Digital Content,
http://links.lww.com/HS/A53). IKZF1 alterations seemed to be
increased in all 3 relapse groups, although statistical significance
was only reached in the ALL8 and ALL9 cohorts, where the
increase was 2.2 (p=0.01, Fisher exact test) and 2.9-fold (p<
0.0001, Fisher exact test), respectively (Fig. 2B and Table S6,
Supplemental Digital Content, http://links.lww.com/HS/A53). In
a comparison among the 3 relapse groups, only the low number
of CREBBP mutations in ALL9 relapses (2%) relative to those
observed in ALL8 (21%) and ALL10 (17%) was found to be
significant (p=0.01, Fisher exact test).
To further correlate the observed changes to treatment, we

analyzed the risk-stratified treatment groups of each protocol
separately, limited to more common alterations that also showed
unequal distributions between the total cohorts: IKZF1 and
CREBBP. We reasoned that differences in genetic alterations
between treatment arms at the time of relapse may be caused by
both the differential stratification in upfront risk groups at the
time of diagnosis, and the impact of treatment itself. To study
these effects separately, we first analyzed the distribution of
alterations in these genes at the start of treatment, using available
MLPA data6,27 and targeted sequence data from diagnosis
cohorts. We noticed that patients with IKZF1 deleted leukemia at
diagnosis were more frequently stratified in higher risk groups in
ALL8 and ALL10, whereas in ALL9 there was an equal
distribution of IKZF1 deletions in the NHR and HR groups
(Table S7, Supplemental Digital Content, http://links.lww.com/
HS/A53). This suggests that in contrast to ALL8 and ALL10,
IKZF1 alteration status had no impact on the criteria used for
stratification in ALL9. To make a similar analysis for CREBBP
mutations observed at diagnosis, we made use of available
mutation data in 2 cohorts of ALL9 and ALL10 diagnosis
samples. For ALL8, the mutation data at the time of diagnosis
were not available. For patients with CREBBP mutations no
significant differences in distribution between treatment arms
were detected in ALL9 nor in ALL10 (Table S8, Supplemental
Digital Content, http://links.lww.com/HS/A53). Thus, the vari-
ability of alterations in IKZF1 and CREBBP at time of primary
diagnosis is limited.
3

Next, we compared the deletion and mutation frequencies for
these genes in each risk group between diagnosis and relapse.
The most pronounced increase in IKZF1 deletions between
diagnosis and relapse was observed in ALL9, where both in the
NHR and HR group a ∼3-fold increase was observed in relapse
compared to diagnosis (Fig. 2C and Table S9, Supplemental
Digital Content, http://links.lww.com/HS/A53). The standard
risk (SR) and high risk (HR) groups of ALL10 were too small to
draw definitive conclusions, but in the larger medium risk (MR)
group no significant enrichment of IKZF1 deletions at relapse
was observed. With respect to CREBBP, all mutations found at
the time of relapse after ALL10 treatment were in the MR-
treated arm and were significantly more common than those
observed at primary diagnosis (Fig. 2C and Table S9,
Supplemental Digital Content, http://links.lww.com/HS/A53).
Taken together, these data suggest that, with similar numbers of
alterations, the composition of genetic alterations in relapsed
BCP-ALL varies between different upfront treatment protocols
and risk groups.
Origin of genetic alterations in relapse

An increased frequency of genetic alterations in relapse compared
to diagnosis can be the result of therapy resistance of clones that
carry this alteration at the time of diagnosis, or by selective
outgrowth of sub-clonal or newly acquired alterations. To
discriminate between these 2 options, we performed genomic
analysis in paired diagnosis-relapse samples. Of 123 relapsed
BCP-ALL, paired diagnosis samples were available for 77
patients, of which 62 carried alterations in at least one of the
22 genes observed at relapse. For those 62 cases, all CNAs (n=
103) and sequence mutations (n=48) identified at relapse were
screened in matched samples taken at primary diagnosis using
MLPA and Sanger sequencing, respectively (Fig. 3A; Table S10,
Supplemental Digital Content, http://links.lww.com/HS/A53). In
this way, 47 CNAs (45%) and 16 SNVs (33%) were found to be
present in major clones at diagnosis. Again, we first compared
alterations between the 3 studies and subsequently between
treatment arms separately. The average number of alterations
that were absent in the major clone at diagnosis was highest in
relapse that occurred after treatment according to ALL8, and
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Figure 2. Frequency of genetic alterations in relapse samples classified by upfront treatment protocols. (A) Average number of mutations and CNAs in
relapse samples treated by upfront protocols, ALL8, ALL9, and ALL10. (B) Comparison of affected gene frequency between diagnosis and relapse. Only genes
showing significant differences between diagnosis and total relapse are depicted. Details of all genes are presented in Table S6, S10, http://links.lww.com/HS/A53.
(C) Comparison of affected frequency in IKZF1 and CREBBP between diagnosis and relapse among upfront risk-stratified treatment groups. The number of
samples affected is indicated on the top of the bar. Details of the comparison are presented in Table S9, S10, http://links.lww.com/HS/A53. Significant difference
(p<0.01) is indicated by double asterisks.
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lowest in ALL10-associated relapses (Table S11, Supplemental
Digital Content, http://links.lww.com/HS/A53).
Genetic alterations in B-cell differentiation genes were

frequently found to be present already at diagnosis, particularly
those in IKZF1. In fact, in 23 of the 29 patients with IKZF1
alterations at relapse (79%), the alteration was preserved from
diagnosis (Fig. 3B). The six patients in which the alterations were
not observed at diagnosis did not show clustering within a specific
treatment arm or study. The number of Ras pathway mutations
preserved from the major clone at diagnosis was highly variable
between genes, ranging from 8 out of 13 mutations (62%) in
KRAS to only 1 out of 6 mutations (17%) in PTPN11 (Fig. 3B).
By deep-sequencing of diagnosis samples, which was performed
for 21 cases, the majority of Ras mutations (18/22) could be
traced backed to the paired diagnosis sample, 7 of which were
present as subclones. Deep-sequencing revealed that CREBBP
mutations, which were found to be more common in relapses
4

treated after ALL8 and ALL10 compared to ALL9 (Fig. 2C), were
predominantly acquired at relapse (4 out of 6; Fig. 3B and
Table S10, Supplemental Digital Content, http://links.lww.com/
HS/A53). Deletions of theCDKN2A/2B locus, frequently present
in a homozygous state, were found to be conserved between
diagnosis and relapse in 46% of the cases, but the presence of
only 3 MLPA probes in this locus precluded a more detailed
comparison. Therefore, we reanalyzed these 13 samples using the
ME024 MLPA kit, which contains 23 probes that span a region
of 36.6 Mb surrounding the 9p21.3 locus. For only 2 cases
(15%), the CDKN2A/2B deletions appeared to be identical, even
after comparison with high-density SNP-array-based copy
number analysis, whereas in all of the other cases the deletions
were different (Fig. S3, Supplemental Digital Content, http://
links.lww.com/HS/A53). This suggests that CDKN2A/2B dele-
tions drive leukemogenesis, but are not selected for in upfront
therapy.
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Figure 3. Origin of genetic alterations in relapsed BCP-ALL. (A) Relapse-associated alterations in each patient and their status (preserved or acquired).
Patients are displayed in columns sorted by upfront treatment protocols. Genes are shown in rows grouped by their corresponding pathways. For genes indicated
in bold, double rows represent homozygous or compound heterozygous alterations. Preserved alterations are shown in dark grey (CNA) or solid dots (mutation),
while acquired alterations are depicted in light grey (CNA) or open circles (mutation). Numbers of preserved alterations and total numbers of alterations identified at
relapse in each patient are shown at the bottom. Five genes not indicated in this figure (IKZF3, BRAF, FLT3, JAK1, JAK2) were wildtype in all tested samples. Details
of all alterations are presented in Table, S10, http://links.lww.com/HS/A53. (B) Frequency of patients that carried preserved alterations in 11 genes studied. The
number of patients studied for each gene is displayed in brackets. (C) Frequency of patient with preserved IKZF1 alterations in patients treated with different upfront
protocols.

(2020) 4:1 www.hemaspherejournal.com
Next, we analyzed the clonal origin of relapse-associated
IKZF1 alterations in the context of upfront treatment intensity
within this paired sample cohort. Notably, whereas the frequency
of IKZF1 alterations that occurred in ALL8, ALL9, and ALL10
relapses were not significantly different (Fig. 2B and 3A), the
fraction of IKZF1 alterations that was preserved from the major
clone at diagnosis was found to be only 40% in ALL8 compared
to 89% and 83% in ALL9 and ALL10, respectively (Fig. 3A).
Therefore, to compare the IKZF1 alterations in the context of
upfront treatment, we selectively focused on these preserved
5

IKZF1 alterations. This comparison did result in a striking
difference among the 3 studies (p=0.033, Fisher’s exact test;
Fig. 3C). A total of 43% (16/37) of relapses treated after ALL9
carried IKZF1 alterations that originated from the major clone at
diagnosis, compared to 11% in ALL8(2/19) and 24% in ALL10
(5/21). The preserved IKZF1 alterations were detected in 44%
and 42% of relapses after ALL9-NHR (11/25) and ALL9-HR (5/
12), respectively. In the relapses after medium risk regimen of
ALL8 and ALL10, 15% (2/13) and 31% (5/16) carried IKZF1
alterations originating from a major clone at diagnosis. No
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relapses with preserved IKZF1 alterations were observed in
patients with upfront standard risk regimen in ALL8 and ALL10.
Together, these data suggest that the differences observed at
relapse were a direct consequence of the upfront treatment.
Discussion

Several studies have demonstrated that the genomic landscape of
relapsed ALL differs from that observed at diagnosis, both in the
number of alterations and the genes that are affected.4,5,11,12 These
differences likely originate from the combined effect of continuous
evolutionary progression of the dividing leukemic cells, and
therapy-induced genomic instability and clonal outgrowth. In this
study, we have investigated the impact of treatment on the
presentation of genetic alterations in relapsed ALL. To enable a
good comparison between relapses arising in different upfront
treatment protocols, we have focused on a limited set of 22 genes
known tobe recurrently affected.We collected 123 relapse samples
from patients treated according to Dutch Childhood Oncology
Group studies ALL8 (1991–1996), ALL9 (1997–2004) and
ALL10 (2004–2012). Although more late relapses in ALL8 and
younger relapses in ALL10were included in this study, none of the
investigated genes showed significant difference regarding the
remission time in ALL8 relapses and diagnosis age in ALL10
relapse (Table S12–13, Supplemental Digital Content, http://links.
lww.com/HS/A53). The comparisons revealed that relapses that
arise in the context of these upfront treatment protocols show
differences in these common genetic alterations, with frequent
CREBBP mutations in ALL8 and ALL10 relapses, and IKZF1
alterations being particularly common in relapses from patients
treated according to the ALL9 protocols.
CREBBP mutations cluster in the histone acetyl transferase

(HAT) domain, which mediates the acetylation of lysine residues
in various proteins, including histone 3 lysine 18 and 27 (H3K18
and H3K27).13,32 Mutations affecting CREBBP occur in 18% of
relapsed childhood ALL cases, and up to 30% in high
hyperdiploid and hypodiploid ALL relapses.13,32–34 These
mutations originate from major or minor clones at primary
diagnosis, but in a similar number of cases these mutations are
newly acquired at the time of relapse.13,34 It has been shown that
CREBBP mutations impair H3K18 acetylation in mouse
embryonic fibroblasts, ALL cell lines and patient-derived
xenografts, and may cause reduced expression of CREBBP
targets, including glucocorticoid responsive genes.13,35 Prelimi-
nary studies have indicated that CREBBP impairment correlates
with a glucocorticoid resistance phenotype but since this could
not be demonstrated in in vitro models, this phenomenon has not
yet been fully resolved.35 The higher number of CREBBP
mutations in ALL8 and ALL10 relapses may be explained by the
higher frequency of cases with high hyperdipoid cytogenetics
(28% and 25%, respectively) compared to those observed in
ALL9 (15%; Table S2, Supplemental Digital Content, http://
links.lww.com/HS/A53). Indeed, the majority of CREBBP
mutations in our study (62%) were identified in high hyper-
diploid cases (Table S3, Supplemental Digital Content, http://
links.lww.com/HS/A53). However, since none of the eight high
hyperdiploid relapses in ALL9 were found to carry CREBBP
mutations, the possibility remains that these mutations are less
likely to contribute to relapse in ALL9-based protocols, for
example because of the absence of a strong selective pressure for
these alterations.
The high frequency of preserved IKZF1 alterations in ALL9

relapses compared to those in ALL8 and ALL10 is remarkable.
6

Many ALL study groups have reported that patients with IKZF1
alterations at primary diagnosis have a higher risk of relapse, but
the prognostic value appeared to be different between various
protocols.6,27,36–42 This observation already suggests that the
contribution of IKZF1 dysfunction on relapse development is
dependent on the treatment that patients received at primary
diagnosis. We noticed that IKZF1 deletions in children treated
according to ALL9 are equally distributed between the risk
groups, whereas in ALL10 IKZF1-deleted leukemias are stratified
to higher risk groups and, thus, received more intense treatment
compared to wildtype leukemias. Since the stratification in ALL10
is mainly based on early therapy response,1–3 this observation
indirectly suggests that IKZF1-alterations influence the response
during the first courses of ALL10 treatment. We previously
demonstrated that IKZF1 alterations substantially impair the GC-
response of both normal and leukemic cells,43 suggesting that the
contribution of IKZF1 alterations on therapy resistance and
relapse may be dependent on the intensity of the GCs used in the
upfront treatment. The current study is consistentwith this notion,
showing a particularly high percentage of preserved IKZF1
alterations in patients that relapsed after ALL9-based treatment, a
treatment regimen which heavily relies on high doses the GC
dexamethasone (Table S1, Supplemental Digital Content, http://
links.lww.com/HS/A53).29 In fact, the median risk arm of ALL10,
which uses similar doses of dexamethasone as the ALL9 arms, has
relatively lowernumberofpreserved IKZF1alterations, suggesting
that the other administered components in ALL10-MR are able to
overcome the IKZF1-induced GC resistance in a subset of cases.
The observations onpreserved IKZF1 alterations also illustrate the
importance of including genomic data at the time of diagnosis to
determine the contribution of specific genetic events to relapse
development.44–46

The differences in common genetic alterations of relapses
observed in these 3 upfront treatment studies provide insights
that will aid further improvements of childhood ALL therapy by
adapting risk group stratification or study design. We have
recently shown that the combined loss of IKZF1 and BTG1
results in even worse survival rates compared to loss of IKZF1
alone.47 Furthermore, several studies have demonstrated that
IKZF1 deletions in the presence of specific other gene deletions
are associated with poorer survival, which provides a tool for
refined risk stratification that will be implemented in future ALL
treatment studies.44–46 Alterations affecting IKZF1 result in
impaired lymphoid maturation of precursor B-cells, and are
highly frequent in BCR-ABL1-positive leukemia.48–50 A study by
Churchman et al revealed that IKZF1 alterations induce a stem-
cell like phenotype and act synergistically with Arf alterations to
drive BCR-ABL1-positive ALL in mice.51 Strikingly, the poor
response to tyrosine kinase inhibitors (TKI) observed in IKZF1-
deleted BCR-ABL1-positive ALL, which is a tailored therapy for
individuals with this type of leukemia,52,53 could be reversed with
retinoids, thus providing an important treatment opportunity
that deserves further exploration, both in BCR-ABL1-positive
and negative ALL.51,54 Taken together, these studies provide
promising new concepts for targeting the pathways that are
affected by IKZF1 deletions.
Glucocorticoids (GCs) are key components in ALL treat-

ment.55 Our results suggest that upfront protocols like ALL9,
which rely for a significant part on high GCs and lack, for
instance, intensive asparaginase courses, are less effective in
eradicating leukemias with IKZF1 alterations. This would imply
that such protocols are less favorable for the future treatment of
patients with IKZF1 deletions.
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In conclusion, we have shown that genetic characterization of
relapsed ALL in the context of upfront treatment reveals striking
differences in the composition of common genetic alterations of
relapse while providing important insight into mechanisms of
therapy response. Our data indicate that therapy that relies on
high doses of GC results in a higher percentage of IKZF1-altered
relapses. These studies may guide the design of new protocols,
particularly when extended to larger sample series and more
detailed drug comparisons.
Materials and methods

Patient material and DNA isolation

Relapse samples from a total of 123 BCP-ALL patients were
included in this study, all of which were obtained from the
DCOG biobank with informed consent. These patients were
treated according to one of 3 DCOG treatment studies ALL8
(n=39), ALL9 (n=55) or ALL10 (n=29). The patients included
were a good representation of the total cohort of relapsed
patients from these trials with respect to gender, risk group,
remission time, and ploidy status at diagnosis, with the exception
of remission time in ALL8 relapses (Table S2, Supplemental
Digital Content, http://links.lww.com/HS/A53). No infant ALL
patients were included in this cohort. Patient characteristics are
listed in Table S3 (Supplemental Digital Content, http://links.
lww.com/HS/A53). To investigate whether relapse-associated
genetic alterations were also present at diagnosis, 77 available
paired diagnosis samples were analyzed.Mononuclear cells were
isolated by Ficoll gradient separation and stored in liquid
nitrogen. Genomic DNA was extracted from mononuclear cells
and purified using a QIAamp purification kit (Qiagen, Venlo,
The Netherlands).
Multiplex ligation-dependent probe amplification

A targeted screen for copy number alterations (CNAs) in BTG1,
CDKN2A/2B, EBF1, ETV6, IKZF1, PAX5, RB1, and TP53
(Table S4, http://links.lww.com/HS/A53) in diagnosis and relapse
samples was performed by multiplex ligation-dependent probe
amplification (MLPA)56 using SALSA MLPA kits P335, ME024
and P056 (MRC-Holland, Amsterdam, The Netherlands)
according to manufacturer’s instructions.
Targeted sequencing and data validation

Sequence mutations in 21 genes (Table S4, http://links.lww.com/
HS/A53) were determined in the relapse cohort using Ion
AmpliSeq-based sequencing (Life Technologies, CA). A total of
10 ng genomic DNA was used in each AmpliSeq PCR reaction.
After barcoding and adaptor ligation, products were purified
with Agencourt AMPure XP beads (Beckman Coulter Genomics,
High Wycombe, UK). Emulsion PCR was performed using
OneTouch 200 Template kit (Life Technologies, CA). Polymer-
ase and sequencing primers were added to final enriched spheres
before loading onto the chip. Sequence reads were mapped and
analyzed using SeqNext software V4.1.1 (JSI, Ettenheim,
Germany). Validations were performed by Sanger sequencing.
Hotpot regions forNT5C2 (exons 11 and 15) were sequenced in
104 relapses using Sanger sequencing. All primers are listed in
Table S5, http://links.lww.com/HS/A53. Available complete
remission samples were used to confirm the somatic status of
mutations.
7

Statistical analysis

Statistical analyses were carried out using R version 3.3.2,
Pearson Chi-square and Fisher exact tests were used to compare
categorical variables. A two-sided p value below 0.05 was
considered statistically significant.
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