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The kinetics of blast clearance
are associated with copy number
alterations in childhood B-cell acute

lymphoblastic leukemia

Abstract

We analyzed the pattern of whole-genome copy number alterations (CNAs) and their association with the kinetics of blast clearance
during the induction treatment among 195 pediatric patients with B-cell precursor acute lymphoblastic leukemia (BCP-ALL) who
displayed intermediate or high levels of minimal residual disease (MRD). Using unsupervised hierarchical clustering of CNAs > 5
Mbp, we dissected three clusters of leukemic samples with distinct kinetics of blast clearance [A — early slow responders (n=105), B
— patients with persistent leukemia (n=24), C — fast responders with the low but detectable disease at the end of induction (n=66)]
that corresponded with the patients’ clinical features, the microdeletion profile,the presence of gene fusions and patients survival.
Low incidence of large CNAs and chromosomal numerical aberrations occurred in cluster A which included ALL samples showing
recurrent microdeletions within the genes encoding transcription factors (i.e., IKZF1, PAX5, ETV6, and ERG), DNA repair genes
(XRCC3 and TOX), or harboring chromothriptic pattern of CNAs. Low hyperdiploid karyotype with trisomy 8 or hypodiploidy was
predominantly observed in cluster B. Whereas cluster C included almost exclusively high-hyperdiploid ALL samples with concomitant
mutations in RAS pathway genes. The pattern of CNAs influences the kinetics of leukemic cell clearance and selected aberrations
affecting DNA repair genes may contribute to BCP-ALL chemoresistance.
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Introduction of leukemic clones. Initiating genetic abnormalities in ALL are aneuploidy

(gains and losses of whole chromosomes) and chromosomal translocations

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) develops as
a result of the sequential acquisition of genetic aberrations that block the
differentiation of B-cell lymphoid progenitors and maintain the proliferation
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leading to the formation of gene fusions, commonly affecting hematopoietic
transcription factors, epigenetic modifiers, cytokine receptors, and tyrosine
kinases [1]. These primary aberrations directly contribute to the leukemic
transformation and define the biology of the main clone. Therefore, they
are preferentially used as predictive markers for patient risk stratification.
In contrast, secondary abnormalities, including copy number alterations
(CNAs) and point mutations promoting leukemia evolution, may be present
only in the subset of leukemic cells [2]. However, there is a correlation
between the presence of the primary alteration and specific cooperating
secondary lesions within genetic subtypes of ALL ex. RBI gene deletions
in ALL displaying the intrachromosomal amplification of chromosome 21
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(1IAMP21) [3]. In addition, the co-occurrence of CNAs within specific genes
may significantly and independently confer a poor prognosis, as was recently
described for the microdeletion profile called “Z/KZFIP” in childhood BCP-
ALL [4].

The application of next-generation sequencing provided almost complete
insight into the genetic background of ALL [5,6]. However, the biological
and clinical heterogeneity of ALL makes direct and rapid application of new
genomic markers to personalize adjustment of the primary treatment difficult.
Therefore, the assessment of therapy response based on the measurement of
minimal residual disease (MRD) is still the most universal and strong single
prognostic factor in pediatric ALL [7].

The main advantage of using MRD as a marker of chemoresistance in
ALL is that it reflects a combination of effects derived from both host factors
and cancer cells [8]. The estimation of the risk of relapse based on serial
MRD testing and appropriate adjustments of the intensity of the therapy
depending on blast clearance has resulted in the gradual improvement of
cure rates in childhood ALL, which now exceed 85% [9]. However, even
highly specific and sensitive methodologies for MRD assessment are not able
to fully predict ALL relapse [10]. Several factors may modify the prognostic
significance of the MRD value, with the most important being: the time point
of MRD measurements during therapy, the applied technique of detection,
and the genetic subtype of ALL [7]. The level of FC-MRD assessed at day
15 of the induction protocol correlates with the relapse-free survival (RES)
in childhood BCP-ALL, whereas PCR-based MRD predicts relapse when
measured at day 33 of the initial therapy [11-14]. Furthermore, the kinetics
of blast clearance are strongly modulated by the presence of primary and
secondary aberrations [7,15,16]. MRD at the end of induction is log normally
but differently distributed among molecular subtypes of ALL and the risk
of leukemia recurrence is directly proportional to the MRD level within all
genetic subtypes. The fastest kinetics of leukemic cell clearance are observed
in ETV6-RUNXI- and TCF3-PBXI-positive cases. In contrast, patients with
the ALL subtype defined as “B-other” based on the CNA profile show slower
reductions in blast counts over time [7].

In this study, we analyzed the kinetics of blast clearance during the
induction phase of the ALL protocol depending on the profile of whole-
genome CNA:s in patients displaying intermediate or high levels of MRD.

Materials and methods
Study group

We retrospectively analyzed children with newly diagnosed BCP-ALL
with an age of 0-18 years treated in the 13 centers of the Polish Pediatric
Leukemia/Lymphoma Study Group according to the ALL-IC BFM 2009
and AIEOP-BFM 2017 protocols [17,18]. The inclusion criteria were as
follows: bone marrow MRD at day 15 of the treatment protocol exceeding
10% in a flow cytometric measurement and/or bone marrow MRD at
day 33 detected by RQ-PCR analysis above 0.001%. Patients diagnosed
with secondary leukemia or harboring gene fusions, including BCR-ABLI,
ETV6-RUNX1, TCF3-HLE TCF3-PBX1, KMT2A-AFFI, and other KMT2A
rearrangements, were excluded from the study group. The profile of blast
clearance in these molecular subtypes has been extensively investigated [19—
24]. The study was conducted in accordance with the Declaration of Helsinki.
The research protocol was approved by the Ethics Committee of the Medical
University of Lodz, and informed consent was obtained from all participants
and/or their parents (No. RNN/228/16/KE).

Minimal residual disease monitoring during the induction phase of the
protocols

Bone marrow samples from all BCP-ALL patients at diagnosis and
15. day of the treatment protocol were centrally analyzed by 8-color flow

cytometry according to the protocols of the EuroFlow Consortium at
one site (Department of Pediatric Hematology and Oncology, Medical
University of Silesia in Zabrze) [25]. Bone marrow MRD at the end of
the induction phase (day 33) was assessed using RQ-PCR analysis of clone-
specific immunoglobulin (/G) and T-cell receptor (7CR) gene rearrangements
according to the guidelines described by van der Velden et al. [26]. MRD
analysis detected the presence of at least 10 residual leukemia cells in 1 000
000 cells (10 7).

Microarray analysis

Copy-number variation analysis was performed using the CytoScan
HD array (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA) and
Chromosome Analysis Suite v 4.2 software (ChAS, Thermo Fisher Scientific,
Waltham, MA). Experimental data were analyzed in two categories: genome-
wide CNAs > 5 Mbp and leukemia-associated region/gene-specific CNAs
(leukemia genes_all_20150505; Fullerton Overlap Map_hg19). Our panel
of n=1276 genes was created based on comprehensive literature describing
genetic alterations and their role in the pathogenesis of ALL. The genes are
listed in Supplementary Table 1.

RNA sequencing

RNA sequencing was performed using the TruSight RNA Pan-Cancer
panel (Zllumina, San Diego, CA) on a Next Seq 550 system (///umina, San
Diego, CA) using NextSeq® Reagent Kit v3 (150 cycles) with a PE NextSeq®
Flow Cell. Data analysis was performed using the Illumina BaseSpace apps
TopHat Alignment (version 1.0.0, read mapping on hgl9 reference genome
by TopHart21, fusion calling by TopHat-Fusion2, and RNA-seq Alignment
(version 1.1.0, read mapping on hgl9 reference genome by STAR3, fusion
calling by Manta4 using standard settings (https://basespace.illumina.com/
apps). Raw data of sequence variants were analyzed in Variant Studio software
v.4.0.

A detailed description of all methods can be found in the online
Supplementary materials.

Results
Clinical features of BCP-ALL depending on MRD subgroups

The study enrolled 195 patients with newly diagnosed childhood BCP-
ALL who met the inclusion criteria. The cohort was divided into three
subgroups depending on levels of MRD at days 15 and 33 of the induction
treatment: children with MRD15 > 10% [MRD15], those showing both
MRD15 > 10% and MRD33 > 0.001% [MRD15&33], and patients
displaying MRD33 > 0.001% [MRD33]. The composition of the analyzed
groups is described in a flow diagram (Fig. 1).

Detailed exposure to chemotherapeutics during the induction phase of
each protocol is listed in Supplementary Table 2. Patients from both protocols
received a similar scheme of a chemotherapy during the first 33 days. The
essential difference was associated with the formulation of L-asparaginase
(ASD).

Since during the first two weeks of the induction therapy, patients received
an increasing dosages of glucocorticoids and only single doses of vincristine,
daunorubicin, and ASP, high levels of MRD at day 15 mainly reflect resistance
to glucocorticoids. An increased level of MRD at day 33 is associated with the
multidrug chemotherapy response. The clinical and biological characteristics
of patients treated according to the ALL-IC BFM 2009 and AIEOP-BFM
2017 protocols are presented in Supplementary Table 3.

Patients allocated to the three MRD subgroups significantly differed
regarding clinical features (Supplementary Table 4).
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Fig. 1. The algorithm of the study.

Comparison of the cytogenetic and molecular karyotypes of BCP-ALL

Copy-number profiling was reliably performed in all 195 ALL samples
(100%) enrolled in the study cohort. Due to the failure of bone marrow
cell culture for cytogenetic testing, the results of classical karyotyping were
unavailable in 30 out of 195 patients (15.38%). Among 42 out of 165
BCP-ALL samples (25.45%) showing a normal karyotype, 10 cases (23.81%)
were also confirmed using an SNP array. Original karyotypes and revisions
based on SNP array analysis are presented in Supplementary Table 5.
The distribution of CNAs and LOHs exceeding 5 Mbp on particular

chromosomes is presented in Supplementary Figure 1.
Numerical chromosomal aberrations depending on MRD subgroups

A hyperdiploid karyotype was identified in n=96 (49.23%) of ALL
cases, including low hyperdiploidy (HeL; 47-50 chromosomes) and high
hyperdiploidy (HeH; >50 chromosomes) in n=24 (25%) and n=72 (75%)
patients, respectively. Overall, a hyperdiploid karyotype was present in 6 out
of 13 patients (46.15%) from the MRD15 subgroup, and both HeL and
HeH were identified in n=3 (23.08%) cases. In the MRD158&33 subgroup,
HeL occurred in n=10 (17.86%) children, while HeH was identified in n=8
(14.29%) patients (total n=56 cases). The highest incidence of hyperdiploidy
was seen in the MRD33 subgroup and included n=11 (8.73%) individuals
with Hel and n=61 (48.41%) children with HeH (out of 126 total
patients). The distribution of hyperdiploidy by modal chromosome number
was skewed, with the majority of karyotypes (n=59; 61.46%) showing 8 or
more extra chromosomes [modal chromosome number was 54 (range 47-
66)]. The pattern of chromosome gain was nonrandom, with chromosomes
X, 21, 14, 4, 6, and 18 being the most frequently gained. The majority of
the gains were trisomies, but tetrasomies were also detected for chromosomes
21 (n=43; 44.79% of the 96 cases), 14 (n=12; 12.5%), X (n=5; 11.11% of
45 girls), 4 (n=3; 3.12%), and 18 (n=3; 3.12%). Interestingly, chromosome
loss occurred in 5/195 (2.56%) patients. Again, the pattern of loss appeared
nonrandom, with chromosome 7 being lost most commonly, followed by
single cases displaying monosomy of chromosomes 9, 13, 15, or 20.

SNP array revealed a near-haploid karyotype in n=5 (2.56%) ALL cases
with hypodiploid clones containing 28-31 chromosomes in all but one
patient. Two of them (M29 and M195; Supplementary Table 5), initially
classified as HeH by cytogenetics, were masked hypodiploidy. The ALL cases
with near-haploidy were most likely to remain disomic for chromosomes 14,
18, 21, and X/Y.

The distribution of large structural aberrations >5 Mbp within MRD
subgroups

We investigated whether MRD subgroups showed different frequencies
and diverse spectra of structural aberrations exceeding 5 Mbp. In the case of
duplications, after correction for multiple comparisons, the only significant
difference resulted from the more frequent incidence of whole chromosomal
gains involving chromosomes X, 17, 14, 10, 6, and 4 in the MRD33
subgroup than in the MRD15 and MRDI15&33 subgroups (Fig. 2A).
Similarly, although the frequency and spectrum of large deletions affecting
chromosomes 20q, 9q, and 6q differed between MRD subgroups (p<0.05),
no significant results for specific alterations were obtained with FDR<0.05
(Fig. 2B). In the next step of the analysis, we performed unsupervised
hierarchical clustering, which allowed the classification of 195 ALL samples
based on their similarities regarding the incidence of CNA > 5 Mbp. A clear
separation into three clusters exhibiting a significantly distinct response to the
treatment was identified (Fig. 2C).

Cluster A contained 105 patients who showed a high level of MRD at
day 15 and low positive MRD at day 33 of the induction protocol, we called
them “early slow responders”. Patients with “persistent leukemia” (n=24
ALL cases), who were more likely to display both increased levels of MRD at
day15. and 33., were assigned to cluster B. Whereas those allocated to cluster
C (n=66 patients) were eatly fast responders with predominantly low but
positive MRD at the end of the induction protocol (Fig. 3).

The clinical characteristics of patients significantly differed depending on
the cluster (Table 1.).

We observed the trend of different overall survival (OS) between clusters
within short median follow-up time of 10.87 (7.37-15.73) months. OS for
Cluster A, B, and C were as follows 0.75, 0.85 and 0.9, respetively (p=0.067)
(Supplementary Figure 2.). The probablilty of relapse free survival (RES)
did not statistically differed depending on the cluster, however any relapse
occured in cluster C during the follow-up time.

In the karyotype of one-third of ALL samples classified as cluster
A (n=32/105; 30.48%), no large CNAs were observed. In addition,
in this group of patients, HeH was completely absent, whereas HeL
occurred in 10 patients (9.52%). In this group, the recurrent interstitial
gain was found on a long arm of chromosome 1, which encompassed
the common 1q23.3q44 (164786865_249224684) region. However, copy
number losses definitely dominated in the cluster A, with the most
frequent deletions affecting chromosomes 9 (n=27; 25.71%), 7 (n=13;
12.38%), 12 (n=12; 11.43%) and 20 (n=8; 7.62%). Copy number losses
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Fig. 2. Histograms displaying the frequency of gains (A) and losses (B) exceeding 5 Mbp in the study group depending on the MRD group. (C) Hierarchical
clustering analysis based on CNAs data obtained from 195 pediatric BCP-ALL samples.

located on the short arm of chromosome 9 predominantly involved the
9p21.3p13.2 (21197288_36892411) region, which includes CDKN2A/B,
FANCG, and PAX5 genes. Large structural aberrations of chromosome 7
included two monosomies, nine 7q deletions encompassing a common
7933935 (134698398_143838984) region and eight 7p deletions involving
7pl3pl12.2 (43433655_50434024) region containing HUSI and IKZFI

genes. The most commonly deleted chromosomal region on chromosome

12 was located at the short arm 12p13.2p13.1 (11361150_13625042) and
encompassed E7V6, BCL2L14, and CDKN1B genes. Five out of eight large
losses on chromosome 20 affected the whole long arm of chromosome 20,
and two of them led to the formation of the chromosome abnormality
dic(9;20)(p13;q11.2), as confirmed by karyotype and FISH analyzes.

Half of the ALL cases classified into cluster B (n=12) showed a
low hyperdiploid karyotype (HeL) with a relatively frequent incidence of
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Table 1

Clinical characteristics of patients depending on the cluster of large aberrations >5Mbp.

Cluster A Cluster B Cluster C P value Post-hoc p value
Sex, n(%)
Male 61 (58.1%) 10 (41.67%) 37 (56.06%) 0.342
Female 44 (41.9%) 14 (58.33%) 29 (43.94%)
Age (years)
Median 8.27 (4.4-11.8) 5.94 (4.02-8.58) 3.99 (2.95-5.72) <1074 2 x1075**
<1 5 0 1
1-9 58 20 57
10-14 28 4 7
15-18 14 0 1
WBC (10°/L)
Median 11700 (4020-74985) 4760 (2012-20700) 8010 (3600-24700) 0.025°  0.406
Unknown/ Missing 5 1 0
CNS involvement
CNS1 87 (82.85%) 19 (79.16%) 55 (83.33%) 0.85
CNS2 7 (6.67%) 3(12.5%) 7 (10.61%)
CNS3 7 (6.67%) 1(4.17%) 4 (6.06%)
Unknown/ Missing 4 (3.81%) 1(4.17%) 0
Steroidoresistance n (%)
Yes 19 (18.09%) 1(4.17%) 4 (6.06%) 0.017°
Not 74 (70.48%) 21 (87.5%) 59 (89.39%)
Unknown/ Missing 12 (11.43%) 2 (8.33%) 3 (4.55%)
Risk group
SRG 0 1 1042
IRG 33 49
HRG b3 12
Unknown/ Missing 18 4
CR achieved
Yes 83 20 62 0.57°
No 3 0 1
Unknown/ Missing 19 4 3
FCM MRD 15 (%)
Median 8.19 (0.82-23.90) 5.43 (0.21-17.17) 0.77 (0.15-4.63) 0.0002° < 0.0001**
PCR MRD 33 (%)
Median 0.05 (0.01-0.59) 0.16 (0.01-0.60) 0.01 (0.01-0.06) 0.0021® 0.0019**
Number of patients assigned to MRD group
MRD15 6 (5.71%) 4 (16.67%) 3 (4.55%) <
MRD15&33 44 (41.90%) 5 (20.83%) 7 (10.61%) 0.0001
MRD33 55 (52.38%) 15 (62.50%) 56 (84.85%)
Total n (%) 105 (53.84%) 24 (12.31%) 66 (33.85%)
a Chi? test

b ANOVA Kruskall-Wallis. ANOVA Kruskall-Wallis test with post-hoc p-value for comparison between Cluster A and Cluster B was marked with one
asterix (*), between Cluster A and Cluster C groups with two asterix (**), between Cluster B and Cluster C with three asterix (***). Abbreviations: WBC-
white cell blood count, BM-bone marrow, SRG-standard risk group, IRG-intermediate risk group, HRG-high risk group.

trisomy of chromosome 8 (n=>5; 41.66%). Interestingly, all five hypodiploid
leukemias were also assigned to this cluster.

Cluster C included almost exclusively HeH cases with frequent
(n=16/66; 24.24%) cooccurring duplications that affected the long arm
of chromosome 1. The commonly gained region was located within the
chromosomal 1q21.2¢32.1(149850339_205768488) region and included
49 genes from cytoregions.

The profile of microdeletions and microduplications < 5 Mbp in the
MRD subgroups

We further studied the profile of microaberrations involving coding
regions of 1276 genes showing a proven connection with the leukemia
development and/or outcome (Supplementary Figure 3). Overall, we found
n=459 microdeletions and n=173 microduplications within the cytoregions
in 149 and 76 patients, respectively, their mean numbers per ALL sample

were 2.35 and 0.89. The frequencies of gene losses per sample in the
cluster A, cluster B, and cluster C subgroups were 3.11, 2.7, and 1.01,
respectively (p=0.0001). The highest but insignificant incidence of gains
was found in cluster B (1.25 versus 0.88 in cluster A and 0.76 in cluster
C; p=0.608). There was a significant overrepresentation of microaberrations
within genes encoding signaling pathways regulators (p=0.009), cell cycle
regulators (p=0.011), and lymphocyte specific genes (p=0.002) in cluster A
(Supplementary Figure 4).

The most recurrent lesions affected genes encoding transcription factors,
including JKZF1 (n=32; 16.4%), PAX5 (n=18; 9.2%), ETV6 (n=11;
5.6%), and ERG (n=11; 5.6%). These aberrations were not equally
distributed, but all of them dominated in cluster A. Recurrent deletions also
occurred in genes regulating the ALL response to glucocorticoids, including
BTGI (n=8; 4.1%), TBLIXRI (n=5; 2.6%), CD200 (n=5; 2.6%) and
BTLA (n=6; 3.1%). Although alterations of these genes were rare, they
exclusively affected patients assigned to cluster A, similarly as microdeletions
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Fig. 3. The levels of minimal residual disease (MRD) at day 15 and at day
33 of induction treatment depending on the CNAs cluster. The vertical line
represents median MRD value and the whiskers show the upper and the lower
quartile.

within DNA repair genes, such as XRCC3 (n=7; 3.6%) and 70X (n=7;
3.6%).

Gene fusions and sequence mutations across the MRD subgroups

To investigate the frequency of specific gene fusions and gene mutations
in the study group, we performed targeted RNA sequencing in 136 out of
195 patients (69.74%) with available RNA from ALL diagnosis. In-frame
gene fusions were identified in 20/136 patients (14.7%), including n=18
individuals assigned to cluster A (Supplementary Table 6). PAX5 and ZNF384
were the most frequently rearranged genes.

The most recurrent point mutations affected RAS pathway genes and
were observed in 49/195 (25%) BCP-ALL patients. Most abnormalities
were activating mutations in NRAS (48%) and KRAS (28%), followed
by mutations in PTPNII and FLT3 (11% and 8%, respectively).
(Supplementary Figure 5. A). Pathogenic variants in KRAS (Supplementary
Figure 5. B) and NRAS (Supplementary Figure 5. C) were predominantly
located within codons 12 and 13. The majority co-occurred with a high
hyperdiploid karyotype (n=28/49; 57.14%) and was classified to cluster C
(26/49; 53.06%).

Five patients harbored pathogenic activating JAK2 mutations:
c.2047A>G, p. Arg683Gly and c.2624C>A, p. Thr875Asn affecting
the JAK2 pseudokinase and kinase domain, respectively. All but one sample
were assigned to cluster A.

Sequencing and microarray studies allowed us to better define
the structure of the study group according to the molecular subtype
(Supplementary Figure 6.).

The incidence of “chromothriptic-like” phenomenon

Although microarrays have limited ability to distinguish chromothripsis
events from progressive DNA alterations in the cancer genome, using criteria
for this inference provided by Korbel J and Campbell P [27], we identified
chromothriptic-like phenomena in three BCP-ALL cases (Fig. 4).

In each of them, we observed more than ten segmental copy number
oscillations that clustered along the chromosome arm, with only one to
two (occasionally three) copy number states being interspersed with regions
displaying disomic copy number. In addition, the chromosomal regions in
the disomic copy-number state retained a heterozygosity. The chromothriptic

pattern of CNAs was exclusively observed in patients assigned to the cluster A,
MRD33 subgroup and occurred on the long arm of chromosomes 7 and 17,
as well as, on a short arm of chromosome 19. Analysis of somatic alterations
in BCP-ALL samples suspected of chromothripsis revealed the presence of
molecular defects within essential tumor suppressor genes (Supplementary
Table 7). One patient showed monoallelic loss of the whole RBI gene. Two
individuals harbored 7P53 alterations, including whole gene deletion and
pathogenic sequence mutation ¢.701G>A, p. Arg273His that affects the
DNA binding domain.

Discussion

CNAs represent cooperating lesions involved in the development of BCP-
ALL that may be acquired or lost during disease progression [2]. Both
primary and secondary genetic abnormalities may influence the kinetics of
blast clearance and therefore strongly predict outcome in ALL [7]. In this
study, we retrospectively analyzed whole genome CNAs in pediatric patients
with BCP-ALL displaying high or intermediate levels of MRD during the
induction phase of therapy.

Since day 15 was the first time point of MRD analysis during the
induction protocol, its level mainly reflects sensitivity to glucocorticoids.
The vast majority of patients with FC MRDI15 >10% showed a
concomitant positive level of MRD at day 33 (81.16%). These patients were
predominantly assigned to cluster A or B, which means that many of them
carried copy number losses affecting chromosomes 9, 7, 12, and 20. One
of the interesting findings among ALL cases classified into cluster A was a
recurrent interstitial gain of 1q that occurred outside of the hyperdiploid
karyotype. The minimally gained segment of chromosome 1q in our cohort
corresponds with the size and location of duplication reported in the literature
in HeH ALL (1q22-32.3) [28]. Gain of 1q leads to overexpression of genes
located within the duplicated chromosomal region, including DAP3 and
UCK2, that strongly affect cancer development and progression, but their
role in the ALL response to treatment has not been examined [28-30].

The overall number of microdeletions was the highest in cluster
A compared to the remaining groups. Both large copy number losses
and microdeletions frequently comprised regions encoding B-lineage
transcription factors that are involved in lymphoid maturation and
differentiation (JKZF1, PAX5, EBFI, and ETV6) as well as cell cycle
regulators and tumor suppressors (CDKN2A/B, BTG, RBI), regulators
of lymphoid signalling (BTLA and CDZ200), and chromatin modifiers
(TBLIXRI). Our observations are then consistent with previous studies
reporting prognostic significance of the CNA profile within these genes
among BCP-ALL patients showing intermediate-risk cytogenetics [31].
However, in the cited study, the predictive value of the CNA profile was still,
to some extent, modulated by levels of MRD, indicating that the specific
configuration of microdeletions influenced leukemic cell chemosensitivity.
The most prominent example confirming this thesis is genetic aberrations
within /KZF] that impair the glucocorticoid response and therefore are
related to slow blast clearance during induction treatment [4,15].

Regarding the incidence of gene rearrangements, kinase activating fusions
were overrepresented among patients displaying the highest MRD at both
time points, which is consistent with observations from previous studies
documenting poor response to the induction therapy in patients with the
BCR-ABLI-like ALL [7,20,32]. In our study group, individuals carrying
PDGFRB rearrangements showed the slowest blast clearance. Therefore, these
individuals could probably benefit from targeted therapy with tyrosine kinase
inhibitors.

The majority of ALL patients from our cohort (64.62%) showed
selectively positive MRD at day 33, which was associated with multidrug
chemotherapy resistance. These patients were assigned to cluster C. The
clear predominance of a high hyperdiploid karyotype with coexisting RAS
pathway mutations was observed in these individuals. According to the study
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Fig. 4. The incidence of the chromothripsis among BCP-ALL samples: at a long arm of chromosome 17 (A), at a long arm of chromosome 7 (B), and at a

short arm chromosome 19 (C).

performed by Jerchel I. et al., clonal RAS pathway activating mutations are
present in 24.1% of BCP-ALL and cooccur with several primary aberrations,
including the most common high hyperdiploidy [33]. Leukemic blasts
carrying RAS mutations are ex vivo resistant to prednisolone and vincristine,
which probably contribute to an increased level of MRD at the end of
induction [33,34]. This group of patients showed the most favourable
outcome and low risk of early relapse.

We observed interesting recurrent molecular aberrations involving DNA
repair genes, including loss of the whole XRCC3 gene and deletion of exon 1
of the 7OX gene, that were exclusively seen in patients with positive MRD at
the end of induction treatment. Both genes maintain chromosome stability,
but their inactivation has not been investigated in BCP-ALL [35,36,37].
However, in all of the ALL samples, we observed recurrent deletions of exon 1
of the 7OX gene, which probably results in low gene expression and impaired
protein function if only rearrangements involving 7OX occurred. Since the
breakpoint within intron 1 is located in the low complexity region of the
gene upstream of the SMART domain (HMG), possible fusion involving the
3’ end of the 7OX gene could lead to gain of gene function with all similar
functional consequences that have been described in T-ALL [37].

Another compelling finding in cluster A was the presence of somatic
aberrations affecting essential tumor suppressor genes such as 7P53 and RBI
coexisting with the “chromothriptic-like” phenomenon. Chromothripsis is
a one-step catastrophic genomic event leading to tens to hundreds of locally
clustered DNA rearrangements interspersed with losses of sequence fragments
which is perceived as a driver of both cancer development and progression
[27,38]. It occurs in 2%-3% of malignancies, but its frequency varies between
tumor entities, with BCP-ALL being rarely affected [38,39]. Chromothripsis
has been reported in patients with medulloblastoma carrying germline 753
mutations or biallelic BRCA2 mutations [40,41]. Somatic inactivation of
RBI and TP53 has been noted in leiomyosarcomas exhibiting chromothripsis
[42], suggesting that both germline and somatic aberrations within DNA
repair genes may increase the risk of chromothripsis [43].

One of the main limitations of our study results from the short follow-
up. Therefore, in the analysis of the influence of detected CNAs on patient
survival and incidence of relapse we could only address the risk of early death
and early leukemia recurrence. Additionally, targeted RNA sequencing did
not allow for sensitive detection of many subclonal point mutations that
could affect the response to treatment.

In conclusion, our study adds to the body of evidence that supports the
influence of secondary abnormalities on the kinetics of leukemic cell clearance
and indicates the possible role of aberrations affecting DNA repair genes in
promoting ALL chemoresistance.
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