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Abstract

IKZFI deletions (AIKZF1) are common in precursor B-cell acute lymphoblastic leu-
kemia (B-ALL) and are assumed to have a prognostic impact. We aimed to deter-
mine the prognostic implications of AIKZF1 and CRLF2 overexpression in pedi-
atric B-ALL. Furthermore, we sought to compare the multiplex polymerase chain
reaction (PCR) assay with standard multiplex ligand-dependent probe amplification
(MLPA) methods to ascertain /KZFI status in a clinical context. Seventy-nine diag-
noses and 43 relapse B-ALL samples were evaluated for deletions of IKZF1 A2-7,
A4-7, and A4-8 by conventional PCR and then sequenced by targeted sequencing.
Subsequently, MLPA analysis was performed for AIKZF1 detection, and CRLF2
expression was evaluated in 42 diagnose time B-ALL patients by QRT-PCR.
AIKZF1 was detected in 10 out of 79 diagnose samples (12.66%) and eight of the 43
first relapsed materials (18.60%). Our results revealed no association between sur-
vival outcomes with AIKZF1 or CRLF2 overexpression status in pediatric B-ALL
patients. However, we found AIKZF1 was more frequent among relapsed samples,
and the deletions showed consistency between diagnose-first/second relapse pairs of
samples. These results suggest that AIKZFI may contribute to the development of
treatment failure in B-ALL. Furthermore, we demonstrated methodological adjust-
ments in conventional PCR and MLPA for selected alterations in AIKZF 1.
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EBF1 Early B-Cell Factor 1

CDKN2A/B  Cyclin-Dependent Kinase Inhibitor 2A/B

PARI Pseudoautosomal Region 1 of the sex chromosomes

CRLF?2 Cytokine Receptor-Like Factor 2

BFM The Berlin—Frankfurt—-Munster regimen

EGIL European Group for the Immunological Characterization of
Leukemias

MLPA Multiple ligation-dependent probe amplification

CNVs Copy number variations

EFS Event-free survival

(0N} Overall survival

Introduction

Precursor B-cell acute lymphoblastic leukemia (B-ALL) is the most common child-
hood cancer. Although five-year survival rates exceed 90% in childhood ALL, long-
term side effects of chemotherapy and poor treatment response and survival rate
after relapse are among the major problems of ALL (Inaba and Mullighan 2020;
Nguyen et al. 2008). Gene expression differences, genomic variations, fusion tran-
scripts, and copy-number alterations provide a basis to define the B-ALL subtype
with clinical relevance. Genetic alterations in lymphoid transcription factor genes
such as PAXS, IKZF1, and EBFI were reported in most of B-ALL patients (Mul-
lighan et al. 2007).

The IKZFI gene encodes a zinc finger DNA-binding protein which promotes
differentiation, inhibits proliferation, and modulates the expression of early B-cell-
specific genes. Gene deletions (AIKZFI) and less commonly missense variations in
IKZFI can cause loss of function and cellular mis-localization of the protein (Con-
serva et al. 2023; Olsson and Johansson 2015). Patients with /KZF] alterations show
differential expression profiles for DNA repair genes, self-renewal, and JAK-STAT
signaling pathways (Mullighan et al. 2009).

AIKZF1 heterogeneously distributed within the ALL subgroups and has been
reported in 75% of BCR::ABLI-positive ALL, 12-15% of childhood, and 30-50% of
adult B-ALL (Mullighan et al. 2007). Several studies sought to analyze the clinical
importance of IKZF1 aberration and AIKZFI have been correlated with poor prog-
nosis in childhood B-ALL (Clappier et al. 2015; Kuiper et al. 2010; Moorman et al.
2014; Mullighan et al. 2009; Sutton et al. 2018; Yang et al. 2011; Ayon-Pérez et al.
2019). Stanulla et al. defined a prognostic profile termed IKZFIP"* group which
was characterized with AIKZFI that co-occurred with at least one additional dele-
tion in CDKN2A/B, PAXS5, and/or PARI in the absence of ERG deletion. The IKZF-
17" group was suggested as a minimal residual disease (MRD) dependent very poor
prognostic profile in B-ALL (Churchman et al. 2018; Zhang et al. 2016).

CRLF?2 rearrangements or variations were detected 7% of B-ALL (Russell et al.
2009). P2RYS::CRLF2 fusions which is caused by illegitimate V(D)J-mediated
recombination and /IGH::CRLF?2 translocations result in over expression of CRLF2.
P2RYS8::CRLF?2 fusions often carry additional alterations in JAK/STAT pathway
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genes. So, it would not be surprising that abnormal kinase signaling accompanied
by aberrant expression of IKZF1 has been associated with increased relapse risk and
treatment failure.

Several biomarkers correlated with poor therapy response in ALL. However, for
detecting all these markers, combined molecular tools and relatively complex bioin-
formatic analysis are needed to be performed. Unfortunately, applying all these tests
in routine diagnosis is not feasible, especially for developing and non-developed
countries. Through this perspective, we aimed to assess the frequency and the prog-
nostic impact of AIKZFI and CRLF?2 expression in childhood B-ALL.

Materials and Methods
Patients and Treatment

The patient’s cohort comprised 87 diagnose and 43 first and 2 subsequent second
relapse samples of childhood B-ALL (16 paired diagnostic-relapse samples) who
were treated according to BFM (the Berlin—Frankfurt-Munster regimen) or relapse
BFM protocols between 2000 and 2012. Bone marrow materials were available for
85 diagnose and 45 relapse samples, two diagnose patient’s peripheral blood sam-
ples with>90% blast were included in the study. Immunophenotypic characteriza-
tion of samples was done by flow cytometry based on the European Group for the
Immunological Characterization of Leukemias (EGIL) criteria (Bene et al. 1995).

In AIEOP-BFM ALL 2000, patients were stratified into three risk groups (Vora
et al. 2014). Patients with prednisone poor response,>5% leukemic blasts in the
bone marrow on day 33, or positivity for t(4;11) or t(9;22) were stratified into the
high-risk (HR) group. Patients who have no HR criteria and initial WBC count > 20
000/uL. and/or age at diagnosis>6 years were classified into intermediate-risk
(MR) group. Patients who have no HR criteria and initial WBC count <20 000/uL,
and age at diagnosis between 1-6 years and no T-ALL were stratified into stand-
ard-risk (SR) group. The diagnostic cohort included HR (n=12), MR (n=30), SR
(n=20) groups, and unclassified patients (n=25, risk group classifications were not
available). The median blast percentage at the time of diagnosis was 95% (range,
30-100%) and median follow-up time was 52 months (range, 1- 258 months).

More than 25% blast in peripheral blood or>5% blast in bone marrow aspirate
with CNS and/ or testicular involvement at any point after remission was defined as
relapse. The first relapse cohort was compromised 32 early relapsed (<36 months)
and 11 late relapsed (>36 months). The patient’s clinical data were summarized in
Supplement Table 1.

Multiple Ligation-Dependent Probe Amplification (MLPA) Analysis
The total DNA was isolated from diagnose (n=79) and relapsed (n=43) patients’

bone marrow or peripheral blood samples using QIAamp DNA Blood Midi Kit
(Qiagen). Multiple ligation-dependent probe amplification (MLPA) analysis was
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performed using the MLPA SALSA kit P335 (Bedics et al. 2023). The assay covers
the whole IKZF'1 exons. For MLPA experiment, 100 ng of DNA was incubated with
the SALSA probe mix at 60 °C for 17 h. Following this hybridization step, ligation
was conducted using Ligase-65 enzyme at 54 °C for 15 min. The ligase reaction was
then terminated by heating the samples to 98 °C for 5 min to inactivate the enzyme.
For the amplification, the samples were subjected to 35 cycles of PCR using SALSA
primers and polymerase under the following thermal cycling conditions: initial
denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and extension at 72 °C
for 30 s, with a final extension at 72 °C for 20 s. The fragments were analyzed using
Coffalyser v9.4 software. Copy number alterations (CNVs) of EBFI, CDKN2A/B,
PAXS5, ETV6, BTG, RBI, and the PARI region in a group of our cohort were pub-
lished in the previous paper combining with JAK2, CRLF2, IL7R, and PAX5 varia-
tions (Erbilgin et al. 2019).

Genomic PCR for A2-7, A4-7, and A4-8 and Deep Sequencing

IKZF'I deep sequencing plates were designed by IRON-II study consortium and cov-
ered A2-7, A4-7, and A4-8 variants (Kohlmann et al. 2012). Twenty ng DNA were
amplified in a final volume of 25 pL containing 1Xxbuffer (FastStart High Fidel-
ity Reaction Buffer, Roche, Penzberg, Germany), 1.25-ul DMSO, 4.5-mM MgCl,,
0.2-mM dNTP, 0.4 pM of each primer, and 0.2U FastStart High Fidelity Enzyme
(Roche, Penzberg, Germany). The cycling protocol was a denaturation step at 95 °C
for 10 min followed by 30 s at 94 °C, 30 s at 57 °C, 2 min at 72 °C for 35 cycles, and
a final extension phase of 10 min at 72 °C. The primers located for deletion break
point for exon 2: Forward 5'-AAGTGACCCATCCTTTGAA-3', for exon 7 Reverse:
%2-TGAATAGACCAAGATACATCCT-3', for exon 4: Forward 5'-GAAGTCTGG
AGTCTGTGAAG-3', and exon 8 Reverse: 5'-GAGTGTGGAGCTAGGAGAT-3'".
PCR products were loaded to 2% agarose gel and amplified samples were sequenced
using GS Junior 454 (Roche Applied Science, Penzberg, Germany). To check the
DNA quality, PAX5 gene was used as a reference gene. Amplicon sequences were
analyzed using the SEQ powered by Genomize software (https://seq.genomize.
com). The minimum read depth cut-off was set as 500 reads (for both strands).

CRLF2 Expression Analysis

Forty-two diagnostic and six relapse time patient materials were available for RNA
isolation. RNA isolation was performed by RNeasy Mini Kit (Qiagen) and RNA
quality was evaluated with spectrophotometry (NanoDrop 2000c Technologies,
USA). A total of 1 pg of total RNA from diagnostic leukemic cells were converted
to cDNA using MMLV-RT and random hexamers. CRLF2 and Cyclophilin A (inter-
nal control) transcript levels were measured by gqRT-PCR using the Universal Probe
Library using LC480 Roche Real-Time PCR System (Roche) with the following pro-
tocol: initial step at 95 °C for 10 min, then 45 cycles at 95 °C for 10 s and at 60 °C
for 20 s and at 72 °C for 1 s, and final cooling at 40 °C for 10 s. Each cDNA sample
(20 ng RNA equivalent) was run duplicate, and amplification reaction performed in
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a final volume of 15 pl, containing 1xLC480 Hybr Prob Master Mix (Roche), 200-
nM UPL probe, and 400-nM primer from each one. Relative gene expression was
quantified by delta Ct method (Schmittgen and Livak 2008).

Statistical Analysis

Event-free survival (EFS) was calculated from the date of remission to any event
(relapse, death, or second malignant condition). Overall survival (OS) was calcu-
lated from the date of diagnosis to the date of death or last follow-up.

Categorical variables were compared by the Chi-Square test, Fisher’s exact test,
and Fisher Freeman Halton test. Kaplan—Meier test was used for survival time and
survival curves were compared by the Log-Rank test. Analyses were performed
using SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version
25.0. Armonk, NY: IBM Corp) software.

Results
IKZF 1 Deletions in Childhood B-ALL

Overall, AIKZF1 was detected in 10 out of 79 (12.66%) diagnose samples and eight
of the 43 (18.60%) first relapsed materials (Fig. 1). Two patients harbored more than
one AIKZF1. Among the deletions, A4—7 was the most frequent both at diagnose
(50% of deletions, n=>5) and first relapse time (75% of deletions, n=6).

In total, 15 samples showed AIKZF1 by genomic PCR and sequenced by deep
sequencing. The predicted average coverage per amplicon was 2165 reads (min
688, max 4291) and a threshold was set as > 1% of variant detection in both strands.
We did not find any additional point variations in samples that had A2-7, A4-7, or
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Fig.1 Overview of IKZF1 deletions and other genetic alterations identified in B-ALL patients. Single-
nucleotide variations, CNVs for 16 most altered genes, BCR::ABL translocation and CRLF2 expression
are presented. The patients who were classified in IKZFP" group was indicated in first line with “+.”
The patient cohort is annotated according to the material time and follow-up. Each column corresponds
to one sample. R1 means first relapse, R2 means second relapse material. *Matched diagnose relapse;
four-point star indicates first—second relapse samples of the patient
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A4-8. The breakage site was varied between the samples, but each sample had a
monoclonal pattern for the deletion point.

Deletions that were detected by genomic PCR were confirmed by MLPA analy-
ses. However, we observed discordance between MLPA and PCR results in three
relapse samples. A relapse sample P#104R was reported as A4-7 by PCR, and
A3-7 by MLPA (Fig. 1 and Supplement Fig. 1). We detected A2-7 only by PCR
in P#218R1. P#218R1 is a first relapse sample and matched second relapse sam-
ple (P#218R2) were found to carry A2-7 and A4-8 by PCR and A3-7 by MLPA
(Fig. 1 and Supplement Fig. 2). In addition to genomic PCR results, rare deletions
Al, A1-6, A2-8, A2-3, and A3 were also determined in six independent cases by
MLPA.

We did not know the ERG deletion status of the patients, but we could stratify the
samples as IKZF'1 plus according to co-occurrences of CDKN2A, CDKN2B, PAXS5, or
PAR]I variations together with AIKZF1. Accordingly, six patients were classified as
IKZF P at diagnosis and four patients at relapse time (Fig. 1).

Five patients of 16 paired diagnose-relapse samples harbored AIKZFI. Three
of the patients (P#68, P#209, P#104) were wild type for AIKZF1I at diagnosis but
gained A4-7 at relapse. P#68 and P#104 developed early relapse and P#209 had late
relapse. P#3 developed early relapse and carried A4-7 both in diagnosis and relapse
time. Two patients matched first and second relapses were available for the analysis,
first relapse sample P#218R1 had A2-7 and matched second relapse P#218R2 har-
bored additional A4-8 deletion (Fig. 1). Another matched first and second relapse
samples, P#300R1 and P#300R2 both accumulated A4—7 deletion.

CRLF2 Expression in B-ALL

The diagnose and relapse samples of B-ALL patients were evaluated for CRLF2
overexpression. We set the CRLF?2 high expression threshold as described in Chen et
al. paper (Cario et al. 2010; Chen et al. 2012; Yano et al. 2014). To define the CRLF-
2high expression group, the lowest ACt values for CRLF2 expression (ACt=9.59) in
a patient with CRLF?2 genomic lesions were determined as a threshold. The patients
with ACt<9.59 values were classified as CRLF2"&" (Fig. 2). Accordingly, CRLF2
overexpression was detected in 30.95% (n=13) of the diagnose samples.

Clinical Characteristics According to IKZF1 Status and CRLF2 Expression

Comparing leukemic and clinical characteristics of diagnose and relapsed patients
with and without AIKZF 1, no significant differences (p > 0.05) were observed con-
cerning clinical variables (Table 1).

Diagnose patients’ OS mean was 200.31+11.88 months and EFS survival
mean was 134.73+8.07 months. Relapsed patients’ OS mean was 126.98 +25.65
months. The survival analysis, AIKZF1 were not found associated with inferior OS
rate (p=0.169) or inferior EFS rate (p=0.331) for diagnose samples (Supplement
Fig. 3). Furthermore, we evaluated IKZFI”" group for the survival rate and there
was a non-significant trend toward OS and EFS for patients with IKZFI17" (OS;
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Fig.2 CRLF?2 expression and survival analysis. A CRLF2 expressions were evaluated in 42 diagnose and
six relapse time samples. The patients with ACt<9.59 values were classified as high CRLF2 expressed
group and represented in red (n=13). B Overall survival according to CRLF2 expression. C Event-free
survival according to CRLF2 expression

p=0.294, EFS; p=0.452). Similarly, in relapse cohort, we did not observe survival
rate differences for AIKZF 1 alone (OS; p=0.655, EFS; p=0.331).

There were no significant associations between CRLF2"¢" and other clinical vari-
ables (Supplement Table 2). Diagnose CRLF2"¢" B-ALL patients did not show any
differences for EFS and OS compared to the CRLF2'°" cases (EFS; p=0.336, OS;
p=0.298). Similarly, Kaplan—Meier survival analysis did not reveal any significant
differences in EFS and OS in relapsed B-ALL patients with CRLF2 high and low
expression (EFS; p=0.795, OS; p=0.792) (Fig. 2).

Discussion

We investigated the incidence and prognostic impact of AIKZFI and CRLF?2 over-
expression in diagnose and relapsed pediatric B-ALL patients. 13% of diagnose
patients and 19% of first relapse B-ALL samples were carried AIKZF1. These
results are consistent with previous reports that detected the overall frequency range
of AIKZF1 as 4-15% at diagnose time in childhood ALL (Clappier et al. 2015;
Dorge et al. 2013; Hamadeh et al. 2019; Kicinski et al. 2023; Ma et al. 2015). IKZF1
deletions results in loss of IKAROS activity and increased hematopoietic stem-
cell like phenotype. Both common and rare /KZF] alterations were detected in our
cohort. Total deletion of IKZF1 and A4-7 were reported in about 60% of childhood
B-ALL patients and A2-3, A2-7, and A4-8 were detected less frequently (Clappier
et al. 2015). Similarly, A4—7 was the most common alteration both in our diagnose
and relapse groups which results in expression of the IK6 isoform (Mullighan et al.
2008, 2009; Olsson and Johansson 2015). This isoform is nonfunctional and leads
cytoplasmic localization of IKAROS and shows dominant negative effects in tran-
scription. Besides that, IKZFI deletions A1-6, A2-3, A2-7, A2-8, and A4-8 cause
reduced levels of IKAROS and haploinsufficiency (Sun et al. 1999a, b, c; Sun et al.
1999a, b, c; Sun et al. 1999a, b, c¢). Rare variants that cover exon 1 deletion (in our
cohort, Al and A1-6) were associated with the loss of IKZFI promoter. Besides
that, rare IKZF'1 deletion variants may impact the patient outcome and detection of
these alterations can contribute to risk assessment of the patients.
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CRLF?2 rearrangements, indels, and CNVs were detected in ALL and over-
expression of CRLF2 expression was reported approximately 7-42% of B-ALL
patients (Cario et al. 2010; Chen et al. 2012; Yano et al. 2014). In concordance
with the previous reports, we detected 31% (13/42) of patients with CRLF2 over-
expression. High CRLF2 expression is frequently accompanied by activated
variations of IKZF1, JAKI, JAK2, and IL7RA (Forero-Castro et al. 2017; Harvey
et al. 2010; Tasian et al. 2017). In our cohort, two patients carried AIKZFI and
one patient had concomitant JAK?2 variation and AIKZFI. But we did not find
any differential presentation of IKZF1 alterations in CRLF2 high expressed sub-
type. The prognostic value of the high CRLF2 expression was found controversial
in different ALL study cohorts (Cario et al. 2010; Chen et al. 2012; Ensor et al.
2011). We did not find any statistically significant association between CRLF-
2high expressed patients for survival rates. A pediatric study reported a significant
correlation between CRLF2M#" expression and shorter EFS only within high-risk
children (Chen et al. 2012). In our cohort, high-risk group of patients’ number
was limited, and further prospective studies are required to understand the prog-
nostic value of the CRLF?2 overexpression.

Various studies suggested IKZF alterations as an inferior prognostic marker
in pediatric ALL (Clappier et al. 2015; Kuiper et al. 2010; Moorman et al. 2014;
Mullighan et al. 2009; Sutton et al. 2018; Yang et al. 2011). However, we did not
find any correlation between AIKZFI, IKZFI"™ or CRLF2 overexpressed groups
and survival outcomes. IKZF "™ group was suggested as unfavorable factor in pedi-
atric B-ALL and frequently related with BCR::ABL, BCR::ABL-like, and KMT2A
rearranged ALL (Stanulla et al. 2018). The poor prognosis associated with IKZF1-
altered B-ALL may be influenced by coexisting other high-risk factors like low
hypodiploidy or other genetic changes. For example, patients who carried ERG dele-
tions co-occurred with IKZF1 alterations did not show an inferior therapy response
(Clappier et al. 2014; Zaliova et al. 2014). Especially AIKZFI combined with MRD
levels are associated with increased risk of relapse and poor outcome in the litera-
ture (Stanulla et al. 2018). However, limited patient number and lack of MRD based
follow-up data, hypodiploidy status and ERG deletion information were the limita-
tions of the study.

The pathogenic effect of AIKZF] may vary depending on the lost site; IKZF'1
A2-7, A2-8, A4-7 alterations were associated with adverse clinical outcomes
(Bedics et al. 2023; Boer et al. 2016). In our cohort, a diagnose sample with A2-8
alteration had a good response to chemotherapy, and no recurrency or other events
were observed during the follow-up period. On the other hand, two of five patients
with IKZF1 A4-7 alteration developed disease progression or relapse. Three
relapse patients who did not show any IKZFI alteration at diagnosis, they gained
A4-7 alteration at relapse and the patients preserved A4-7 alteration in the second
relapse. Moreover, IKZF1 A2-7 alterations were only detected in relapsed samples
and showed persistency in a patient’s second relapse as well. Accordingly, AIKZF ]
seemed to occur more often in relapse than diagnosis and preserved at the time of
relapse strongly indicating that AIKZFI appears as a secondary hit during leukemo-
genesis. Our data support the possible contribution of IKZFI1 A4-7, A2-7 altera-
tions to therapy failure in B-ALL.
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MLPA is commonly used for detection of IKZF1 deletions due to cost-effec-
tiveness and accurate results. In parallel to MLPA analysis, we amplified A2-7,
A4-7, and A4-8 alterations by PCR. The PCR screening revealed additional
AIKZF]1 that were not detected by MLPA analysis for the corresponding ampli-
cons. Mismatches in MLPA primer binding site or lower tumor load can be the
reason of MLPA failure. A discordancy between MLPA and PCR results was
detected in a relapse sample who reported A4-7 by PCR and A3-7 by MLPA.
This sample might harbor A3 in addition to A4-7 alteration. MLPA has the
advantage of detecting other region/gene deletions but, the PCR method is cheap
and has higher sensitivity than MLPA. Mitchell et al. demonstrated that PCR is a
powerful technique for detection of IKZFI deletion (Mitchell et al. 2021). There-
fore, PCR can be used to detect selected region alterations of IKZF1 especially in
low-middle-income countries where it might be hard to access MLPA analysis.

In conclusion, our results revealed that AIKZF1 is more common in relapsed
samples which supports the therapy resistance in B-ALL. On the other hand, no
association identified between survival outcomes of childhood B-ALL patients
and AIKZF1, IKZFI""™, or CRLF2 overexpression groups. Further large-scale
cohort studies are required to clarify the prognostic value of AIKZFI and other
accompanied alterations in pediatric ALL. Besides the prognostic value of these
markers, new targeted drugs, drug repurposing studies and/or combinational ther-
apy approaches are important for the development of more efficient ALL therapy.
Therefore, robust screening of common genetic alterations such as AIKZF]I is
valuable in ALL, and PCR based method is an efficient and rapid way to detect
IKZF deletions in a cost-efficient way.
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