
Am J Blood Res 2013;3(2):165-173
www.AJBlood.us /ISSN:2160-1992/AJBR1303004

Original Article
Refinement of IKZF1 recombination hotspots in  
pediatric BCP-ALL patients

Claus Meyer1*, Udo zur Stadt2*, Gabriele Escherich3, Julia Hofmann1, Renata Binato4, Thayana da Conceição 
Barbosa5, Mariana Emerenciano5, Maria S Pombo-de-Oliveira5, Martin Horstmann6, Rolf Marschalek1

1Institute of Pharmaceutical Biology/ZAFES, Goethe-University of Frankfurt, Biocenter, Max-von-Laue-Str. 9, 
D-60438 Frankfurt/Main, Germany; 2Center for Diagnostic, University Medical Center Hamburg Eppendorf, Mar-
tinistr. 52, Hamburg, Germany; 3University Medical Center Hamburg Eppendorf, Clinic of Pediatric Hematology/
Oncology, Hamburg, Germany; 4Bone Marrow Transplantation Unit, Instituto Nacional de Câncer, Rio de Janei-
ro, RJ, Brazil; 5Pediatric Hematology-Oncology Program, Research Center, Instituto Nacional de Câncer, Rio de 
Janeiro, RJ, Brazil; 6Childhood Cancer Research Institute and Clinic of Pediatric Hematology and Oncology, UKE, 
University of Hamburg, Hamburg, Germany. *contributed equally.

Received March 19, 2013; Accepted April 21, 2013; Epub May 5, 2013; Published May 15, 2013

Abstract: Chromosomal translocations resulting in chimeric fusion genes are prototypic for pediatric leukemia pa-
tients. The most known fusions are ETV6-RUNX1 or BCR-ABL1 in B-cell progenitor (BCP)-ALL, and rearrangements 
of MLL in pediatric ALL and AML. Genome-wide sequencing projects have revealed additional, recurrent gene muta-
tions in B cell malignancies. One of these mutations comprises the IKZF1 gene, encoding the IKAROS transcription 
factor which is one of the essential transcription factors driving lymphoid development. IKZF1 deletions were first 
identified by SNP arrays in ALL patients, and later identified with a high prevalence in BCR-ABL1+ patients. IKZF1 de-
letions turned out to be an independent prognostic marker associated with a poor outcome. Here, we characterized 
IKZF1 deletions in pediatric BCP-ALL patients by combining MLPA mapping experiments with long distance inverse 
PCR. The aim of our study was also to compare existing methods with our approach. Our attempt confirmed many of 
the existing data but revealed a more complex pattern of recombination sites, including a total of 4 recombination 
hotspots. This extended knowledge was translated into a novel, multiplex PCR assay that allows to perform IKZF1 
deletion analyses by using a 2-tube PCR approach.
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Introduction

Genetic prerequisites for developing acute leu-
kemia have been characterized during the past 
decades. Besides well known fusion genes 
novel genome-wide technologies (e.g. high-res-
olution SNP arrays or whole genome sequenc-
ing) also allow to identify complementing gene 
mutations. This allows to draw important con-
clusions about genetic prerequisites of hema-
tological malignancies [1]. Mutant genes have 
been identified that affect general pathways 
important for DNA repair, cell cycle, epigenetics, 
transcription, differentiation and signaling. All 
these changes are helping to render pre-can-
cerous cells independent of their environment 
and to convert them into a tumor-initiating 
cells.

One of the identified gene mutations concerns 
the IKZF1 gene located at 7p12, encoding the 
IKAROS transcription factor. IKAROS has been 
identified to be involved in B lineage develop-
ment [2]. The biology of IKZF1 is quite complex 
because this gene, consisting of 8 exons, 
encodes 11 different splice variants (see Figure 
1A) [3-5]. Five of those translate into proteins 
that are transcriptional activators (1, 2, 2a, 3, 
3a) while six result in dominant-negative 
IKAROS versions (4, 4a, 5, 6, 7, 8). Importantly, 
exons 4 to 6 of the IKZF1 gene encode four 
independent zinc finger domains of which three 
are necessary for DNA binding. The large exon 8 
encodes 2 additional zinc fingers which, how-
ever, are required for homodimerization of the 
different IKAROS variants. Binding of any domi-
nant-negative IKAROS version to an active one 
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always result in transcriptional repression. 
Moreover, IKAROS heterodimers are frequently 
associated with pericentromeric heterochro-
matin, which is in line with the finding that 
IKAROS transcription factors are mainly 
involved in pathways that control the shut-off of 

genes during development [5, 6]. On the other 
hand, IKAROS is also involved in the regulation 
of the hypothalamic-pituitary-adrenal (HPA) 
axis, known to control body stress reactions 
and to coordinate the inflammatory/immune 
response (see Figure 1B) [7].

Figure 1. The human IKZF1 gene and its role in the biology. A. Summary of IKZF1 transcripts. IKZF1 is composed of 
8 exons, of which the first one is noncoding. Several splice forms of IKZF1 transcripts have been described in the 
literature (n=11). Important functional domains are encoded by exon 4-6 (4 zinc fingers) and exon 8 (2 zinc fingers). 
At least 3 N-terminal zinc fingers are necessary for DNA binding. Therefore, 6 out of 11 IKZF1 splice variants are 
described to encode dominant-negative versions of IKAROS, because they are still able to dimerize with bona fide 
protein variants via the C-terminal zinc finger domains. B. The complex biology behind IKAROS protein variants is 
necessary to (a) regulate hypothalamic-pituitary-adrenal axis. IKAROS steers with TPIT and PITX transcription fac-
tors the corticotrophic and melanotrophic gene expression; (b) control hematopoietic development. IKAROS deter-
mines the devlopment of NK, T and B cells in concert with PU.1, GATA factors and the other depicted transcription 
factors. C. Overview of the results of the MLPA analysis of the 48 identified IKZF1-deleted BCP-ALL patients (that 
exhibited 50 breakpoints). All deletions within the IKZF1 gene can be clustered into 4 different groups (indicated by 
the 3 colored panels and a fourth group of leukemia patients that lost their complete IKZF1 allele). Four different 
recombination hotspots (HS1-4) and a single upstream breakpoint (UBRX) were identified. Two of these 4 patient 
classes can be readily analyzed by the established multiplex PCR reactions A and B, respectively. The third group 
can only be investigated by LDI-PCR analyses. The fourth group can only be detected by MLPA analyses. D. The gene 
structure of human IKZF1 is shown. Exons are depicted as rectangles. Below: Sizes of the individual introns and the 
3-NTR (in brackets). There is a gap of about 30 kb for which no sequence data are available from public databases. 
Thus intron 3 must be divided in intron 3a (6,016 bp) and intron 3b (36,908 bp), separated by a gap (hampering 
our LDI-PCR analyses because no oligonucleotides can be designed). Published fusion sites between HS1 and 
HS3 or HS2 and HS3 are indicated by red or green dots. All fusion sites identified in this study are indicated by red 
(5’-breakpoint) and green (3’-breakpoint) triangles above the gene structure and by black lines below the gene 
structure. Each breakpoint could be assigned to a patient by its UPN. In addition, a small portion of the COBL gene 
is shown. The tail-to-tail gene fusion between IKZF1 intron 1 and COBL intron 5 is due to an interstitial deletion of 
about 800,000 kb between 7p12 and 7p12.1. The novel HS4 breakpoint is located about 11.6 kb downstream of 
the IKZF1 gene. Patients identified by the published direct genomic PCR approach are indicated as non-numbered 
“patients” (n=16).
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IKAROS is part of a complex regulatory network 
involving the hematopoietic transcription fac-
tors E2A, EBF(1-3) and PAX5 to steer lympho-
cyte development. A homozygous knock-out of 
the murine Ikaros gene was associated with a 
complete loss of B, NK and T cells in the trans-
genic model [8]. In addition, IKZF1 belongs to of 
a gene family (IKZF1=IKAROS, IKZF2=HELIOS 
and IKZF3=AIOLOS), whose members share 
similar gene structures, exhibit a number of 
splice variants and are all involved in lympho-
cytic lineage decisions (see Figure 1B) [5]. 
Noteworthy, mutated members of this gene 
family are frequently identified in different 
hematological cancers (IKZF1*: BCP-ALL, BCR-
ABL1, BCR-ABL1-like; IKZF2*: T-ALL; IKZF3*: 
BCP-ALL).

The first study demonstrating the importance 
of IKZF1 deletions in leukemia was published in 
2007. Genome wide SNP array analyses of 242 
patients revealed that several genes involved in 
B-lineage development can be mutated in BCP-
ALL patients [9]. These efforts identified - 
besides PAX5, E2A, EBF1, LEF1 - the first IKZF1 
and IKZF3 deletions. These initial findings have 
been validated by a second study that investi-
gated 40 leukemia patients [10]. The study 
identified again recurrent submicroscopic dele-
tions in several genes linked to B lineage devel-
opment (PAX5, EBF1, TCF4, IKZF1 and others). 
Blocking key proteins required for proper B cell 
development will result in more immature cells 
which consequently will increase the risk for 
poorer outcome. Exactly this has been noted in 
clinical studies where either a BCR-ABL1-like 
subgroup with poor clinical course was defined 
by microarray transcription studies [11], or, 
where it was demonstrated that leukemia 
patients with IKZF1 deletions have a poorer 
clinical outcome [12]. Noteworthy, about 80% 
of all investigated BCR-ABL1+ ALL patients dis-
played an IKZF1 deletions [13], and leukemia 
patients bearing an IKZF1 deletion are all clas-
sified as high-risk ALL patients. The clinical 
effects of IKZF1 deletions and the results from 
basic research have been thoroughly reviewed 
[14].

Iacobucci and coworkers investigated a series 
of 106 patients with BCR-ABL1+ ALL [15]. Of 
those, 80 patients were positive for an IKZF1 
deletion as detected by high-resolution SNP 
arrays. By using different genomic PCR strate-

gies, 63 out of these 80 patients could be suc-
cessfully analyzed at the genomic level. 
Interestingly, 44 patients (of which 32 could be 
characterized at the nucleotide level) displayed 
a ∆4-7 deletion that results in the expression of 
a dominant-negative IKAROS variant. The other 
19 patients (of which 18 could be character-
ized at the nucleotide level) displayed a ∆2-7 
IKZF1 deletion. This kind of deletion will result 
in an IKAROS protein that is composed of 13 
amino acids of the first exon and 237 amino 
acids encoded by exon 8. The function of this 
protein variant is unknown, as it is not repre-
sented in the naturally occuring 11 splice 
variations.

The aim of our study was to extend the current 
knowledge about genetic events affecting the 
IKZF1 gene and to further improve the routine 
analysis of IKZF1 deletion. We applied long-
distance inverse PCR (LDI-PCR) and long dis-
tance PCR (LD-PCR), that have been success-
fully used to clone genomic fusion sites in many 
acute leukemia patients [16, 17]. We investi-
gated a cohort of 72 pediatric BCP-ALL patients 
that was positively screened for a genetic rear-
rangement of IKZF1. Since the applied LDI-PCR 
method is completely unbiased, we were also 
able to identify ∆2-3, ∆2-8, ∆4-7 and ∆4-8 
deletione of IKZF1 and a first tail to tail fusion 
of IKZF1 with COBL due to an interstitial dele-
tion at 7p. Based on our data, we refined the 
current knowledge on submicroscopic dele-
tions of the IKZF1 gene which in turn will enable 
other investigators to more precisely map 
IKZF1 deletions in the future.

Material and methods

Patient material

Seventy-two pediatric BCP-ALL patient samples 
with a deletion in IKZF1 as assessed by MLPA 
analysis were included in this study. All patients 
with copy number alterations of greater than 2 
IKZF1 exons were classified as IKZF1-deleted 
patients. Fifty-six patients younger than 18 
years with newly diagnosed ALL were registered 
in the German CoALL study, and sixteen 
Brazilian children with BCP-ALL were enrolled in 
the Immunophenotyping-Genotyping Study of 
Childhood Acute Leukemia [18]. Informed con-
sent was obtained from all patients or patients’ 
parents/legal guardians and control 
individuals.
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Figure 2. Design of the study. A total of 72 patients were identified as “IKZF1-deleted” (more than 2 exons of IKZF1 
were lost). Some patients have been classified by MLPA analyses as “∆6” (n=3) and “∆8” (n=1); these patients have 
been included in our study. The patients with IKZF1 ∆2-7 and ∆4-7 were directly analyzed by available PCR tests 
(n=16). All others (n=40) and the 16 patients from Brazil were directly subjected to LDI-PCR analyses. The obtained 
information was translated into the establishment of a multiplex PCR method which allows for identification of 
IKZF1-deleted patients by two independent PCR reaction (MP-PCR A and B). The novel method was validated in a 
cohort of 88 unscreened pediatric ALL patients. These analyses revealed 8 positive patients.

MLPA analyses to detect IKZF1 deletions

Deletions within the IKZF1 gene were analyzed 
by using multiplex ligation-dependent probe 
amplification (SALSA MLPA P202 probemix 
and/or SALSA MLPA P335-A3/4, MRC Holland, 
Amsterdam, The Netherlands). All analyses 
were performed according to the manufactur-
er’s recommendations.

Establishing an LDI-PCR method for the detec-
tion of genomic IKZF1 deletions

LDI-PCR experiments were in principle per-
formed as described recently [19], with the fol-
lowing modification: genomic patient DNA sam-
ples were digested either with the restriction 
endonuclease BamHI/BglII (BB), AvrII/NheI/
SpeI (ANS) or Acc65I/BsrGI (AB) before DNA 
religation reactions were carried out. After PCR 
analyses, all non-germline PCR fragments were 
cut out from the gel and subjected to DNA 
sequence analysis. Obtained sequence data 
were blasted against the human genome (NCBI 

database) and aligned to germline gene 
sequences. All primer used to perform LDI-PCR 
or multiplex PCR experiments are listed in 
Supplementary Table S1A-C.

Results

MLPA analyses revealed different groups of 
IKZF1 deletion patients

MLPA analyses were performed in a cohort of 
about 356 pediatric BCP-ALL patients. Several 
of the patients were selected because they had 
a relapse, and thus, our cohort was presumably 
biased towards a poorer outcome. In 72 
patients (20%), copy number aberrations of 
IKZF1 exons were identified. The outline of our 
study is schematically depicted in Figure 2. 
According to the obtained MLPA data, several 
patient groups can be defined. A first group 
exhibited only IKZF1 ∆2-7 or ∆4-7 deletions. 
This group (n=16) was analyzed by LD-PCR with 
the already established primer sets according 
to Iacobucci at al 2009 [15]. A second group 
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comprised 40 MLPA+ leukemia patients that 
were classified as IKZF1 ∆1-3 (n=1), ∆1-7 (n=1), 
∆1-8 (n=16), ∆2-3 (n=6), ∆2-7 (n=3), ∆2-8 
(n=4), ∆3-7 (n=1), ∆4-7 (n=4) and ∆4-8 (n=4). 
This group was investigated by LDI-PCR. A third 
group came from Brazil (n=16) and contained 
leukemia patients with IKZF1 ∆1-8 (n=6), ∆4-7 
(n=3), ∆4-8 (n=2), ∆2,3,6 (n=1), ∆6 (n=3) and 
∆8 (n=1). This group was also analyzed by LDI-
PCR to investigate the unbiased incidence in a 
test cohort.

Fine mapping of internally deleted IKZF1 
genes

All 16 patients of MLPA+-group 1 exhibited the 
classical IKZF1 ∆2-7 and ∆4-7 deletions which 
were successfully analyzed by applying the 
published LD-PCR strategy [15]. All other 
patients of MLPA+-group 2 and 3 were charac-
terized as follows: two patients bear an IKZF1 
allele that resulted from recombination event 
between IKZF1 intron1 (see Figure 1D, Hot 
Spot 1; HS1) and intron 7 (Hot Spot 3; HS3). 
Fourteen patients bear an IKZF1 allele that 
resulted from a recombination event between 
IKZF1 intron 3b (Hot Spot 2; HS2) and intron 7 
(HS3). All breakpoints are indicated as red (5’-
break) and green numbers (3’-break) below the 
IKZF1 gene structure (Figure 1D), while the pri-
mary DNA sequence of all genomic breakpoints 
are listed in Supplementary Table S2.

LDI-PCR experiments provide the possibility to 
identify any kind of genetic rearrangement 
(small deletions, inversions or duplications; 
chromosomal translocations, larger interstitial 
deletions, etc). Thus, we conducted LDI-PCR 
experiments as outlined in material and meth-
ods to clone the recombination sites in differ-
ent IKZF1-deleted patients. However, LDI-PCR 
analyses of IKZF1-deleted patients turned out 
to be rather complicated. As summarized in 
Figure 1C and in Figure 2, only 20 out of 40 
MLPA+ patients of group 2 and only 4 out of 16 
MLPA+ patients of group 3 were successfully 
analyzed. One reason for the low success rate 
was the high number of patients that carried a 
deletion of all IKZF1 exons (∆1-8 patients; 
n=22). In these cases neither LDI-PCR nor any 
other type of PCR technique can be applied 
because the chromosomal breakpoints are 
located far outside of the IKZF1 gene.

During our studies, we identified a fourth 
recombination hotspot (HS4) that is located 
about 11 kb downstream of the IKZF1 polyA 
site. This novel HS4 represents a 3’-break site 
which was identified in 11 patients (1, 5, 6, 7, 9, 
10, 32, 45, 47a, 65a and 123). This novel find-
ing gave us the opportunity to perform addition-
al LDI-PCR experiments from this downstream 
site, but all 22 patients which were negative in 
the first round of screening, remained also neg-
ative in the second round of analyses. Thus, 

Figure 3. PCR results of investigated IKZF1 deleted patients. Results of the multiplex PCR in different patient sub-
groups are displayed. Left: multiplex PCR reaction A is able to readily identify IKZF1 ∆2-3 leukemia patients. Middle: 
multiplex PCR reaction B was used to characterize IKZF1 ∆2-8, IKZF1 ∆4-1 and IKZF1 ∆4-8 leukemia patients. 
Right: two examples of our unbiased screening of 88 BCP-ALL patients revealed two patients with both IKZF1 al-
leles partially deleted: both patients (Pts #47 and #65) displayed an IKZF1 ∆4-7 and an IKZF1 ∆4-8 deletion. Lane 
1 in panel “∆4-8” was a negative control (Pt #4). Patient #4 was defined by MLPA analysis to carry an IKZF1 ∆1-8 
deletion, and thus, exhibits a larger deletion of chromosome 7. Such patients can neither be positively analyzed by 
MP-PCR nor by LDI-PCR. Lane 3 in panel “∆2-8” represents patient #3 that was identified to carry the IKZF1-COBL 
fusion. Therefore, this patient fails to show any amplification by MP-PCR.
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the larger chromosomal deletions present in 
these patients hampered any kind of reason-
able analysis.

The mapped deletion sites of 24 patients 
belonging to group 2 and 3 (displayed in Figure 
1D) revealed that not all patients have their 
breakpoints in vicinity of the already published 
hotspots (HS1-3). 5’-breaks within IKZF1 intron 
1 (HS1) are not only limited to recombinations 
at HS1 but are rather clustering over a larger 
genomic region (n=16) or were even located far 
upstream (~120 kb; n=1). Similar findings were 
obtained for 5’-breaks within IKZF1 intron 3b 
(HS2), where most patients exhibited their 
gene-internal recombination events (n=33). 
Nearly all 3’-breaks clustered at HS3 (n=28) 
located within IKZF1 intron 7, but we also iden-
tified a breakpoint upstream of HS3 (n=1), one 
in IKZF1 exon 8 (n=1), and another one in the 
3’-UTR (n=1). As already mentioned above, a 
large series of patients exhibited their 3’-breaks 
in a tiny region located about 11.6 kb down-
stream of the poly(A) site (n=11). This recombi-
nation hotspot is responsible for all character-
ized IKZF1 ∆4-8 deletions, resulting in a protein 
variant that is per se not capable of forming 
heterodimers with other bona fide IKAROS pro-
tein variants. Thus, these genetic events can 
be regarded as functional knock-out of one 
IKZF1 allele. Interestingly, about 120 and 240 
bp downstream of the novel 11 kb downstream 
recombination site, two putative 3’-splice 
acceptor sites were identified (+123: 
TCCCTCCTGCCAG; +243: TCATCCTCCTCTCAG), 
together with a putative bona fide poly-A site 
(+350: AATAAA). Therefore, transcripts encod-
ed by these mutant IKZF1 genes contain exon 
1 and exon 2 sequences fused to the 11 kb 
downstream region, where the putative signal 
sequences may allow proper post-transcription-
al processing, which is a prerequisite for nucle-
ar export of such mRNAs and their translation 
in the cytosol.

In addition, we identified a yet undescribed 
interstitial deletion that involved the IKZF1 and 
the COBL genes located at 7p12 and 7p12.1, 
respectively. This larger deletion has a size of 
~800 kb and fused IKZF1 intron 1 with COBL 
intron 5 in a tail-to-tail fashion. The resulting 
gene fusion exhibit two promoter regions which 
may allow transcription of the first non-coding 
exon of IKZF1 and the first 5 COBL exons (the 
first 5 exons encode 261 out of 1,261 amino 

acids), but none of these transcripts will result 
in a functional protein. The interstitial deletion 
also led to a deletion of 3 additional genes 
(FIGNL1, DCC, GRB10). The FIGNL1 protein is 
assumed to play a role in osteoblast prolifera-
tion, while the DCC protein represents a tumor 
suppressor protein that is frequently deleted in 
colon cancer cells. GRB10 is a SH2-domain 
protein that is involved in the insuline/IGF1 sig-
naling pathway, and is linking the IGF1 with the 
RAS/RAF signaling pathway.

Analysis of RAG1/2 recognition signal se-
quences in recombined IKZF1 alleles

We also investigated the hypothesis that most 
of these illegitimate recombination events were 
presumably caused by RAG1/RAG2 mediated 
recombination. Therefore we aimed to identify 
potential RAG1/RAG2 recognition signal 
sequences (RSS) that flank the recombination 
sites. Per definition, these sites should be 
located within the deleted region. As shown in 
the Supplementary Table S2, sequence homol-
ogous to the known RAG1/RAG2 RSS 
(CACAGTG-12/23-ACAAAACC or GGTTTTGT-
23/12-CACTGTG) has been identified for all 
characterized fusion alleles of the investigated 
patients near to the sequenced recombination 
sites. Based on these analyses, we validated 
the hypothesis that mutant forms of the IKZF1 
gene, identified in leukemia patients, lost one 
of their IKZF1 allele due to an illegitimate, 
RAG1/RAG2-mediated recombination process. 
Moreover, the four hotspots are presumably 
exhibiting the best consensus sites for these 
RAG1/RAG2-mediated illegitimate recombina-
tion events.

Establishing an Multiplex-PCR method for the 
detection of genomic IKZF1 deletions

Based on the data obtained in this study, a 
novel diagnostic PCR assay was established to 
simplify the diagnosis of genomic IKZF1 dele-
tions. By using 2 different multiplex PCR reac-
tions (A and B) we were able to demonstrate the 
presence of different IKZF1 deletions (∆2-3, 
∆2-8, ∆4-7 and ∆4-8). Unfortunately, larger 
deletions affecting the whole IKZF1 gene or 
deletions that comprise exon 1 of IKZF1 (IKZF1 
∆1-7, ∆1-8) cannot be detected by this method. 
As shown in Figure 3, the A-reaction mix of our 
established multiplex PCR was able to identify 
the genomic fusion in 4 out of 4 patients (Pts 
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#13, #14, #15 and #17) that we characterized 
to carry an IKZF1 ∆2-3 deletion. The B-reaction 
mix of our established multiplex PCR was able 
to identify the genomic fusion in 11 out of 12 
patients. Three out of 4 patients with IKZF1 
∆2-8 deletions were positively identified. 
Patient 3 must be negative in this analysis 
because this patient exhibits the above 
described tail-to-tail fusion with the COBL gene 
(see above). All three patients selected for the 
IKZF1 ∆4-7 fusion and 5 out of 5 patients that 
carried the IKZF1 ∆4-8 deletion were also posi-
tively identified. Similarly, patient #4 in the 
panel ∆4-8 was used as a negative control, 
because this patient carries a complete IKZF1 
gene deletion.

After having established this novel diagnostic 
method, we validated the MP-PCR method on a 
cohort of 88 unselected pediatric ALL patients 
(see Figure 2). Within this validation group, we 
were able to identify 8 additional patients to 
carry an IKZF1 deletion. Surprisingly, 2 of these 
8 patients had both alleles of IKZF1 deleted 
(see Figure 3, right panel: Pts 47 and 65). Both 
displayed an HS2-HS3 and HS2-HS4 recombi-
nation event. The other 6 patients displayed 
IKZF1 ∆2-3 (n=2; HS1-HS2), ∆4-7 (n=3; HS2-
HS3) and ∆4-8 (n=1; HS2-HS4) deletions. 
These experiments successfully validated our 
novel multiplex PCR method.

Discussion

Using a combined experimental approach 
(MLPA screening in combination with LDI- or 
LD-PCR) we attempted to assess IKZF1 dele-
tions in pediatric BCP-ALL patients. By applying 
these technologies, we extended the current 
knowledge of recombination hotspot 1 (HS1) 
and 2 (HS2), because we obtained a more scat-
tered pattern of recombination events within 
IKZF1 intron 1 and intron 3b (see Figure 2D). 
We also confirmed the existence of HS3 and 
HS4, of which the latter one was recently identi-
fied to be located about 11.6 kb downstream of 
the IKZF1 gene [20]. Recombination events 
involving HS4 were mainly found in patients dis-
playing IKZF1 ∆2-8 and ∆4-8 deletions. These 
genetic hotspots are presumably caused by the 
action of RAG1/RAG2 heterodimers that are 
normally used in lymphoid precursor cells to 
recombine Immunoglobuline and T-cell recep-
tor genes. This assumption is strongly support-

ed by DNA sequence motifs that are flanking 
the deletion site and which are highly similar to 
the known RAG1/RAG2 recognitions signal 
sequences (see Supplementary Table S2).

Based on these extended findings we devel-
oped a 2-tube multiplex PCR assay (tube A 
and B), able to readily identify intragenic IKZF1 
deletions. This method was validated in the 
cohort of 88 pediatric BCP-ALL patients. This 
unselected cohort revealed about 9% positive 
cases. According to our data, about half of 
IKZF1 deleted leukemia patients can be diag-
nosed by the 2-tube multiplex PCR method, 
while the remaining 50% of patients carry larg-
er deletions at chromosome 7p that could nei-
ther be analyzed by the established MLPA (all 
negative) nor by any other type of PCR analysis. 
These patients can only be identified by more 
costly CNA analyses.

IKZF1 deletions are frequently observed in 
BCR-ABL1 positive ALL patients (up to 80%), in 
BCR-ABL-like leukemia patients and in BCP-ALL 
patients [9, 13, 14]. Since IKZF1-deletions 
have a prognostic impact on the outcome of 
patients, the yet established MLPA test can be 
combined with any available PCR system to 
generate a rapid diagnostic read-out to identify 
patients. Sequencing the obtained PCR amplim-
ers allows to establish a patient-specific bio-
marker which might be useful for subsequent 
MRD monitoring. According to our experience 
with genomic fusion sites as MRD markers, the 
sensitivity of these assays allow to trace resid-
ual tumor cells in a concentration between 10-4 
and 10-5, depending on the available primary 
DNA sequences. This could be important for 
those patients for which alternative MRD mark-
ers are not available or lost during therapy. Two 
recent studies have already demonstrated that 
it is a feasible strategy when applied to leuke-
mia patients that bear IKZF1 deletions [20, 21]. 
Thus, the analysis of IKZF1 deletions may not 
only be of scientific interest but may also be of 
benefit for the molecular surveillance of thera-
peutic treatment response.
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Supplementary Table S1. List of oligonucleotides used in LDI-PCR experiments and Multiplex PCR

A. The following oligonucleotides were used throughout this study:

In order to identify IKZF1 deletions that occurred within intron 1, religated DNA circles of the BB digests were 
analyzed with IKZF1.I1.R1 x IKZF1.I1.F1B, IKZF1.I1.R1 x IKZF1.I1.F2, IKZF1.I1.R1 x IKZF1.I1.F3, IKZF1.I1.R5 x 
IKZF1.I1.F5, IKZF1.I1.R5 x IKZF1.I1.F6, IKZF1.I1.R5 x IKZF1.I1.F7, IKZF1.I1.R5 x IKZF1.I1.F8, IKZF1.I1.R5 x IKZF1.
I1.F9 and IKZF1.I1.R5 x IKZF1.I1.F10; religated DNA circles of ANS digests were analyzed with IKZF1.I1.R2 x IKZF1.
I1.F1B, IKZF1.I1.R2 x IKZF1.I1.F2, IKZF1.I1.R4 x IKZF1.I1.F4, IKZF1.I1.R6 x IKZF1.I1.F6, IKZF1.I1.R6 x IKZF1.I1.F7, 
IKZF1.I1.R6 x IKZF1.I1.F8, IKZF1.I1.R6 x IKZF1.I1.F9 and IKZF1.I1.R6 x IKZF1.I1.F10; religated circles of AB digests 
were analyzed with IKZF1.I1.R2 x IKZF1.I1.F1B, IKZF1.I1.R3A x IKZF1.I1.F2, IKZF1.I1.R3 x IKZF1.I1.F3 and IKZF1.
I1.R3 x IKZF1.I1.F4.

In order to identify IKZF1 deletions that occurred within intron 4, religated DNA circles of the BB digests were 
analyzed with IKZF1.I3.R1 x IKZF1.I3.F1, IKZF1.I3.R1 x IKZF1.I3.F2, IKZF1.I3.R1 x IKZF1.I3.F3, IKZF1.I3.F4 x IKZF1.
I3.R5 and IKZF1.I3.F4 x IKZF1.I3.R4; religated DNA circles of ANS digests were analyzed with IKZF1.I3.R2 x IKZF1.
I3.F1, IKZF1.I3.R2 x IKZF1.I3.F2 and IKZF1.I3.R2 x IKZF1.I3.F3; religated circles of AB digests were analyzed with 
IKZF1.I3.R3 x IKZF1.I3.F1, IKZF1.I3.R3 x IKZF1.I3.F2 and IKZF1.I3.R3 x IKZF1.I3.F3.

In order to identify IKZF1 deletions that occurred within IKZF1 intron 7, religated DNA circles of the BB digests were 
analyzed with IKZF1.I7.F3 x IKZF1.I7.R3 and IKZF1.I7.F3 x IKZF1.I7.R2; religated DNA circles of ANS digests were 
analyzed with IKZF1.I7.F7 x IKZF1.E8.R6; religated circles of AB digests were analyzed with IKZF1.I7.F6 x IKZF1.
I7.R5, IKZF1.I7.F6 x IKZF1.I7.R4 and IKZF1.I7.F6 x IKZF1.I7.R3.

 In order to analyze the novel 3‘ recombination hotspot, religated DNA circles of the ANS digests were analyzed with 
IKZF1.HS.F2 x IKZF1.HS.R1, IKZF1.HS.F2 x IKZF1.HS.R2 and IKZF1.HS.F2 x IKZF1.HS.R3; religated circles of AB 
digests were analyzed with IKZF1.HS.F1 x IKZF1.HS.R2 and IKZF1.HS.F1 x IKZF1.HS.R3. The primary sequence of 
all oligonucleotides is listed under B.

Multiplex-PCR for genomic IKZF1 deletions. The Multiplex A-Mix contains the following 16 oligonucleotides: IKZF1.
I1.F1B, IKZF1.I1.F2, IKZF1.I1.F3, IKZF1.I1.F4, IKZF1.I3.R2, IKZF1.I3.R4, IKZF1.I3.R5, IKZF1.I3.R6, IKZF1.I3.R7, 
IKZF1.I3.R8, IKZF1.I3.R9, IKZF1.I3.R10, IKZF1.I3.R11, IKZF1.I3.R12, IKZF1.I3.R13 and IKZF1.I3.R14. The Multiplex 
B-Mix contains the following 9 oligonucleotides: IKZF1.I1.F1B, IKZF1.I1.F2, IKZF1.I1.F3, IKZF1.I1.F4, IKZF1.I3.F2, 
IKZF1.I7.R4, IKZF1.E8.R6, IKZF1.3U.R1 and IKZF1.HS.R2. The primary sequence of all oligonucleotides is listed 
under C.

B. List of oligonucleotides used in LDI-PCR experiments

IKZF1.I1.R1 5´-TATGCACCTGCAGTCCCAACAACCTACTTA-3´
IKZF1.I1.R2 5´-CATGCCTGACAGAGAGGAGTACTTTCCAAG-3´
IKZF1.I1.R3 5´-GTCGATATCCTTTGGTTTTAGGTGCTCTGC-3´
IKZF1.I1.R3A 5´-AGCCTGTGTAAAACTCTTCGAAAGGGTCAA-3´
IKZF1.I1.R4 5´-CTATTCCAATCCATGCAAGCACACAAAGAA-3´
IKZF1.I1.R5 5´-CCCGTAACATTTCAAACAATGCACCTGTAA-3´
IKZF1.I1.R6 5´-GTTTATTGAGCCGCCATGGTAGAAGCATAC-3´
IKZF1.I1.F1B 5´-AGTTCACTTCTGTCAAGCGTCTGTTGCTCT-3´
IKZF1.I1.F2 5´-TGGATGTGTGTGTTTCATGCGTGGTTAATA-3´
IKZF1.I1.F3 5´-TCATGTGGACCATGGCTTTCTTGTATTTCT-3´
IKZF1.I1.F4 5´-TGGCTGAAAATGGGTCCTAATTAGTGGAAA-3´
IKZF1.I1.F5 5´-GTTTGAGTTTCAAAATGTCCACCTGAAATGA-3´
IKZF1.I1.F6 5´-AACGTGAACACAGAGGACTGTCTCCAACTC-3´
IKZF1.I1.F7 5´-CTAGGGAGAAAGAGGCATCACCATCAGACT-3´
IKZF1.I1.F8 5´-ATTTAGACCTCCCAAGTCAGTGAGCAGTCC-3´
IKZF1.I1.F9 5´-TTTCTCTGGAAGCAAAGCCACTTTTACGAG-3´
IKZF1.I1.F10 5´-TCAGCCTAATTGAGAGGGTAAGATCCCTGA-3´
IKZF1.I3.R1 5´-CCCAATTGATGTTAAAATTGGACTGGACCT-3´
IKZF1.I3.R2 5´-GATGGCACTGGCAGTCATTTCTCTATGTCT-3´
IKZF1.I3.R3 5´-GCTTGGGTCTCTGAAGGTAATCAAAACAGG-3´
IKZF1.I3.F1 5´-AAGCTTCAGTTCTCTGCCTTACCAGAATCG-3´
IKZF1.I3.F2 5´-GAATTGCTTCACGATCACATAACACAATGC-3´
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IKZF1.I3.F3 5´-TTAGAAGTCTGGAGTCTGTGAAGGTCACACC-3´
IKZF1.I3.R4 5´-TCTAGGAAGGACTTGGGCACATTGAAGAAT-3´
IKZF1.I3.R5 5´-CTGTTACTGCCTGCAGGATAGACTTCTGGA-3´
IKZF1.I3.F4 5´- CTCTCTGACCAGCACATGTTGATGCTGTAT-3´
IKZF1.I7.F3  5´-TCATGATGACTGTTGCTCAGAGTGGCTATT-3´
IKZF1.I7.F6 5´-AAGAAGCCAAATCTAGGCTCTGGTTTCACC-3´
IKZF1.I7.F7 5´-AACACACAGAGCTCACCTGTTTGAAACCAA-3´
IKZF1.I7.R2 5´-AGGACCTCACTCCTACTCCGTTCAGGAAG-3´
IKZF1.I7.R3 5´-CACCTTTTAATTTTAGGGCTGCAGAAGCTG-3´
IKZF1.I7.R4 5´-ACAGACCATAGAGTCCCTCCTAGGGGAAAA-3´
IKZF1.I7.R5 5´-AAGGAGGGTTGATAAGGAGGGTTTTGTGTC-3´
IKZF1.E8.R6 5´-TTCATCATTTCGTTCTCCTTCTCGTAGCTG-3´
IKZF1.HS.F1 5´-TCAATTCTTGCATAAACCCTGCTAACATGC-3´
IKZF1.HS.F2 5´-GGGGAAGAGATTTCTATTGTGCTGGTCATT-3´
IKZF1.HS.R1 5´-GCAGTTTCAAAATGATTTCATCCCAGTCAG-3´
IKZF1.HS.R2 5´-TGTTCTCTCTTGCTTCAACCAGACACAATG-3´
IKZF1.HS.R3 5´-TATTGCACGTCTCGGTTTCTGTTTTGTAGG-3´

C. List of oligonucleotides used in Multiplex-PCR experiments:

Primer Set A

IKZF1.I1.F1B 5´-AGTTCACTTCTGTCAAGCGTCTGTTGCTCT-3´
IKZF1.I1.F2 5´-TGGATGTGTGTGTTTCATGCGTGGTTAATA-3´
IKZF1.I1.F3 5´-TCATGTGGACCATGGCTTTCTTGTATTTCT-3´
IKZF1.I1.F4 5´-TGGCTGAAAATGGGTCCTAATTAGTGGAAA-3´
IKZF1.I3.R1 5´-CCCAATTGATGTTAAAATTGGACTGGACCT-3´
IKZF1.I3.R2 5´-GATGGCACTGGCAGTCATTTCTCTATGTCT-3´
IKZF1.I3.R4 5´-TCTAGGAAGGACTTGGGCACATTGAAGAAT-3´
IKZF1.I3.R5 5´-CTGTTACTGCCTGCAGGATAGACTTCTGGA-3´
IKZF1.I3.R6 5´-TCTCGGCACTTACACACACTCTCTTTAGGC-3´
IKZF1.I3.R7 5´-GGTACCCCAACCCATCCTTATACATGACAC-3´
IKZF1.I3.R8 5´-CTGGCACTTCTGTCAAAACCTCACATCTCT-3´
IKZF1.I3.R9 5´-CTTCCGGGTCCAGGATCTCCATATAACAAT-3´
IKZF1.I3.R10 5´-TTTCATATAAAATGCTGCGAACACCTTGGA-3´
IKZF1.I3.R10B 5´-GCAAGCAGCCAGTTTTACAATAACCTTTGC-3´
IKZF1.I3.R11 5´-TATTCTCTTTCACAGGACAGTTTCCCAGCA-3´
IKZF1.I3.R12 5´-AATGTACACTGTTAGTCCCCACCTGACCAA-3´
IKZF1.I3.R13 5´-TGACTGAGACATAATGGACAAGAGCCCAAT-3´
IKZF1.I3.R14 5´-CAAGGACTCTATGACTCGGTACCACTTGGA-3´

Primer Set B

IKZF1.I1.F1B 5´-AGTTCACTTCTGTCAAGCGTCTGTTGCTCT-3´
IKZF1.I1.F2 5´-TGGATGTGTGTGTTTCATGCGTGGTTAATA-3´
IKZF1.I1.F3 5´-TCATGTGGACCATGGCTTTCTTGTATTTCT-3´
IKZF1.I1.F4 5´-TGGCTGAAAATGGGTCCTAATTAGTGGAAA-3´
IKZF1.I3.F2 5´-GAATTGCTTCACGATCACATAACACAATGC-3´
IKZF1.I7.R4 5´-ACAGACCATAGAGTCCCTCCTAGGGGAAAA-3´
IKZF1.E8.R6 5´-TTCATCATTTCGTTCTCCTTCTCGTAGCTG-3´
IKZF1.3U.R1 5´-CTTCTCCCTCTCATATTGGGATCTCATTGG-3´
IKZF1.HS.R2 5´-TGTTCTCTCTTGCTTCAACCAGACACAATG-3´
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Supplementary Table S2. Primary DNA sequence of all patient-specific genomic fusion sites within the IKZF1 gene, including putative RSS sequences 
     
     

Patient 1: Intron 1 (2,871) - 11,653 3' of 3-UTR  [∆ exon 2-8] 
 
                                                       CACAGTG    - 12 -  ACAAAAACC 
                                                       |||||||            |||   | 
TTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTATA-----CACACTGTCACACACACACACACTTAAAATTCAGATGAGGAACAAGATAG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTATA-GAA-GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
                                                       |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTGT-----GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
          | ||||| |                       ||  ||| 
          GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 2: Intron 1 (2,869) - 2,780 of 3-UTR [∆ exon 2-8] 
 
                                                         CACAGTG   - 12 -   ACAAAAACC 
                                                         |||| ||            |||   | 
CATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTA-----TACACACTGTCACACACACACACACTTAAAATTCAGATGAGGAACAAGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTA-AAA-AGATTCCATGCACTCTCGTTGTGTTTGAAGTAAATATTGGAGACCGGAGG 
                                                       |||||||||||||||||||||||||||||||||||||||||||||||||| 
TGATGGCGTGAGTGTGTGTCTTGGGTACCGCTGTGTACTACTGTGTGCCT-----AGATTCCATGCACTCTCGTTGTGTTTGAAGTAAATATTGGAGACCGGAGG 
       ||   |||                        |||||| 
      GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 3: Intron 1 (2,866) - COBL Intron 5 (-)[∆ exon 2-8] 
 
                                                                  CACAGTG          - 23 -       ACAAAAACC 
                                                                  |||| ||                       ||| || | 
GTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCA-----------TTATACACACTGTCACACACACACACACTTAAAATACACACACACACACT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCA-CTCGGACCC-TATCCAAGTCAGTAAACCTAAACAGAAAAACGTTATCTGCTCAGGACTAT 
                                                             |||||||||||||||||||||||||||||||||||||||||||||||||| 
AACACTCAGAAGCTCTACACCTATGGGGTAGTGTGTGTTAAACAGAGTGG-----------TATCCAAGTCAGTAAACCTAAACAGAAAAACGTTATCTGCTCAGGACTAT 
                       |   ||             ||  ||| 
                    GGTTTTTGT    - 12 -   CACTGTG 
 
 



IKAROS deletions in ALL 
 

4 

Patient 5: Intron 3b (6,866) - 11,653 3' of 3-UTR [∆ exon 4-8] 
 
                                                      CACAGTG   - 12 -   ACAAAAACC 
                                                      |||||||            || |||| 
AATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATC---CCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGA 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
AATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATC-A-GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
                                                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTGT---GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
          | ||||| |                       ||  ||| 
          GGTTTTTGT       - 23 -          CACTGTG 
 
 
Patient 6: Intron 3b (6,851) - 11,097 3' of 3-UTR [∆ exon 4-8] 
 
                                                                             CACAGTG - 12//23 - ACAAAAACC 
                                                                             |||||||            || |||| 
GCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAA-----------AATTATTAGTACATCCCACAGTGAATTACCACCTTACTAAAATATTCATG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAA-CCCCCTCGA-TGTTTCTTTCTTTCCCCACATCAAGGGTCTACGTGGAATAGTGCTTTTCC 
                                                             |||||||||||||||||||||||||||||||||||||||||||||||||| 
CATTTCACACCTGGAAGGAACATCATGACGCCAGAACCTGCAGCACAGTG-----------TGTTTCTTTCTTTCCCCACATCAAGGGTCTACGTGGAATAGTGCTTTTCC 
            ||                             ||| ||| 
            GGTTTTTGT     - 12//23 -       CACTGTG 
 
 
Patient 7: Intron 3b (6,863) - 11,653 3' of 3-UTR [∆ exon 4-8] 
 
                                                              CACAGTG   - 12 -   ACAAAAACC 
                                                              |||||||            || |||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC--------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-CTTCAG-GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
                                                          |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTGT--------GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
          | ||||| |                       ||  ||| 
          GGTTTTTGT        - 23 -         CACTGTG 
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Patient 9: Intron 3b (6,865) - 11,653 3' of 3-UTR [∆ exon 4-8] 
 
                                                        CACAGTG   - 12 -   ACAAAAACC 
                                                        |||||||            || |||| 
AAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACAT----CCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
AAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACAT-AA-GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
                                                      |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTGT----GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
          | ||||| |                       ||  ||| 
          GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 10: Intron 3b (6,863) - intron 7 (4,069) [∆ exon 4-7] 
 
                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                            |||||||            || |||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-GTGC-AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
                                                        |||||||||||||||||||||||||||||||||||||||||||||||||| 
AGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGG------AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
           | |||||                          ||||| 
          GGTTTTTGT           - 23 -      CACTGTG 
 
 
Patient 12: Intron 3b (6,863) - intron 7 (4,075) [∆ exon 4-7] 
 
                                                                 CACAGTG   - 12 -   ACAAAAACC 
                                                                 |||||||            || |||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-----------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-CCCCTCCCC-CAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCT 
                                                             |||||||||||||||||||||||||||||||||||||||||||||||||| 
TTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACAT-----------CAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCT 
     | ||||  |                        ||||| 
     GGTTTTTGT        - 23 -        CACTGTG 
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Patient 13: Intron 1 (4,061) - intron 3b (18,501) [∆ exon 2-3] 
 
                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                            |||||||             || |   
CTTGCATGGATTGGAATAGCCATTGTGTTCTTCCGTCTTCCCTGCTGGTG------TTTCCACAGTGGGTGGCCTGAGCCCAGAGCAGCTCCCCATATCCCTGTGC 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CTTGCATGGATTGGAATAGCCATTGTGTTCTTCCGTCTTCCCTGCTGGTG-CCGC-CAATCGCTGTGCTTGGGCCCTACCTCCTGGAGACCAGGGTGGGACGGTGT 
                                                        |||||||||||||||||||||||||||||||||||||||||||||||||| 
CAGGAGGATGTGGAAACCCAGTTACAAGATGACACACAAGCACAGTGTCA------CAATCGCTGTGCTTGGGCCCTACCTCCTGGAGACCAGGGTGGGACGGTGT 
     || | | |                           ||| ||| 
     GGTTTTTGT         - 23 -           CACTGTG 
 
 
Patient 14: Intron 1 (2,869) - intron 3b (14,048) [∆ exon 2-3] 
 
                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                            |||||||            |||   | 
CATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTA--------TACACACTGTCACACACACACACACTTAAAATTCAGATGAGGAACAAGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTA-CCCCCG-GCCTAAAGAGAGTGTGTGTAAGTGCCGAGAGAGTGTATGAGGGACTTGCC 
                                                          |||||||||||||||||||||||||||||||||||||||||||||||||| 
CTGCTGGGAATTACAATAAGAAAGAACCATTTAATCATTTTTACAACTGT--------GCCTAAAGAGAGTGTGTGTAAGTGCCGAGAGAGTGTATGAGGGACTTGCC 
          ||    |                            |||||| 
        GGTTTTTGT          - 23 -           CACTGTG 
 
 
Patient 15: Intron 1 (4,060) - intron 3b (27,998) [∆ exon 2-3] 
 
                                                               CACAGTG        - 23 -          ACAAAAACC 
                                                               |||||||                         | |   ||   
GCTTGCATGGATTGGAATAGCCATTGTGTTCTTCCGTCTTCCCTGCTGGT--------GTTTCCACAGTGGGTGGCCTGAGCCCAGAGCAGCTCCCCATATCCCTGTG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GCTTGCATGGATTGGAATAGCCATTGTGTTCTTCCGTCTTCCCTGCTGGT-CCTAGG-GAAGTGGGAAGTGTCTTGACAGAATTCGGTGTTTCAAGGCTTACACTTTG 
                                                          |||||||||||||||||||||||||||||||||||||||||||||||||| 
TAATGTCTAATAATATATTACAGTATTCTTCATATTCAATGGCAATGTGT--------GAAGTGGGAAGTGTCTTGACAGAATTCGGTGTTTCAAGGCTTACACTTTG 
                      || ||  |            || |||| 
                     GGTTTTTGT   - 12 -   CACTGTG 
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Patient 16: Intron 1 (988) - intron 3b (4,466) [∆ exon 2-3] 
 
                                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                                            ||||  |             |  
GACATTCAAATGCTTTTAAGGCCAGGTTCAATTTGGTTATGAGTCGAGGG--------------GTGGGGGGGACCCACATAGAAATGTCCTGGGTCCTCTTGAGTTTATTTCT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GACATTCAAATGCTTTTAAGGCCAGGTTCAATTTGGTTATGAGTCGAGGG-AAAGCAGCCCAG-ACCCCAGCCTTCCTGTGAAAGGGACACCTCCTGCTGCTAACCGCTGCTCT 
                                                                |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAATCTGCTCCGCACTGGCATGTGAATCTGCTCCGCAGTGTGCAGCCCAA--------------ACCCCAGCCTTCCTGTGAAAGGGACACCTCCTGCTGCTAACCGCTGCTCT 
     |  |                          || |||| 
   GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 17: Intron 1 (796) - intron 3b (28,002) [∆ exon 2-3] 
 
                                                             CACAGTG         - 23 -       ACAAAAACC 
                                                             ||   |                        | | ||| 
TTGCTTAGGTTACCCACTCACAATTTCCCACTGCGCCGCAGGCAGTATAT---------TTCAGCTTTGAGATACCTTGTTTTAAAATTCCAGACAAAATGGTGTTGAG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TTGCTTAGGTTACCCACTCACAATTTCCCACTGCGCCGCAGGCAGTATAT-CGGGGGA-TGGGAAGTGTCTTGACAGAATTCGGTGTTTCAAGGCTTACACTTTGATGC 
                                                           |||||||||||||||||||||||||||||||||||||||||||||||||| 
GTCTAATAATATATTACAGTATTCTTCATATTCAATGGCAATGTGTGAAG---------ACAGTATTCTTCATATTCAATGGCAATGTGTGAAGCTTACACTTTGATGC 
                  || ||  |            || |||| 
                 GGTTTTTGT   - 12 -   CACTGTG 
 
 
Patient 32: Intron 1 (2,879) – 11,106 3' of 3-UTR [∆ exon 4-8] 
 
                                                              CACAGTG   - 12 -   ACAAAAACC 
                                                              ||   |             ||| | || 
GGCACATGTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGG----------ATCAGCATTATACACACTGTCACACACACACACACTTAAAATTCAGATGA 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GGCACATGTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGG-CCTTCGGG-CTTTCCCCACATCAAGGGTCTACGTGGAATAGTGCTTTTCCACAGAGTAG 
                                                            |||||||||||||||||||||||||||||||||||||||||||||||||| 
CCTGGAAGGAACATCATGACGCCAGAACCTGCAGCACAGTGTGTTTCTTT----------CTTTCCCCACATCAAGGGTCTACGTGGAATAGTGCTTTTCCACAGAGTAG 
   ||                             || |||| 
   GGTTTTTGT        - 23 -        CACTGTG 
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Patient 44: Intron 3b (6,866) - intron 7 (4,067) [∆ exon 4-7] 
 
                                                               CACAGTG   - 12 -   ACAAAAACC 
                                                               |||||||            || ||||   
AATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATC------------CCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGA 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
AATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATC-GTGGAGGAGG-GGAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATT 
                                                              |||||||||||||||||||||||||||||||||||||||||||||||||| 
TGAGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGT------------GGAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATT 
             | |||||                          ||||| 
            GGTTTTTGT        - 23 –         CACTGTG 
 
 
Patient 45: Intron 3b (6,867) – 11,653 3' of 3-UTR [∆ exon 4-8] 
 
                                                         CACAGTG   - 12 -   ACAAAAACC 
                                                         |||||||            || ||||   
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-------CACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-GGGGG-GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
                                                         |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTGT-------GGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGATC 
          | ||||| |                       ||  ||| 
          GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 47a: Intron 3b (6,862) – 11,097 3' of 3-UTR [∆ exon 4-8] 
 
                                                             CACAGTG   - 12 -   ACAAAAACC 
                                                             |||||||            || ||||   
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-CTCCA-TGTTTCTTTCTTTCCCCACATCAAGGGTCTACGTGGAATAGTGCTTTTCC 
                                                         |||||||||||||||||||||||||||||||||||||||||||||||||| 
CATTTCACACCTGGAAGGAACATCATGACGCCAGAACCTGCAGCACAGTG-------TGTTTCTTTCTTTCCCCACATCAAGGGTCTACGTGGAATAGTGCTTTTCC 
            ||                             ||| ||| 
            GGTTTTTGT        - 23 -        CACTGTG 
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Patient 47b: Intron 3b (6,868) - intron 7 (4,070) [∆ exon 4-7] 
 
                                                        CACAGTG   - 12 -   ACAAAAACC 
                                                        |||||||            || ||||   
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-------ACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGATT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-CGTGG-AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
                                                         |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGA-------AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
          | |||||                          ||||| 
         GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 51: Intron 1 (2,086) - intron 3b (28,545) [∆ exon 2-3] 
 
                                                                     CACAGTG   - 12 -  ACAAAAACC 
                                                                     ||||| |            ||     |   
AAATAAATTCCATGTGCATATGCACATATGCACACAGAGCGTGCACACAC---------ACAGCATGCACACAGCGTGGAGTGAGAGGCATGGGGCAGTGTGGAAGAGT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
AAATAAATTCCATGTGCATATGCACATATGCACACAGAGCGTGCACACAC-TCCCCCA-AAGCACATCCATATGGAGGCAATCAGTTTATGCTACCTCTGTCTGTTTGA 
                                                           |||||||||||||||||||||||||||||||||||||||||||||||||| 
ACAACAAGAACAGCAAAGGTTATTGTAAAACTGGCTGCTTGCAGGCCAAC---------AAGCACATCCATATGGAGGCAATCAGTTTATGCTACCTCTGTCTGTTTGA 
       |                             |     | 
       GGTTTTTGT        - 23 -       CACTGTG 
 
 
Patient 53: Intron 3b (6,581) - intron 7 (4,068) [∆ exon 4-7] 
 
                                                                      CACAGTG   - 12 -   ACAAAAACC 
                                                                      |||||||            || |||| 
AGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGA----AATTATTAGTACATCCCACAGTGAATTACCACCTTACTAAAATATTCATG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
AGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGA-TC-GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
                                                      |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTG----GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
            | |||||                         ||||| 
           GGTTTTTGT        - 23 -         CACTGTG 



IKAROS deletions in ALL 
 

10 

Patient 63: Intron 1 (4,497) - intron 3b (4,384) [∆ exon 2-3] 
 
                                                             CACAGTG  - 12 -  ACAAAAACC 
                                                               || |            |     | 
TGTCTGGTCTTCCTTTCTTCGTTTTTTCCTCCCTTGTCTTCTCTGTCATT---CCCTTCCCTCCATTTGCCTTGCCTTTCCTGTCCTTCCCTTCCCTTCCTTC 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TGTCTGGTCTTCCTTTCTTCGTTTTTTCCTCCCTTGTCTTCTCTGTCATT-C-AGTTCCACCTTGGCACCCATGTCCTCATAGCCCAAGCGGGGCCACCCTGG 
                                                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
CAAAGAGAGAAAGAGAAGCAGCAAGCTGCCTGCCTGCAGCCTGAGAAAGC---AGTTCCACCTTGGCACCCATGTCCTCATAGCCCAAGCGGGGCCACCCTGG 
      |     |                       ||   || 
     GGTTTTTGT       - 23 –         CACTGTG 
 
 
Patient 65a: Intron 3b (6,868) – 11,652 3' of 3-UTR [∆ exon 4-8] 
 
                                                             CACAGTG   - 12 -   ACAAAAACC 
                                                             |||||||            || ||||   
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC------------ACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGATT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-CCTTGTCTCT-TGGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGAT 
                                                              |||||||||||||||||||||||||||||||||||||||||||||||||| 
TGAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTG------------TGGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGAT 
           | ||||| |                       ||  ||| 
           GGTTTTTGT        - 23 -         CACTGTG 
 
 
Patient 65b: Intron 3b (6,868) - intron 7 (4,071) [∆ exon 4-7] 
 
                                                    CACAGTG   - 12 -   ACAAAAACC 
                                                    |||||||            || ||||   
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC---ACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGATT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-C-ACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTAT 
                                                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
AACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAA---ACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTAT 
         | ||||  |                        ||||| 
         GGTTTTTGT        - 23 -        CACTGTG 
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Patient 74: Intron 3b (6,863) - intron 7 (4,078) [∆ exon 4-7] 
 
                                                                  CACAGTG   - 12 -   ACAAAAACC 
                                                                  |||||||            || ||||   
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC------------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-CCCGAACAGG-GTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAA 
                                                              |||||||||||||||||||||||||||||||||||||||||||||||||| 
TAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACATCAA------------GTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAA 
  | ||||  |                        ||||| 
  GGTTTTTGT         - 23 -       CACTGTG 
 
 
Patient 97: Intron 3b (6,868) - intron 7 (4,071) [∆ exon 4-7] 
 
                                                      CACAGTG   - 12 -   ACAAAAACC 
                                                      |||||||            || ||||   
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-----ACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGATT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-GGG-ACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTAT 
                                                       |||||||||||||||||||||||||||||||||||||||||||||||||| 
AACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAA-----ACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTAT 
         | ||||  |                        ||||| 
         GGTTTTTGT        - 23 -        CACTGTG 
 
 
Patient 113: 123,017 5' of 5-UTR  – exon 8 (35) [∆ exon 1-7] 
 
                                                     CACAGTG   - 12 -    ACAAAAACC 
                                                     || |                |  |||||      
AAAATCATTGTTAAAGAAAATAGTCACTTATTCATTTCCGCCAAGAGATG---CATATATCCCTTGAATCTGCATTAAAACATTCAGCTTCTCAAATCACTTT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
AAAATCATTGTTAAAGAAAATAGTCACTTATTCATTTCCGCCAAGAGATG-T-AGCGCCAGCTACGAGAAGGAGAACGAAATGATGAAGTCCCACGTGATGGA 
                                                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
GCCTGCTTTCCACAGGGGACAAGGGCCTGTCCGACACGCCCTACGACAGC---AGCGCCAGCTACGAGAAGGAGAACGAAATGATGAAGTCCCACGTGATGGA 
       ||                             | ||  | 
     GGTTTTTGT        - 23 -          CACTGTG 
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Patient 123: Intron 3b (6,863) - 11652 3' of 3-UTR [∆ exon 4-8] 
 
                                                                     CACAGTG   - 12 -   ACAAAAACC 
                                                                     |||||||            || ||||   
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC---------------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-TCCCAGCCGCCCA-TGGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGAT 
                                                                 |||||||||||||||||||||||||||||||||||||||||||||||||| 
TGAGGACATGTGCTTTTTCTCAAGCAGGCACACTGGTCCCTTTCAAGGTG---------------TGGGCTGACATGCTGGCTCTCTTCCCTGTATGCCGAGACATGCTTGGGAT 
           | ||||| |                       ||  ||| 
           GGTTTTTGT       - 23 -          CACTGTG 
 
 
Patient 1868: Intron 3b (6,868) - intron 7 (4,070) [∆ exon 4-7] 
 
                                                       CACAGTG   - 12 -   ACAAAAACC 
                                                       |||||||            || ||||   
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC------ACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGATT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCCC-TCGG-AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
                                                        |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGA------AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
          | |||||                          ||||| 
         GGTTTTTGT          - 23 -        CACTGTG 
 
 
Patient 407: Intron 3b (6,867) - intron 7 (4,067) [∆ exon 4-7] 
 
                                                     CACAGTG   - 12 -   ACAAAAACC 
                                                     |||||||            || ||||   
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC---CACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-A-GGAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATT 
                                                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
TGAGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGT---GGAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATT 
             | |||||                          ||||| 
            GGTTTTTGT        - 23 -         CACTGTG 
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Patient 778: Intron 3b (6,846) - intron 7 (4,070) [∆ exon 4-7] 
 
                                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                                            |||||||            || ||||  
CTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATC-----TCAGAAATTATTAGTACATCCCACAGTGAATTACCACCTTACTAAAATAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATC-GAG-AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
                                                       |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGA-----AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
          | |||||                          ||||| 
         GGTTTTTGT        - 23 -         CACTGTG 
 
 
Patient 1766: Intron 3b (6,843) - intron 7 (4,075) [∆ exon 4-7] 
 
                                                                                     CACAGTG   - 12 -   ACAAAAACC 
                                                                                     |||||||            || ||||   
CTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGG-----------ATCTCAGAAATTATTAGTACATCCCACAGTGAATTACCACCTTACTAAAATA 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGG-TTAAAGGGA-CAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCT 
                                                             |||||||||||||||||||||||||||||||||||||||||||||||||| 
TTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACAT-----------CAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCT 
     | ||||  |                        ||||| 
     GGTTTTTGT        - 23 -        CACTGTG 
 
 
Patient 1784: Intron 3b (6,859) - intron 7 (4,083) [∆ exon 4-7] 
 
                                                                                        CACAGTG   - 12 -   ACAAAAACC 
                                                                                        |||||||            || ||||   
CTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTA--------------GTACATCCCACAGTGAATTACCACCTTACTAAAATA 
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTA-CCCCCTCCTCTG-GTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
                                                                                |||||||||||||||||||||||||||||||||||| 
TTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACATCAAGTCTACAAGTCTA--------------GTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
     | ||||  |                        ||||| 
     GGTTTTTGT       - 23 -         CACTGTG 
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Patient 1752: Intron 3b (6,848) - intron 7 (4,072) [∆ exon 4-7] 
 
                                                                                CACAGTG   - 12 -   ACAAAAACC 
                                                                                |||||||            || |||| 
CCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTC----------AGAAAATTATTAGTACATCCCACAGTGAATTACCACCTTACTAAAATATT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTC-CTACTACG-CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
                                                            |||||||||||||||||||||||||||||||||||||||||||||||||| 
ACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAA----------CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
        | ||||  |                        ||||| 
        GGTTTTTGT         - 23 -       CACTGTG 
 
 
Patient 1823: Intron 3b (6,859) - intron 7 (4,084) [∆ exon 4-7] 
 
                                                                                        CACAGTG   - 12 -   ACAAAAACC 
                                                                                        |||||||            || |||| 
TCTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTA-------------GTACATCCCACAGTGAATTACCACCTTACTAAAATA 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
TCTTCTCCCAGCCCATAGGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTA-CCCCAAAACAA-TGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
                                                                                |||||||||||||||||||||||||||||||||||| 
TTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACATCAAGTCTACAAGTCTAG-------------TGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
     | ||||  |                        ||||| 
     GGTTTTTGT        - 23 -        CACTGTG 
 
 
Patient 686: Intron 3b (6,863) - intron 7 (4,072) [∆ exon 4-7] 
 
                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                            |||||||            || |||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-GCCG-CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
                                                        |||||||||||||||||||||||||||||||||||||||||||||||||| 
ACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAA------CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
        | ||||  |                        ||||| 
        GGTTTTTGT        - 23 -        CACTGTG 
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Patient 400: Intron 3b (6,864) - intron 7 (4,068) [∆ exon 4-7] 
 
                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                            |||||||            || |||| 
TAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACA-------TCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACA-CCCGT-GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
                                                         |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTG-------GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
            | |||||                          ||||| 
           GGTTTTTGT        - 23 -         CACTGTG 
 
 
Patient 1287: Intron 3b (6,863) - intron 7 (4,072) [∆ exon 4-7] 
 
                                                                 CACAGTG   - 12 -   ACAAAAACC 
                                                                 |||||||            || |||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC---------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-TCGAGGG-CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
                                                           |||||||||||||||||||||||||||||||||||||||||||||||||| 
ACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAA---------CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
        | ||||  |                        ||||| 
        GGTTTTTGT        - 23 -        CACTGTG 
 
 
Patient 990: Intron 3b (6,867) - intron 7 (4,069) [∆ exon 4-7] 
 
                                                              CACAGTG   - 12 -   ACAAAAACC 
                                                              |||||||            || ||||   
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC------------CACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-GGAACGGAGA-AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
                                                              |||||||||||||||||||||||||||||||||||||||||||||||||| 
AGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGG------------AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
           | |||||                          ||||| 
          GGTTTTTGT          - 23 -       CACTGTG 
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Patient 632: Intron 3b (6,859) - intron 7 (4,072) [∆ exon 4-7] 
 
                                                                  CACAGTG   - 12 -   ACAAAAACC 
                                                                  |||||||            || |||| 
GGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTA--------GTACATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATA 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GGGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTA-CAGGTG-CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
                                                          |||||||||||||||||||||||||||||||||||||||||||||||||| 
ACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAA--------CATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATT 
        | ||||  |                        ||||| 
        GGTTTTTGT        - 23 -        CACTGTG 
 
 
Patient 1208: Intron 3b (6,867) - intron 7 (4,068) [∆ exon 4-7] 
 
                                                         CACAGTG   - 12 -   ACAAAAACC 
                                                         |||||||            || ||||   
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-------CACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-GGATT-GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
                                                         |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTG-------GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
            | |||||                          ||||| 
           GGTTTTTGT        - 23 –         CACTGTG 
 
 
Patient 1864: Intron 3b (6,860) - intron 7 (4,069) [∆ exon 4-7] 
 
                                                             CACAGTG   - 12 -   ACAAAAACC 
                                                             |||||||            || |||| 
GGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAG----TACATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATAC 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
GGTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAG-GA-AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
                                                      |||||||||||||||||||||||||||||||||||||||||||||||||| 
AGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGG----AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
           | |||||                          ||||| 
          GGTTTTTGT         - 23 -        CACTGTG 
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Patient 139: Intron 3b (6,863) - intron 7 (4,081) [∆ exon 4-7] 
 
                                                                   CACAGTG   - 12 -   ACAAAAACC 
                                                                   |||||||            || |||| 
GTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-----------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||||| 
GTATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-CCCCCTCTA-TAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAATGC 
                                                               |||||||||||||||||||||||||||||||||||||||||||||||||| 
AGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACATCAAGTC-----------TAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAATGC 
 | |||||                          |||||                                                                       
GGTTTTTGT        - 23 -         CACTGTG 
 
 
Patient 141: Intron 3b (6,863) - intron 7 (4,068) [∆ exon 4-7] 
 
                                                            CACAGTG   - 12 -   ACAAAAACC 
                                                            |||||||            || |||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC------ATCCCACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAAATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTAC-CTTT-GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
                                                        |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTG------GAAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTT 
            | |||||                          ||||| 
           GGTTTTTGT        - 23 -         CACTGTG 
 
 
Patient 140: Intron 3b (6,863) - intron 7 (2,470) [∆ exon 4-7] 
 
                                                        CACAGTG   - 12 -   ACAAAAACC 
                                                        |||||||            || ||||   
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC------CACAGTGAATTACCACCTTACTAAAATATTCATGGGTATATACTATGGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
ATAATCTGAATTGACGGCATCCAGGGATCTCAGAAATTATTAGTACATCC-GGGG-GCTTCTGCAGCCCTAAAATTAAAAGGTGAGTGAGTCTCTGAGGCCCCTCT 
                                                        |||||||||||||||||||||||||||||||||||||||||||||||||| 
CCCCGCTTCAACTTGATGAGATTTCCATCAGTCACTCCCAATGTGTCACA------GCTTCTGCAGCCCTAAAATTAAAAGGTGAGTGAGTCTCTGAGGCCCCTCT 
           | |||||                          ||||| 
          GGTTTTTGT         - 23 -        CACTGTG 
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Patient 1249: Intron 1 (2,871) - intron 7 (4,070) [∆ exon 2-7] 
 
                                                      CACAGTG   - 12 -   ACAAAAACC 
                                                      |||||||            |||   | 
TTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTATA----CACACTGTCACACACACACACACTTAAAATTCAGATGAGGAACAAGATAG 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTATA-GG-AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
                                                      |||||||||||||||||||||||||||||||||||||||||||||||||| 
GAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGA----AACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTA 
          | |||||                          ||||| 
         GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 1242: Intron 1 (2,869) - intron 7 (4,078) [∆ exon 2-7] 
 
                                                               CACAGTG - 12//23 - ACAAAAACC 
                                                               |||||||            |||   | 
CATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTA-----------TACACACTGTCACACACACACACACTTAAAATTCAGATGAGGAACAAGAT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGCATTA-CCCCTTCGG-GTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAA 
                                                             |||||||||||||||||||||||||||||||||||||||||||||||||| 
TAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGGAAACATCAA-----------GTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAA 
  | |||||                          ||||| 
 GGTTTTTGT       - 12//23 –      CACTGTG 
 
 
Patient 143: Intron 1 (2,865) - intron 7 (4,090) [∆ exon 2-7] 
 
                                                                   CACAGTG          - 23 -       ACAAAAACC 
                                                                   |||| ||                       ||| | || 
TGTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGC-----------ATTATACACACTGTCACACACACACACACTTAAAATACACACACACACAC 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
TGTACATTTTTGATCTAGGTCTTAGAAACGTAGAGTTTCAGAGGATCAGC-CTCGGACCC-GTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAATGCCTGAGGGTTC 
                                                             |||||||||||||||||||||||||||||||||||||||||||||||||| 
TGGCATTGCTTGTTGAATGTTGCTGTGGAAACATCAAGTCTAGTGTAACT-----------GTTTCTTCTTCAAGGTGATTTGCATTTTATTCCTGAATGCCTGAGGGTTC 
           | |   |||           ||    | 
           GGTTTTTGT   - 12 -  CACTGTG 
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Patient 142: Intron 1 (2,116) - intron 7 (4,069) [∆ exon 2-7] 
 
                                                           CACAGTG   - 12 -    ACAAAAACC 
                                                             |||||             |||  || | 
CACAGAGCGTGCACACACACAGCATGCACACAGCGTGGAGTGAGAGGCAT-------GGGGCAGTGTGGAAGAGTTTTAACATCAAACAGACCTGAAATGAGTATTA 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CACAGAGCGTGCACACACACAGCATGCACACAGCGTGGAGTGAGAGGCAT-CCCAC-AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
                                                         |||||||||||||||||||||||||||||||||||||||||||||||||| 
AGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGG-------AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
           | |||||                          ||||| 
          GGTTTTTGT         - 23 -        CACTGTG 
 
 
Patient 144: Intron 1 (809) - intron 7 (4,069) [∆ exon 2-7] 
 
                                                      CACAGTG   - 12 -   ACAAAAACC 
                                                       ||  ||            | | |||  
CCACTCACAATTTCCCACTGCGCCGCAGGCAGTATATTTCAGCTTTGAGA----TACCTTGTTTTAAAATTCCAGACAAAATGGTGTTGAGGAAATGTCTCCTT 
|||||||||||||||||||||||||||||||||||||||||||||||||| 
CCACTCACAATTTCCCACTGCGCCGCAGGCAGTATATTTCAGCTTTGAGA-CT-AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
                                                      |||||||||||||||||||||||||||||||||||||||||||||||||| 
AGAACTTTTTAGATTTTGCTGATGGCATTGCTTGTTGAATGTTGCTGTGG----AAACATCAAGTCTAGTGTAACTGTTTCTTCTTCAAGGTGATTTGCATTTT 
           | |||||                          ||||| 
          GGTTTTTGT          - 23 -       CACTGTG 

      
      

All gene internal, genomic fusion sites of IKZF1 deleted patients are listed. For each patient the UPN, the involved introns (nucleotide of recombination) and the type of deletion is indicated (in the 
brackets). Black sequences: 5'-break site. Green sequences: 3'-break site. Blue sequences: filler DNA, typically found after NHEJ-mediated DNA repair. Putative RSS are indicated above and below the 
displayed sequences and reflect the fact that these typical sequences must be part of the deleted region. 
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