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ABSTRACT (deutsch)

Die Aneuploidie ist ein charakteristisches Merkmal leukdmischer Zellen der Akuten Lymphoblastischen
Leukdamie der B-Zellreihe (Englisch: B-cell precursor acute lymphoblastic leukemia, BCP-ALL) im
Kindesalter. Zwei wesentliche Aneuploidie-Untergruppen, die sogenannte high hyperdiploidy und
hypodiploidy (Englisch), sind mit einer unterschiedlichen Prognose nach der Leukdmie-Ersterkrankung
assoziiert. High hyperdiploidy, allgemein definiert als Aneuploidie mit >50 Chromosomen oder einem
DNA-Index =21.16, tritt bei etwa 30% der Patienten auf und sagt eine hohe
Uberlebenswahrscheinlichkeit voraus. Im Gegensatz dazu ist die hypodiploidy mit <45 Chromosomen
eher selten (<2%) und betroffene Patienten haben sehr schlechte Heilungschancen nach der
Erstbehandlung. Fiir Kinder mit einem Rickfall (Rezidiv) der BCP-ALL ist die klinische Relevanz der
Aneuploidie noch weitgehend unbekannt. Wir untersuchten daher eine groRe Patientenkohorte
(n=413) mit erstem BCP-ALL-Knochenmarkrezidiv, die in Deutschland im Rahmen der multizentrischen
ALL-REZ BFM 2002-Rezidivstudie behandelt wurden, auf Aneuploidien. Da die konventionelle
Karyotypisierung bei Leukdmiezellen des Rezidivs hadufig nicht erfolgreich ist, wurde ein kombinierter
Ansatz aus DNA-Index-Messungen mittels Durchflusszytometrie und einer Kopienzahl-Analyse der
Zentromere mittels multiplex ligation-dependent probe amplification (MLPA) angewendet. Die
Ergebnisse der MLPA-Methode zeigten eine hohe Konkordanz zu Kopiezahl-Daten aus Fluoreszenz-in-
situ-Hybridisierungen und zu DNA-Index-Messungen. Eine nachfolgende Clusteranalyse der MLPA-
Daten identifizierte anschlieRend die verschiedenen Aneuploidie-Untergruppen anhand ihres Musters
an chromosomalen Zugewinnen. Die high hyperdiploidy wurde in 16% der Rezidive (n=64/413)
festgestellt, und die Patienten zeigten einen giinstigen Verlauf nach der Rezidivbehandlung mit einer
10-Jahres-Wahrscheinlichkeit des ereignisfreien Uberlebens (pEFS) von etwa 70%. Rezidive mit low
hyperdiploidy (n=42/413) hingegen erreichten ein signifikant schlechteres pEFS von nur 40% (P=0.007).
Drei Patienten mit scheinbarer high hyperdiploidy zeigten ein ungewdhnliches Muster ihrer
hinzugewonnenen Chromosomen sowie zusatzliche TP53-Mutationen. Eine anschlieRende Array-
basierte Allelotypisierung offenbarte einen hypodiploiden Ursprung dieser drei Rezidive, jedoch
konnte der hypodiploide Klon nicht mit DNA-Index, Karyotypisierung oder Fluoreszenz-in-situ-
Hybridisierung nachgewiesen werden (sogenannte maskierte hypodiploidy). Insgesamt hatten die
Patienten mit maskierter (n=3) oder offensichtlicher (n=8) hypodiploidy beim Rezidiv ein besonders
schlechtes pEFS von 9% nach der Rezidivbehandlung (P=0.001). Bemerkenswert ist, dass die aktuelle
Behandlungsstrategie flir BCP-ALL-Rezidive solche maskierten hypodiploidy-Falle aufgrund ihres
glnstigen klinischen Erscheinungsbildes beim Rezidiv nicht als Hochrisikopatienten identifizierte. In
der multivariaten Analyse zeigte sich die hypodiploidy zudem als unabhangiger Prognosefaktor fiir ein

schlechtes ereignisfreies- sowie Gesamt-Uberleben. Diese Ergebnisse legten nahe, dass BCP-ALL-



Rezidive mit hypodiploidy zukiinftig einem Hochrisiko-Behandlungsarm bzw. alternativen
Therapieansatzen zugewiesen werden sollten. Die vorliegende Studie war eine Grundlage dafir, dass
die ldentifikation von hypodiploidy in die klinische Routine-Diagnostik von BCP-ALL Rezidiven
aufgenommen wurde und dieser genetische Marker sowie TP53-Mutationen in der nachsten

internationalen Rezidiv-Studie in die Risikostratifizierung einflieRen werden.



ABSTRACT (english)

Aneuploidy is a cytogenetic hallmark of leukemic cells from pediatric B-cell precursor (BCP) acute
lymphoblastic leukemia (ALL). Two major subgroups, i.e. high hyperdiploidy and hypodiploidy, are
associated with outcome of patients after frontline treatment. High hyperdiploidy, generally defined
as >50 chromosomes or a DNA index 21.16, occurs in about 30% of patients and is associated with
favorable prognosis. In contrast, hypodiploidy with <45 chromosomes is rare (<2%) and patients suffer
from a very poor outcome after frontline treatment. For relapsed BCP-ALL, however, the clinical
relevance of aneuploidy is largely unknown. Therefore, we investigated aneuploidy in a large cohort of
patients with a first bone marrow relapse of BCP-ALL (n=413) registered in the German ALL-REZ BFM
2002 relapse trial. As conventional karyotyping was not successful for most relapse samples, we used
a combined approach of DNA index by flow cytometry and centromere copy number analyses by
multiplex-ligation dependent probe amplification (MLPA). MLPA data showed a high concordance with
available copy number data from fluorescence-in situ hybridizations and with the DNA index. A
subsequent cluster analysis of MLPA data identified distinct aneuploidy subgroups according to their
pattern of chromosomal gains. High hyperdiploidy was identified in 16% of relapses (n=64/413) and
patients showed a most favorable outcome after relapse treatment with a 10-year probability of event-
free survival (pEFS) of 70%. The group of low hyperdiploid relapses (n=42/413) had a significantly
inferior pEFS of only 40% (P=0.007). Three patients with apparent high hyperdiploidy showed an
unusual pattern of chromosome gains and TP53 mutations. Subsequent array-based allelotyping
revealed a hypodiploid origin of these three cases; however, the hypodiploid clone was not detected
by DNA index, karyotyping or fluorescence-in situ hybridization (masked hypodiploidy). Collectively,
patients with masked (n=3) or evident (n=8) hypodiploidy had a very poor pEFS of 9% after relapse
treatment (P=0.001). Notably, the current treatment stratification for relapsed ALL did not identify
masked hypodiploid cases as high-risk due to their favorable clinical presentation at relapse. In
multivariate analysis, hypodiploidy was an independent prognostic factor for poor event-free and
overall survival suggesting stratification of hypodiploid BCP-ALL relapses into high-risk treatment arms
in future trials or allocation to alternative treatment approaches. With this study, SNP arrays were
implemented in the diagnostic procedures for relapsed ALL to facilitate the diagnosis of (masked)
hypodiploidy. Furthermore, hypodiploidy and TP53 mutations will be included as markers for

stratification of patients to a very-high-risk group in the upcoming international relapse trial.



SUMMARY

Current state of research

Pediatric acute lymphoblastic leukemia

With 23% of all pediatric malignancies, acute lymphoblastic leukemia (ALL) is the most frequent cancer
diagnosed in children and adolescents under the age of 18 years (Figure 1A) with a peak incidence in
children between one and four years of age.’?! The majority (ca. 87%) of all cases have a precursor B-
cellimmunophenotype.B Treatment of children with newly diagnosed ALL in Germany is optimized by
randomized clinical trials initiated in the 1970’s by the Berlin-Frankfurt-Miinster (BFM) group. As a
result of steady advances in the risk-adapted treatment strategies of these consecutive BFM-trials, the
prognosis of ALL patients has significantly improved during the last decades (Figure 1B). Today, newly
diagnosed pediatric ALL is highly curable with long-term survival rates of approximately 90% in

Germany, Austria and Switzerland®4 (Figure 1B) as well as in other international trials.(reviewed in Pui et.a/

2011[3])
A B
1.0
0.9
0.8
N 0.7
N
A\ 0.6
p 0.5
Acute
Lymphoblastic 0.4
| Leukemia 0.3
Leukemias, 30.9% : 23.0% 0.2
| 0.1
0.0
1 2 3 4 5 6 7 8 9
Germ cell tumg \ y AML, 5% years
p— —— DAL70-74  5-years pOS 0.33. SE=0.02 {N= 495, 278 events)
Renal tumors; _ \ 4 o —— ALL-BFM70 5-years pOS 0.66, SE=0.04 (N= 119, 45 events)
. Soft tisue )\ 4 % --—:- ALL-BFM36 5-years pOS 0.81, SE=0.01 (N= 998, 208 events)
o % other/unspecifed ———- ALL-BFM95 5-years pOS 0.88, SE=0.01 (N=2169, 304 events}

-=-- ALL-BFM 2000 5-years pOS 0.90, SE=0.00 (N=40388, 392 events)

Figure 1. Relative frequencies of pediatric malignancies in Germany and long-term survival of ALL patients in five
consecutive treatment trials. (A) Acute lymphoblastic leukemia is the most common malignancy during childhood. Data
adapted from @l including 10.440 cases with pediatric ALL diagnosed between 2009-2013 in Germany. (B) Increasing
probability of overall survival (pOS) for patients with ALL treated in clinical trials in Germany since 1970 (from [4]),
Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BFM, Berlin-Frankfurt-Muinster; CML,
chronic myeloid leukemia; CNS, central nervous system; DAL, Studien der Deutschen Arbeitsgemeinschaft flr
Leukdamieforschung und —behandlung im Kindesalter; MDS, myelodysplastic syndrome.

Relapse of pediatric B-cell precursor ALL

Relapse of ALL is the recurrence of the disease after complete remission and the leading cause of
treatment failure occurring in about 10-20% of patients after frontline ALL treatment.!®Z! By contrast

to the dramatically improved cure rates for newly diagnosed ALL since the 1970s, strategies for the



treatment of relapsed ALL were missing at that time and most patients succumbed to the disease
within one year after relapsel®. The first clinical trials for the treatment of ALL marrow relapses were
initiated in the early/mid-1980s in Germany (BFM group)22%, USA (POG group)® and Italy (AIEOP
group) using mainly intensified chemotherapy regimens with drugs from frontline therapy in higher
doses and/or alternative settings. By this, a second complete remission could be achieved in 82-92%
of relapsed patients®%Y and a 6-year-EFS rate of 31% was reported from the BFM group?. In these
and subsequent studies, three main risk factors were identified to predict outcome after first relapse,
which are still the basis for risk-stratification in modern relapse treatment protocols: (I) time to relapse,
i.e. the duration of first complete remission after frontline treatment, (ll) site of relapse and (lll) the
immunophenotype of leukemic cells.®1%14 More specifically, patients with an ALL relapse soon after
or even during frontline treatment have a particularly poor prognosis. Isolated bone marrow relapses
fare worse than relapses that involve extramedullary compartments and, regarding the
immunophenotype, relapses of the T cell lineage have a worse prognosis than those of the precursor
B-cell lineage. By a combination of these three factors, patients are assigned to either
low-/intermediate- or high-risk relapse treatment arms (see next paragraph for details on the ALL-REZ
BFM 2002 protocol). In general, patients with low- and intermediate-risk relapses receive
chemotherapy alone, while additional hematopoietic stem cell transplantation (HSCT), as the most
intense treatment option in current state-of-the-art relapse treatment protocols, is essential for
patients with high-risk relapses.*>1¢ Further treatment optimization during the last decades included
investigations of alternative chemotherapy drugs, combinations and dose intensities as well as the
improvement of supportive care especially for HSCT.22 More recently, the molecular response after
induction treatment, i.e. minimal residual disease (MRD), has been integrated into risk-stratification
to indicate which patients from the large heterogenous group of intermediate-risk relapses would also
benefit from allogeneic HSCT.Z Despite these advances in risk-adapted treatment strategies for
relapsed ALL, the cure rates of patients after ALL relapse remain low with approximately 40% EFS and
0S with current therapies,*3 and relapsed ALL still accounts for the majority of cancer-associated

deaths in children and adolescents.®

The major challenge in the treatment of relapsed ALL is to carefully balance treatment efficacy versus
drug toxicity. Leukemic blasts at relapse are more resistant to chemotherapy than those from initial
diagnosis, and therefore treatment of relapsed ALL needs to be more intense8. However, drug related
toxicities limit the extent of intensification and, furthermore, patients after relapse are generally less
tolerant to chemotherapy due to the previous front-line treatment of their primary ALL. Hence, to
further improve the survival of patients after ALL relapse, new alternative treatment strategies are
needed that also incorporate information on specific genetic alteration in this genetically

heterogenous malignancy. The identification of suitable genetic markers may, on the one hand, aid in



refining the risk stratification of relapsed ALL and, on the other hand, elucidate biologic mechanisms

to develop more targeted treatment approaches.

In Germany, most patients with an ALL relapse are treated within consecutive randomized phase |l
trials aiming at the optimization of relapse therapy. These trials were established in 1983 by the BFM
study group for relapsed ALL (ALL-REZ BFM) headed by the Department of Pediatric
Hematology/Oncology at the Charité Universitatsmedizin BerlinZ, In the recently closed, multi-centric
relapse trial ALL-REZ BFM 2002, risk assessment of patients was based on the three established clinical
factors time to relapse, site of relapse and immunophenotype of leukemic blasts.22 The time to relapse
was categorized as very early (<18 months after initial diagnosis), early (=18 months after initial
diagnosis) or late (=6 months after completion of initial therapy). The site of relapse was defined as
either jsolated BM relapse (>25% blasts in the BM without extramedullary involvement), combined BM
relapse (>5% blast in the BM and at least one extramedullary manifestation of ALL) or isolated
extramedullary relapse (<5% blasts in the BM with extramedullary involvement). Using a combination
of these risk factors (Table 1), patients were assigned to either a standard-risk (S1), intermediate-risk
(52) or high-risk group (S3/S4) which directed intensity and duration of ALL relapse treatment

(Figure 2).

Table 1. Risk-stratification of patients with relapsed ALL within the ALL-REZ BFM 2002 trial.

Immunophenotype: non-T Immunophenotype: (pre-) T
. isolated Bone marrow Bone marrow isolated Bone marrow Bone marrow
Site of relapse . ) . .
extramedullary combined isolated extramedullary combined isolated

o o Veryearly S2 sS4 S4 S2 S4 S4
g & Early S2 S2 s3 S2 S4 S4
= o

= Late S1 S2 S2 s1 S4 S4

From [13],

The ALL-REZ BFM 2002 treatment courses included multi-drug systemic chemotherapy, intrathecal
administration of cytostatic drugs and local irradiation of extramedullary sites if necessary. The
treatment represented a conventional chemotherapy comprising the following key elements:
prednisone and dexamethasone (corticosteroid drugs), daunorubicin and idarubicin (anthracyclines),
cytarabine, methotrexate, 6-thioguanine, and 6-mercaptopurine (antimetabolites), cyclophosphamide
and ifosfamide (alkylating agents), vincristine and vindesine (vinca alkaloids) and L-asparaginase. After
the first four weeks of common intensive induction treatment, patients were randomly assigned to

either intensive block- or low-dose continuous chemotherapy (Figure 2).
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Figure 2. ALL-REZ BFM 2002 treatment scheme for children with first relapse of acute lymphoblastic leukemia. Patients
with relapsed acute lymphoblastic leukemia diagnosed between 2002 and 2012 in Germany were treated according the
ALL-REZ BFM 2002 protocol. Patients received a common induction treatment and were subsequently randomized either
to low dose continuous consolidation treatment (Prot-II-IDA; arm A) or to conventional intensive block treatment (R1, R2
blocks; arm B). The treatment intensity is directed by risk-stratification (S1, standard-; S2, intermediate-; S3/54, high-risk)
using clinical factors at diagnosis. A hematopoietic stem cell transplantation (HSCT) is intended for S3/54 patient as well
as for S2 patients with high minimal residual disease (MRD>10-3, i.e. one or more leukemic cells in 1000 healthy
mononuclear cells) after induction treatment (week 5). Arrows in the bottom row indicate time points of bone marrow
punctures (BMP). Picture taken from 12,

S3/4 @ |
B :.RZ

The effectiveness of chemotherapy was monitored at different time points during treatment (Figure
2, black arrows) by (l) examination of peripheral blood and BM smear preparations (cytological
response) and (ll) quantification of minimal residual disease (MRD) in BM aspirates (MRD response).
Cytological remission was defined as less than 5% leukemic blasts in regenerating bone marrow,
absence of peripheral blasts and no extramedullary involvement. MRD was quantified by real-time
quantitative PCR analysis of immunoglobulin and T cell receptor rearrangements.Z High-risk (S3/54)
patients require a further intensification during consolidation treatment by allogeneic HSCT as soon as
a complete remission is achieved (Figure 2). For intermediate-risk (S2) patients, the MRD level after
the induction phase (week 5) indicates the necessity of further treatment intensification by allogeneic

HSCT (cut-off MRD>1073).122!

Distinct genetic alterations characterize the leukemic cells of BCP-ALL (Figure 3A), and several of those
lesions have shown to be associated with prognosis after frontline treatment (Figure 3B).(reviewedin[20.21]
About 75% of BCP-ALL cases harbor gross cytogenetic alterations that can be detected by karyotyping
and/or fluorescence in-situ hybridization (FISH).”2Y) These include high hyperdiploidy (>50
chromosomes), hypodiploidy (<45 chromosomes), intra-chromosomal amplification of chromosome

21 (iAMP21), the chromosomal translocations ETV6-RUNX1 [t(12;21)], BCR-ABL1 [t(9;22)], TCF3-PBX1



[t(1;19)], MLL-AF1 [t(4;11)] and other MLL rearrangements (Figure 3A). Hyperdiploidy and ETV6-
RUNX1 are the two most common alterations in BCP-ALL and associated with excellent outcome after
frontline treatment (Figure 3A/B)2%2Y  |n contrast, hypodiploidy, iAMP21, BCR-ABL1 or MLL
rearrangements are less frequent and associated with poor prognosis (Figure 3A/B)2%2l, These
cytogenetic alterations are usually mutually exclusive, although rare cases have been reported of, for
example, simultaneous hyperdiploidy and ETV6-RUNX1 or BCR-ABL11222], |n the last decade, a range
of secondary sub-microscopic genetic deletions were identified in genes involved in B-cell
development (IKZF1, PAX5, EBF1) or cell cycle control and tumor suppression (CDKN2A/2B, RB1).12423
More recently, recurrent mutations in the TP53 gene as well as in genes of the cytokine receptor,
tyrosine kinase and RAS signaling pathways have been identified("iewedin(26) For the scope of this thesis,
two of the major cytogenetic subgroups, i.e. ‘high hyperdiploidy’ and ‘hypodiploidy’ are described in

more detail in the following sections.
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Figure 3. Cytogenetic subtypes in pediatric ALL and association with prognosis. (A) Pediatric acute lymphoblastic
leukemia (ALL), and in particular B-cell precursor ALL, is characterized by diverse cytogenetic alterations such as
aneuploidies (hyper-/hypodiploidy) and chromosomal translocations like ETV6-RUNX1, BCR-ABL1 or MLL rearrangements.
(B) Several alterations are associated with outcome after frontline treatment. Pictures taken from (21 (A) and (291 (B).




High hyperdiploidy is detected in about one third of patients with newly diagnosed BCP-ALL and hence,
is one of the most frequent cytogenetic abnormalities in pediatric ALL.Ureviewedin [29) |t js generally
defined by the presence of more than 50 chromosomes per cell and has been associated with most
favorable outcomes in numerous studies of pediatric ALL (see paragraph below). The pattern of extra
chromosomes in a high hyperdiploid karyotype is not random, but typically includes some or all of
chromosomes 4, 6, 8, 10, 14, 17, 18, 21 and X. However, gains of other chromosomes can be observed
at lower frequencies as well. The earliest findings of high hyperdiploidy in pediatric ALL date back to
1967 when Fritz Lampert performed DNA measurements in ten pediatric ALL cases and observed that
patients with an increased DNA content had a particularly long survival.B? In the mid-1980s, high
hyperdiploidy was recognized as a distinct cytogenetic subgroup in pediatric ALL associated with
favorable prognosis.2231331 With current state-of-the-art ALL treatments, patients with high
hyperdiploidy achieve EFS and OS rates of about 80% and 90%.([34:35] and reviewed in [29]) Hg\wever, there is
no clear-cut consensus on the exact cytogenetic definition of high hyperdiploidy. While the
International System for Human Cytogenetic Nomenclature (ISCN) precisely defines the term
“hyperdiploidy” as the presence of 47-57 chromosomes, the definition of high hyperdiploidy in ALL
varies between different studies/trials. The bottom limit of ‘>50 chromosomes’ is based on a karyotype
study by Williams et.al?Z, who observed a bimodal distribution of the chromosome number (Figure
4A). In their study, patients with >50 chromosomes had the best overall treatment response (no
induction  treatment failures, no deaths) and authors suggested a natural

division at this point. In another study by Look et.al'?®, the ploidy of blast cells was assessed by the
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Figure 4. Earliest definitions of high hyperdiploidy in acute lymphoblastic leukemia. The cytogenetic subgroup of high
hyperdiploidy in pediatric acute lymphoblastic leukemia was defined by a modal number of >50 chromosomes (A, from
Williams et.al 27]) or a DNA-Index of >1.16 (B, from Look et.al 28]). (A) The modal chromosome number of leukemic cells
from 136 patients with acute lymphoblastic leukemia showed a bimodal distribution with a hiatus at 50 chromosomes.
When separating the hyperdiploid group at this point, patients with >50 chromosomes showed most favorable clinical
features and the best treatment response. (B) The cellular DNA content was assessed by flow cytometry in leukemic cells
from 205 children with newly diagnosed acute lymphoblastic leukemia. The DNA-Index (DI) of 1 corresponds to normal
diploid cells. The authors observed the lowest rate of treatment failure in the group of hyperdiploid patients with DI>1.16.




DNA index (Dl), i.e. by flow cytometric analysis of the blast cell DNA content. They identified the most
favorable prognostic group of patients at DI21.16 (Figure 4B), which corresponds to approximately =53

chromosomes. 2833

Despite their generally good prognosis, still about 20-30% of high hyperdiploidy cases suffered a
relapse.l223¢38 Therefore, several study groups aimed at refining the high hyperdiploidy definitions and
suggested an even higher modal chromosome number (MCN) and/or a gain of specific chromosomes
to confer a survival advantage. Jackson et.a/22 (table 2, POG) observed an improved EFS in
hyperdiploid patients with an extra chromosome 6, which they found to be correlated with >51
chromosomes. Harris et.al“? (table 2, POG) saw that patients with a combined trisomy of chromosome
4 and 10 had a superior EFS of 95% - even if the patients had an unfavorable DI of <1.16. In the study
by Heerema et.al¥ (table 2, CCG), a trisomy of chromosome 5 led to a worse outcome while trisomy
of either chromosome 10, 17 or 18 or a simultaneous gain of chromosomes 10 and 17 were associated
with improved outcome. In multivariate analysis, only trisomy of chromosome 10 remained an
independent predictor for superior outcome. In a meta-analysis of the data from the latter two study
groups, the best prognosis was observed if the leukemic cells had a simultaneous gain of +4/+10/+17
(triple trisomy)¥Y (table 2, COG). Moorman et.al’?%%! (table 2, MRC-UK ALL) could not confirm the
results on triple trisomy +4/+10/+17, nor did they find a worse prognosis for patients with +5. Instead,
in two successive UKMRC ALL studies?223, a trisomy of chromosome 18 had the most significant effect
on the outcome with increased pEFS, pOS and lower risk of relapse. Additionally, authors found a
survival advantage for patients with MCNs of 54-65 and stated that this prognostic impact was
influenced by the effects of trisomies +4, +10 and +18, as these were more common in high MCN
karyotypes. In a study by Paulsson et.a/2¥ (table 2, NOPHO), multiple cytogenetic features were
associated with higher pEFS such as individual gains of chromosomes 4, 6, 17, 18, or 22, presence of
triple trisomy +4/+10/+17 or an MCN>55, but none of these features also correlated with an improved
pOS. In a study by Dastugue et.al®” (table 2, EORTC-CLG), presence of trisomies +4, +18 as well as
several combinations of +4, +10, +17, +18 had a favorable prognostic impact. Nonetheless, the best
indicator for excellent outcome in their study was the ploidy by modal chromosome number and they
observed the best prognosis for patients with 58-66 chromosomes or a DI21.24. In summary, the
published data on how to identify high hyperdiploidy and prognostic subgroups therein is complex and
diverse between different studies. This suggests a strong influence by the study setting, i.e. different
methodological strategies, the composition of the study cohorts and differences in treatment

protocols.
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rable 2. Studies on high hyperdiploidy in patients with initial diagnosis of B-cell precursor ALL from different international study groups.

Studv erou Definition of high  Number of
y group hyperdiploidy patients
POG MCN >46 239
POG Abnormal 1021

karyotype
CCG MCN 51-68 480
COG (meta- MCN >50 4985
analysis)
MRC UKALL MCN 51-65 700
MRC UKALL MCN 51-65 562
NOPHO MCN 51-67 688

MCN >50 541

Subgroup with improved survival (pEFS)
within high hyperdiploidy

Trisomy +6 or MCN >51

Combined trisomy +4/+10

MCN 54-58
or individual trisomies +10, +17 or +18
or combined trisomy +10/+17

Combined trisomy +4/+10/+17 (triple trisomy)
in standard-risk patients

Individual trisomies +4, +10 or +18
or MCN 54-65

Trisomy +18

Trisomies +4, +6, +17, +18, or +22
or triple trisomy +4/+10/+17 or MNC >55

Trisomies +4 or +18 or several combinations of
+4, +10, +17, +18 or MCN>58 or DI>1.24

Other findings; remarks Reference

L Jackson et.al,
Strong association between +6 and MCN >51 1990139

+4/+10 was associated with superior pEFS even Harris et.al, 199240

if the DI was lower than 1.16
strongest predictor for improved outcome: +10 Heerema et.al,
worse outcome: trisomy +5 200038
Sutcliffe et.al,
200541

Trisomies 4, 10 and 18 were enriched in karyotypes
with MCN 54-65. Only trisomies 4 and 18 remained Moorman et.al,
independent indicators for improved survival in a 200322

multivariate analysis.
Moorman et.al,

No different outcome of patients with
or without triple trisomy +4/+10/+17. 20100231
None of the factors also conferred a better pOS. Triple Paulsson et.al,
trisomies highly correlated with MCN>55. 201334
Strongest factor for excellent outcome: Dastugue et.al,
MCN 58-66. 201385

EORTC-CLG
Study groups: POG, Pediatric Oncology Group; CCG, Children’s Cancer Study Group,; COG, Children’s Oncology Group (merge of POG, CCG and others, since 2000) (North America, Australia, New Zealand); UKMRC ALL, Medical
Research Counsil Working Party on Childhood Leukaemia (United Kingdom); NOPHO, Nordic Society of Peadiatric Heamatology and Oncology (Sweden, Denmark, Norway, Finland, Island, others); EORTC-CLG, European

Organisation for Research and Treatment of Cancer — Children’s Leukemia Group (France, Belgium, Portugal). Abbreviations: DI, DNA index; MCN, modal chromosome number
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Hypodiploidy is defined by the ISCN as a karyotype with less than 46 chromosomes. In ALL,
hypodiploidy is a rare cytogenetic subtype occurring in less than 7% of patients.[#243 The majority
(>80%) of all hypodiploid cases are near-diploid (45 chromosomes) and survival of these patients is
intermediate with an EFS of 65-75%.4244] |n contrast to this, the remaining small proportion of patients
with more severe hypodiploidy (<45 chromosomes) has an overall incidence in ALL of approximately
1.2% and an extremely poor outcome with EFS rates of merely 30%.437 |n the treatment of newly
diagnosed ALL, hypodiploidy is used as high-risk marker.4842 Within this group of <45 chromosomes,
two major subtypes have been recognized (i) by their characteristic chromosomal patterns,>2% and
(ii) by distinct sub-microscopic lesions and transcription profilesY. In near-haploid cases (24-30
chromosomes), the majority of chromosomes are monosomic, however, chromosomes 21, 14, X, 18,
8 and 10 are frequently retained disomic.!434423031] Fyrthermore, about 70% of near-haploid cases
harbor genetic alterations in genes of the Ras- and receptor tyrosine kinase signaling pathways (i.e. in
NF1, NRAS, KRAS, MAPK1, FLT3, and PTPN11).5Y In the second major hypodiploidy subgroup, i.e. low-
hypodiploidy (31-39 chromosomes), retention of chromosomes 1, 5, 6, 8, 10, 11, 14, 18, 19, 21, 22,
and X/Y is common22951 and alterations of TP53, IKZF2 and RB1 were observed in 91%, 53% and 41%
of cases.®! In both, near haploidy and low hypodiploidy, doubling of the hypodiploid clone was

reported in up to 60% and 90% of cases, respectively.[4-42,5051]
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Scope of the thesis

Treatment of ALL relapse is generally more intense than the treatment at initial diagnosis. Still, a
significant number of relapse patients suffer a second event and long-term outcome of patients after
relapsed ALL remains unsatisfactory low.22 In the most recent protocol for treatment of relapsed ALL,
ALL-REZ BFM 2002, clinical factors at relapse diagnosis and the molecular response after induction
treatment were used to guide treatment intensity. The identification of additional molecular markers
may improve risk-adapted treatment stratification. Such prognostic factors may be provided by
recurrent genetic alterations that have been identified and described for initial ALL. While, for instance,
hypodiploidy is used as high-risk factor in the treatment of newly diagnosed ALL,“%4? the clinical
relevance at relapsed disease is unknown. And, although patients with high hyperdiploid ALL have a
generally favorable prognosis, the high prevalence of this cytogenetic subgroup, means that a
substantial number of high hyperdiploid leukemias will relapse.22%¢ Yet, there are only few reports on
clinical associations of aneuploidy in relapsed ALL,5>2” and patient cohorts are either relatively small
(n<100 patients) and/or the patients did not receive a uniform relapse treatment.'23525¢ \We therefore
aimed to investigate the clinical importance of aneuploidy in relapsed BCP-ALL in a large cohort of

patients all treated according to the ALL-REZ BFM 2002 protocol.

Aneuploidy is commonly detected by karyotyping. However, karyotyping frequently fails for ALL cells
due to low cell viability in culture and poor banding resolution.® In our study cohort, informative
karyotyping data were obtained in only 18% of patients. Ploidy was therefore determined
prospectively by the DNA index within the ALL-REZ BFM 2002 trial and data were available for
approximately 60% of the patients. For a more in-depth analysis of aneuploidy, a copy number
screening using multiplex-ligation dependent probe-amplification (MLPA) was established and used to
determine changes in chromosome copy number. Both, MLPA and DI data were then used to

investigate the clinical importance of aneuploidy in first bone marrow relapses of BCP-ALL.
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Methods

Patients included in this study were diagnosed with first isolated or combined bone marrow relapse of
pediatric BCP-ALL between 2002 and 2012 in Germany. Isolated extramedullary relapses were not
considered due to scarce availability of extramedullary specimen. All patients were treated according
to the protocol of the German multi-center trial ALL-REZ BFM 2002 clinical trial (ClinicalTrials.gov
identifier NCT00114348) approved by the local ethics committee and written informed consent was
obtained from patients and/or guardians. Patients were considered for the present study if the
following criteria were met (n=413): availability of high-quality DNA from relapse diagnosis, sufficient
amount of leukemic blasts at relapse diagnosis (see below “Establishing MLPA P181”) and successful
MLPA analysis of the DNA sample from relapse diagnosis. Patients who were excluded from the
present study (n=139) showed no selection bias for time-point and site of relapse, gender and event-
free survival after relapse (table 3). The median follow-up time of patients in complete continuous
remission after first relapse was 9.4 years (range 1.4-15.3). DNA from bone marrow or peripheral blood
samples at relapse diagnosis was prepared after enrichment for mononuclear cells by Ficoll density

gradient centrifugation as previously described.?

Table 3. Distribution of clinical/outcome parameters between all patients with marrow relapse enrolled in
the ALL-REZ BFM 2002 trial (n=552) and patients excluded from this study (n=139).

ALL-REZ BFM 2002 Patients excluded
Parameter n % N % P
552 100 139 100
Time-point of relapse 0.136
Very early 98 17.8 30 21.6
Early 136 24.6 42 30.2
late 318 57.6 67 48.2
Site of relapse 0.832
Isolated BM 428 77.5 109 78.4
Combined BM 124 22.5 30 21.6
Sex 0.534
Males 314 56.9 75 78.3
Female 238 43.1 64 60.7
10-year event-free survival + standard error 0.529
48.2% +2.2% 45.2% *+ 4.4%

DNA index (DI)

The Dl is the ratio of the cellular DNA content from a sample to be determined to the cellular DNA

content of normal cells from healthy donors. A DI=1 defines diploidy, while DI<1 or DI>1 describe hypo-
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and hyperdiploidy, respectively. The Dl was determined prospectively in the framework of the ALL-REZ
BFM 2002 trial for 309 relapse samples. Briefly, cells were fixed in ice-cold 70% ethanol, stored at 4 °C,
then washed and re-suspended in a volume of 200 ul of phosphate buffered saline with 22.5 ul of 1.0
mg/ml propidium iodide (Sigma-Aldrich, Miinchen, Germany) and 10ul of 10 mg/ml RNase A solution
(Sigma-Aldrich). The DI was assessed by a BD FACScan flow cytometer (BD Biosciences, San Jose, CA,
USA) in accordance with consensus guidelines® and data were analyzed with ModFit LT 2.0 software
(Verity Software House, Topsham, ME, USA). Re-analysis of selected DI data were done using Kaluza

Analysis Software v1.3/v2.1 (Beckman Coulter Life Sciences., Indianapolis, IN, USA).

Karyotyping

Karyotyping is a cytogenetic method to determine the number and structural appearance of
chromosomes in a cell. The leukemia samples from patients enrolled in the ALL-REZ BFM 2002 trial
were processed for karyotyping in the Department of Pathology, University GieRen, Giellen, Germany
and in the Labor Berlin, Charité Vivantes GmbH, Berlin, Germany. In brief, bone marrow and/or
peripheral blood cells of patients were cultivated unstimulated for 24 and/or 48 h and chromosome
banding analysis was performed according to standard procedures. Informative karyotypes were

available for 76/413 patients of our study.

Fluorescence in-situ hybridization (FISH)

Interphase FISH uses fluorescently labelled DNA probes to detect aberrant copy numbers of specific
chromosomes (centromere FISH probes) or genes (locus-specific FISH probes). Locus-specific FISH
probes can be further used to determine genomic translocations. Interphase FISH was performed as
described previously®! for selected patients using Vysis copy number enumeration and locus-specific
identifier probes (Abbott Molecular, Abbott Park, IL, USA). FISH data were used to validate MLPA

results as described below.

MLPA is a PCR-based method for simultaneous quantification of up to 50 different DNA sequences. In
this study, the P181 probe mix (MRC Holland, Amsterdam, The Netherlands) was used to detect
centromeric copy number alterations in leukemic samples. Except for chromosome Y, each
chromosome is targeted by two MLPA probes that detect regions close to the centromere. Nine
additional probes enable the determination of DNA quantity and XY-status of the sample as well as the
assessment of MLPA assay quality. Each target-specific MLPA probe consists of two individual

oligonucleotides that hybridize immediately adjacent to each other to the DNA sequence of interest
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(Figure 5A). The long oligonucleotide further contains an unspecific, non-hybridizing stuffer sequence
that is variable in length. Universal PCR primer binding sequences at the end of each oligo pair allow

for multiplex amplification. The forward primer is fluorescently labelled (6-FAM), which enables the
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Figure 5. General MLPA probe design, procedure and data analysis. (A) General design of an MLPA oligo probe pair.
(B) MLPA experimental procedure comprising denaturation/hybridization, ligation, multiplex PCR and fragment
separation. Two representative electropherograms (X-axis: fragment size [number of nucleotides]; Y-axis: relative
fluorescence units) of a reference sample (left) and a patient sample (right) are shown. (C) Representative MLPA P181
ratio bar charts after data normalization using Coffalyser.NET software (X-axis: probe location; Y-axis: MLPA probe
ratio; green bars: variation within healthy reference samples; circles: MLPA ratios of the patient sample). The upper
panel shows a hyperdiploid relapse with gains of chromosomes X, 4, 6, 8, 10, 14, 18, and 21. The lower panel shows
a hypodiploid relapse with monosomies of chromosomes 3, 4,5, 7,9, 12, 15, 16, 17, and 20. Figures A and B were
adapted from MRC Holland, Amsterdam, The Netherlands.

detection of amplification products by capillary electrophoresis using an ABI 3730 DNA Analyzer
(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA). A standard MLPA procedure
for copy number analysis is performed in five steps (Figure 5B): (i) overnight hybridization of oligo
probes to heat-denaturized DNA at 60°C, (ii) enzymatic ligation of DNA-bound oligo probes, (iii)
amplification of ligation products, (iv) detection of amplicons by capillary electrophoresis, and (v)

MLPA data analysis. As normal references, six DNA samples from mononuclear cells of healthy blood
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donors or of bone marrow samples from patients with isolated extramedullary ALL relapses were used
in each experiment. MLPA data analysis (i.e. DNA fragment analysis, peak sizing, and intra- and inter-
sample normalization) was performed using Coffalyser.NET software (MRC Holland). An MLPA probe
ratio (leukemic vs healthy sample) of 1.0 is considered a normal/diploid copy number and ratios of
<0.7 or 21.3 indicate a heterozygous deletion (monosomy) or gain (trisomy). Ratios <0.5 or 21.5
indicate a homozygous deletion or a multiple gain (tetrasomy and higher), respectively. The sensitivity
of the MLPA P181 kit was determined by serial dilutions of DNA from the leukemia cell line MHH-cALL2
with DNA from a blood sample of a healthy donor. The karyotype of this cell line has been described
as 51,XX,+X,+18,+der(18)t(15;18)(q13.1;922.1),+21,+21,%2 and MLPA P181 confirmed trisomy of
chromosome X and tetrasomies of chromosome 18 and 21. Serial dilution experiments showed that
40% of abnormal DNA is required to detect an aneuploidy by MLPA. From 34 patients, MLPA P181 data
were compared with 92 available FISH analyses with centromere enumeration probes. A theoretical DI
was calculated from whole chromosome changes as detected by MLPA using the formulas developed
by Rachierou-Sourisseau et.al®. The MLPA-based theoretical DI was then compared to the flow-

cytometrically measured DI for n=305 patients by linear regression and Bland-Altman analysis.

Genome-wide SNP array analyses were performed for selected samples using the CytoScan™ HD array
(Affymetrix Santa Clara, CA, USA). Samples were processed in the Department of Human Genetics,
Universitatsklinikum Erlangen, Erlangen, Germany. Data were then analyzed using the Chromosome
Analysis Suite 3.1.0.15 software (Affymetrix Santa Clara, CA, USA) with default filter settings to

determine chromosomal loss of heterozygosity (LOH).

The following additional genetic information was available from previous studies: mutations of
TP53[8483] mutations of NRAS, KRAS, FLT3, PTPN115>%¢l and CREBBP'S), focal deletions of EBF1, IKFZ1,
CDKN2A/B, PAX5, ETV6, BTG1, RB1, PAR1 region and recurrent fusion genes ETV6-RUNX1, BCR-ABL1,
KMT2A-AFF152. Furthermore, presence of KMT2A-MLLT1 fusion gene was detected by reverse
transcriptase PCR during the ALL-REZ BFM 2002 trial. For a subset of patients, data on KMT2A
rearrangement were available from nuclear FISH using a KMT2A break apart probe (n=28) and/or from
karyotyping (n=76) during the ALL-REZ BFM 2002 trial (data from Department of Pathology, University

GieRen, GieRRen, Germany and Labor Berlin, Charité Vivantes GmbH, Berlin, Germany).
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Equality of categorical variables was analyzed by Pearson’s Chi-square or Fisher’s exact test and for
continuous variables by Mann-Whitney U or Kruskal-Wallis test. Kaplan-Meier analyses were used to
estimate probabilities of event-free (pEFS) and overall survival (pOS). Differences were compared with
log-rank test. EFS time was defined as the time from relapse diagnosis to the date of a subsequent
event (second relapse, secondary malignancy or death in complete remission) or, for patients in
complete continuous remission, to the date of analysis. EFS time was set to zero in case of death during
induction treatment or non-response to chemotherapy. OS time was defined as time from relapse
diagnosis to the date of death or, for surviving patients to the date of analysis. Multivariate Cox
regression modelling for EFS and OS was done using backward stepwise selection to remove non-
significant factors and differences were assessed by the Wald test. Statistical calculations were
performed using IBM SPSS Statistic 22.0 software for Windows (SPSS Inc., Chicago, IL, USA).
Unsupervised cluster analysis of MLPA P181 was performed in cooperation with Dr. rer. nat. Michael
P. Schroder (Department of Hematology/Oncology, Charité Universitatsmedizin Berlin). The copy
number matrix comprising P181 probe information as categorical variable was converted into a
dummy matrix of binary measurements. Thus, each MLPA probe column resulted in three binary
columns, one for ‘loss’, one for ‘diploid/normal’, and one for ‘gain’ in which ‘1’ codes for true and ‘0’
for false. From the dummified MLPA data, a cosine similarity matrix (1-cosine distance matrix) was
obtained, which was then used to calculate a complete linkage using Python (Anaconda Inc., Austin,

TX, USA). The resulting hierarchical clustering was divided into clusters at a distance threshold of 0.38.

Essential findings

If not indicated otherwise, all references to figures and tables in this paragraph refer to those in the selected publication

Groeneveld-Krentz et.al 2019 Aneuploidy in children with relapsed B-cell precursor acute lymphoblastic leukaemia: clinical

importance of detecting a hypodiploid origin of relapse.

MLPA P181 was performed to detect chromosome copy number changes in leukemic samples from
patients with first relapse of BCP-ALL. The copy number data obtained from MLPA P181 were

systematically compared to available ploidy data from FISH analyses and DI measurements as follows.

For 34 patients, FISH analyses with centromere enumeration probes (CEP) were available (n=92)
(Supplementary Methods and Supplementary Table SI). MLPA P181 and CEP-FISH were 100%

concordant in all cases with no more than one major aneuploidy clone (n=72) (Supplementary Table
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SI). Nine other cases were multi-clonal by CEP-FISH, i.e. had two or more aneuploid cell populations
with tri-, tetra- and/or pentasomies of the same chromosome. In all nine cases, MLPA correctly
detected the chromosome status as ‘gain’. However, as the MLPA method measures bulk DNA of a
sample, a precise copy number of the gained chromosome could not be deduced from MLPA data in
these cases (Supplementary Table Sl). Relapsed ALL is frequently multi-clonal and therefore we chose
to define the status of each MLPA probe as categorical variable (i.e. as diploid/normal, loss, gain)
instead of a definite copy number value. Discrepancies between MLPA and FISH were found in 11/92
comparison points (12%). Four of these were subclonal chromosome gains below the MLPA P181
detection limit of 40%. In the remaining seven cases, MLPA identified alterations of the 17p arm that
were undetected by CEP-FISH. In all of these seven cases, additional FISH analyses using an LSI p53
probe confirmed the MLPA P181 result. In summary, FISH and MLPA were 100% concordant in 72/92
comparisons (78%) and the identified discrepancies were due to the presence of multiple aneuploidy

clones, subclonality <40% or subchromosomal, centromere-near copy nhumber changes.

Based on whole chromosome gains and losses detected by MLPA data, a theoretical DI was
calculated®! and correlated to the flow cytometric DI for 305 patients. Between both measures we
observed a high correlation (R?=0.898) and agreement (median difference=0.00; p=0.474)
(Supplementary Fig S1). Discrepant cases were revised and could be attributed to methodical
limitations of either method. First, MLPA was able to detect copy number changes of single
chromosomes while the DI method requires a certain amount of excess/lost DNA to detect an
aneuploidy® and may therefore miss single copy number changes of smaller chromosomes such as a
single gain of chromosome 21. Hence, in the near-diploid range of aneuploidy, MLPA was more
sensitive than the flow cytometric DI (Supplementary Fig S1). Second, the theoretical MLPA-based DI
was consistently lower than the DI measured by flow cytometry. This, however, was a result of our
definition of an MLPA “gain” irrespective of whether the gain was due to a tri/tetra or pentasomy.
Therefore, in cases with several tetrasomies, the theoretical MLPA-based DI underestimates the actual
DI measured by flow cytometry. This effect becomes most pronounced in the upper range of

aneuploidy where tetrasomies occur more frequently.

MLPA P181 analysis was successfully performed in leukemic samples from 413 patients (Fig 1A). Of
these, 122 relapses (29%) were diploid, i.e. MLPA P181 detected no copy number alterations and the
DI was 1.0 for 83 patients with available data. Hypodiploidy was observed in eight relapses by MLPA

and/or DI (Fig 1A) and could be confirmed by FISH or karyotyping data available for five cases (Table
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IA). Of note, in four of the eight hypodiploidy cases, MLPA failed to determine the correct normal-
diploid level due to the massive chromosome losses. Here, DI and FISH were essential to guide MLPA
interpretation and confirm hypodiploidy (Table IA, cases 347, 385, 463, 581). Two hypodiploid cases
showed near-haploidy and six were low hypodiploid. All six patients with low hypodiploidy harbored
TP53 mutations (Table I). By DI, half of the relapse cases with hypodiploidy harbored a second
hyperdiploid cell population with approximately twice the DNA content of the hypodiploid clone (Table
IA).

The remaining 283 patients had a variable number of MLPA P181 copy number alterations and the DI
ranged widely from 1.0 to 1.44 (Supplementary Fig S2A). The established DI>=1.16 cut-off, which is
commonly used to identify high hyperdiploidy by DI, was not able to discriminate a prognostically
favorable group in our relapse cohort as the pEFS of patients with low hyperdiploid relapses
(DI>1.0<1.16) was similar to patients with high hyperdiploid relapses (DI>1.16) (p=0.551)
(Supplementary Fig S2B). Therefore, we aimed to define high hyperdiploidy by patterns of MLPA gains
and losses. Based on the observations that chromosome gains in high hyperdiploidy occur in a non-
random fashion and display distinct patterns depending on the modal chromosome number®, we
used unsupervised clustering of MLPA data to identify hyperdiploidy subgroups in the group of 283

patients.

Cluster analysis of MLPA data identified six clusters with distinct patterns of chromosome gains (one
‘minor aneuploidy’ cluster, five hyperdiploidy clusters termed ‘HD1’ - ‘HD5’). The cluster with minor
aneuploidy (n=166) was genetically and clinically most similar to diploid cases (Fig 2B, 2C; table Il and
Fig 4). Interestingly, a small cluster of seven patients with a core pattern of +21+5+16 was associated
with ETV6-RUNX1 (Figs 2B, 2C; cluster ‘HD5’). Patients had favorable clinical characteristics such as late
first relapses and all patients achieved complete remission (Table Il). The pEFS for these patients was

similar to ETV6-RUNX1 positive relapses without hyperdiploidy (Supplementary Fig S4).

Low hyperdiploidy and high hyperdiploidy were recognized in clusters HD1 (n=42) and HD2/HD3
(n=64), respectively. Patients with low hyperdiploidy (HD1) had a median of four chromosome gains
with a core pattern of +214+X+14 and, except for one patient with DI=1.16, the DI ranged between 1.0
and <1.16. The chromosome gains of the two high hyperdiploidy clusters (HD2/HD3) largely involved
the chromosomes of the classical pattern +4+6+8+10+14+17+18+21+X. However, subclusters HD2
(termed ‘High hyperdiploidy, classical subtype’) and HD3 (termed ‘High hyperdiploidy, extended
subtype’) slightly differed in their number of chromosome gains (median 8 vs 10 in HD2 vs HD3). In

particular, chromosome 5 was gained more often in relapses from HD3 compared to HD2 (Fig 2B). The
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distribution of additional genetic alterations was similar across relapses from the low hyperdiploidy
(HD1) and the two high hyperdiploidy clusters (HD2/HD3): recurrent fusion genes and leukemia-
associated deletions of IKZF1, CDKN2A/2B, PAX5, ETV6 and BTG1 were rare, while mutations of genes
from the RAS pathway were enriched (Fig 2C). In contrast to these similarities, the clinical
characteristics and outcome were highly different between low and high hyperdiploid relapses.
Relapse cases with high hyperdiploidy had a longer time to first relapse, excellent remission rates after
relapse treatment and favorable pEFS rates of about 70% (Table Il and Fig 4B). In contrast, low
hyperdiploid relapse was associated with a shorter time to first relapse, a lower rate of second
remission and a worse pEFS of 40% (Table Il and 4B). In multivariate analysis, high hyperdiploidy

(combined clusters HD2 and HD3) was an independent predictor for superior pEFS (Table V).

Identifying masked hypodiploidy in patients with relapsed B-cell precursor ALL

One of the hyperdiploidy cluster, i.e. cluster ‘HD4’ comprised only three cases characterized by the
highest number of chromosome gains in this study (median 11) and a pattern that was distinct to the
other two high hyperdiploid clusters HD2 and HD3 (Fig 2A and 2B). Most of the classical chromosomes
were involved, however, gains of chromosomes 4 and 17 were absent or less frequent and, instead,
non-classical gains of chromosomes 5, 11, 19, and 22 were present in all three cases (Fig 2B).
Furthermore, all patients harbored a TP53 mutation (Fig 2C). Due to the unusual chromosome pattern
and the presence of TP53 mutations we suspected that these relapses may have descended from a
hypodiploid leukemia. Subsequent CytoScan HD array analysis of these cases showed copy-neutral LOH
in nearly all disomic chromosomes, thus confirming the hypodiploid origin. As no hypodiploid founder

clone could be detected in any of the three cases by DI or FISH (Table 1B), this cluster was termed
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Figure 6. Whole genome view of CytoScan HD array analyses from two B-cell precursor ALL relapse cases. Genome-wide
SNP array analyses (CytoScan HD array, Affymetrix) were performed from DNA of leukemic cells at relapse diagnosis.
Chromosomes 1-22, X, and Y are displayed from the left to the right in alternating colors. The copy number of chromosomes
is shown in the upper panel (log2 ratio), the allelotype in the lower panel (allele peaks). (A) High hyperdiploid relapse case
with trisomies of chromosomes 1q, 4, 5, 8, 9, 10, 11, 14, 18 and tetrasomies of 21 and X (upper row). All disomic
chromosomes are heterozygous (shown by an allele peak pattern of three tracks) (lower row). (B) Relapse case showing
trisomies of chromosomes 1, 5, 6, 8, 11, 14, 19, 22 and tetrasomies of chromosomes 20, 21, X. Except for chromosome 9,
all other disomic chromosomes show chromosome-wide copy-neutral LOH (allele peak pattern with only two tracks). This
hyperdiploid case most probably descended from a hypodiploid clone that underwent chromosome doubling and
subsequently lost the hypodiploid founder clone (masked hypodiploidy).

21



‘masked hypodiploidy’. Figure 6 above shows representative CytoScan HD array analyses of two cases

with typical high hyperdiploidy and masked hypodiploidy.

Taken together, 11 hypodiploid relapse cases were identified: eight patients with evident hypodiploidy
by MLPA/DI and three cases with masked hypodiploidy. When compared to the other aneuploidy
clusters, hypodiploid relapses were associated with unfavorable clinical characteristics (Table Il).
Patients had a shorter time to first relapse (median 1.9 years), were more frequently allocated to the
high-risk treatment arm and showed poor second remission rates (Table Il). Interestingly, those
patients with masked hypodiploidy were not identified as patients with high-risk of treatment failure
by current risk-stratification due to their rather favorable clinical presentation (Table IB). Overall, nine
of 11 patients with hypodiploid relapses suffered a second event (Table | and II) resulting in a very poor
outcome of only 9% pEFS (Fig 4A). In multivariate analysis, hypodiploidy remained an independent

prognostic marker for worse pEFS and pOS after first relapse (Table IV).

Discussion and clinical consequences

We investigated aneuploidy in 413 pediatric patients with relapsed BCP-ALL representing almost 75%
of all patients with a first bone marrow relapse, who were treated by the German ALL-REZ BFM 2002
relapse protocol within a period of about 10 years (2002-2012). This dataset represents one of the

largest studies worldwide on aneuploidies in relapsed BCP-ALL.

Failed karyotyping is a major drawback when studying aneuploidy in relapsed leukemia. Therefore, we
used an approach that combined ploidy analysis by DNA indexing with MLPA centromere screening to
assess chromosomal patterns of aneuploidy. Compared to conventional cytogenetic methods, the
MLPA P181 method is a fast, simple and cost-effective method to determine ploidy changes. In
contrast to FISH, multiplexing by MLPA allows the assessment of all chromosomes simultaneously and,
unlike to karyotyping, it is not dependent on fresh samples and good quality metaphases. Furthermore,
even if successful, karyotyping can miss high hyperdiploidy due to clonal selection during metaphase
cell preparation.®® Our validation experiments showed that the copy number status of chromosomes
by MLPA was highly concordant with FISH data. Furthermore, the total ploidy change by MLPA agreed
well with flow cytometric DI data, which was also observed in another study®. However, MLPA P181
showed a relatively high detection limit of 40% in our study and analysis can be challenging in cases
with massive chromosomal aberrations where MLPA may not identify the correct normal-diploid level,
orin the presence of multiple aneuploidy clones. In these cases, additional DI data and/or FISH analyses

of selected chromosomes are vital to guide MLPA data interpretation. Taken together, the
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combination of both DI and MLPA can be easily applied in the clinical routine as complimentary
methods to detect chromosome changes, especially when karyotyping is not informative or, for

example, in laboratories with limited resources.

As described in the introductory paragraph (including Table 2 from introduction), the definitions of
high hyperdiploidy or specific prognostic subgroups therein were inconsistent across different clinical
studies. Various thresholds for modal chromosome numbers, DI values and diverse specific trisomies
(and combinations thereof) have been used to define high hyperdiploidy for identification of the most
favourable prognostic group within hyperdiploid ALL. Nevertheless, the studies do not completely
disagree and some key features appeared multiple times as marker for excellent outcome within the
cytogenetically defined high hyperdiploidy group, such as gains of chromosomes 4, 10, 17, and 18
(22.23,34,35384041] Fyrthermore, three of these studies?2243% pointed out that specific trisomies and a
higher MCN and/or DI might identify the same group of patients as both features were strongly
associated with each other. This observation was further substantiated by a cluster analysis of 2339
karyotypes with high hyperdiploidy®?, where the authors showed a predictive pattern of extra
chromosomes to occur with increasing MCN. Here, extra chromosomes of 21, X, 14, 6,18, 17, 10 (group
I) were present already at low MCN (<54) and retained their high frequency throughout all MCN levels.
Gains of chromosomes 8, 5, 12, 11 (group Il) occurred most frequently from MCN>57 onwards, and
extra copies of chromosomes 2, 3,9, 16, 22 (group lll)or 1, 7, 13, 15, 19, 20 (group IV) appeared largely
at very high MCN or in even near-triploid cases only.Z In our cohort of relapsed BCP-ALL, cluster
analysis identified a similar chromosome pattern of high hyperdiploidy at relapse (clusters HD2/HD3).
A core pattern of 21, X, 14, 6, 18, 17, 10 was present in both clusters HD2 and HD3, while gains of non-
classical chromosomes, such as 8, 5 or 11, were more frequent in cluster HD3, that was also
characterized by a slightly higher number of total gains. Overall, 16% of patients had high hyperdiploid
relapses by MLPA P181/cluster analysis. This lower frequency of high hyperdiploidy at relapse
compared to initial diagnosis of ALL reflects the generally favorable outcome of this patient group after
primary treatment. At relapse diagnosis, patients with high hyperdiploidy present with favorable
clinical features (late relapses, high remission rates) and achieve a remarkably high EFS rate of
approximately 70% after second-line treatment. In contrast, patients with low hyperdiploid relapses
achieved only 40% pEFS. Given the increased mutation rate of RAS pathway genes in this group,
patients with low hyperdiploid relapses might be eligible for alternative treatment approaches using

MEK inhibitors./&

With a pEFS of merely 9%, the group of patients with hypodiploid relapses had the worst prognosis
among all ploidy subgroups in our study. The increased frequency of hypodiploidy at relapse (3%)

compared to initial diagnosis (1.2%)434>4%) agrees well with the high rate of relapse after frontline
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treatment.'2224] Of note, three of 11 hypodiploid relapses in our study were not evident by FISH or
DI (masked hypodiploidy) due to chromosome doubling and subsequent loss of the hypodiploid
founder clone. This characteristic feature of hypodiploidy may lead to a misinterpretation of these
cases as high hyperdiploidy, which is a well-known challenge at initial diagnosis of ALL. Carroll et.al'”?
estimated that about 15-25% of their hypodiploid cases are missed for that reason and Safavi et.al’®?
reported two masked hypodiploidy cases that were initially treated as non-risk, high hyperdiploid
patients and both of them suffered a relapse. The relevance of masked hypodiploidy at relapsed
disease has been scarcely investigated. Based on a few cases from two studies*?!, it was assumed
that the hypodiploid founder clone will generally dominate at relapseZZ. In contrast, we showed that
predominance or exclusive presence of the doubled clone occurred in nearly half of our hypodiploid
relapse cases. Hence, the risk of misdiagnosing masked hypodiploidy not only exists at initial diagnosis
but also at relapsed ALL. In our study, masked low hypodiploidy was distinguished from “normal” high
hyperdiploid cases by (i) a very high number of total chromosome gains, (ii) lack of the classical +4 but,
instead, at gains of at least two of the unusual chromosomes 1, 11, 19, and 22. This pattern in
combination with TP53 mutation pointed to a hypodiploid origin that was eventually confirmed by LOH
analysis from SNP arrays in these patients. Hence, in the clinical routine, MLPA P181 could serve as a
cost-effective pre-screening method to detect potentially masked hypodiploid cases prior to

verification by LOH analysis/SNP array.

Interestingly, clinical heterogeneity was observed within the hypodiploidy relapse group depending on
whether the hypodiploid or the doubled-hypodiploid clone was predominant at relapse diagnosis. The
predominance of the doubled-hypodiploid clone (including masked hypodiploidy) was associated with
a favorable clinical presentation and, subsequently, patients were more often allocated to the
intermediate-risk arm of the ALL-REZ BFM 2002 protocol. However, four of five patients suffered a
second event. Although patient numbers are small, this suggest that patients may benefit from re-
allocation to high-risk treatment. In turn, patients with a predominant hypodiploid clone at relapse
diagnosis were already treated on the ALL-REZ BFM 2002 high-risk arm due to their poor clinical
presentation (very early/early isolated bone marrow relapses) and, yet, all patients suffered a second
event. These patients should be eligible for alternative treatment approaches such as immunotherapy

or signal transduction inhibitors.

To summarize, high hyperdiploidy represents a favorable cytogenetic marker not only in primary but
also in relapsed ALL. The majority of patients with high hyperdiploid relapses can be salvaged by the
current treatment strategy. In contrast, patients with hypodiploid relapses have a very poor outcome
with current therapy approaches. In multivariate analysis, hypodiploidy was an independent

prognostic factor for treatment failure, supporting stratification of hypodiploid relapses into high-risk
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arms in future trials or allocation to alternative therapies. With this study on aneuploidy at relapsed
ALL, SNP arrays have now been implemented in the standard diagnostic procedures for relapsed ALL,
which will facilitate the diagnosis of (masked) hypodiploidy. Furthermore, hypodiploidy and TP53
mutations will be included as markers for stratification of patients into a very-high-risk group in the

upcoming international relapse trial.

25



REFERENCES

1. Groeneveld-Krentz S, Schroeder MP, Reiter M, Pogodzinski MJ, Pimentel-Gutierrez HJ, Vagkopoulou R,
Hof J, Chen-Santel C, Nebral K, Bradtke J, Turkmen S, Baldus CD, Gattenlohner S, Haas OA, von Stackelberg A,
Karawajew L, Eckert C, Kirschner-Schwabe R. Aneuploidy in children with relapsed B-cell precursor acute
lymphoblastic leukaemia: clinical importance of detecting a hypodiploid origin of relapse. British journal of
haematology. 2019;185(2):266-83.

2. Kaatsch P, Spix C. German Childhood Cancer Registry - Report 2013/14 (1980-2013). Institute of Medical
Biostatistics, Epidemiology and Informatics (IMBEI) at the University Medical Center of the Johannes Gutenberg
University Mainz, 2014.

3. Moricke A, Zimmermann M, Reiter A, Henze G, Schrauder A, Gadner H, Ludwig WD, Ritter J, Harbott J,
Mann G, Klingebiel T, Zintl F, Niemeyer C, Kremens B, Niggli F, Niethammer D, Welte K, Stanulla M, Odenwald E,
Riehm H, Schrappe M. Long-term results of five consecutive trials in childhood acute lymphoblastic leukemia
performed by the ALL-BFM study group from 1981 to 2000. Leukemia : official journal of the Leukemia Society
of America, Leukemia Research Fund, UK. 2010;24(2):265-84.

4, Rossig C, Juergens H, Schrappe M, Moericke A, Henze G, von Stackelberg A, Reinhardt D, Burkhardt B,
Woessmann W, Zimmermann M, Gadner H, Mann G, Schellong G, Mauz-Koerholz C, Dirksen U, Bielack S, Berthold
F, Graf N, Rutkowski S, Calaminus G, Kaatsch P, Creutzig U. Effective childhood cancer treatment: the impact of
large scale clinical trials in Germany and Austria. Pediatr Blood Cancer. 2013;60(10):1574-81.

5. Pui CH, Carroll WL, Meshinchi S, Arceci R). Biology, risk stratification, and therapy of pediatric acute
leukemias: an update. Journal of clinical oncology : official journal of the American Society of Clinical Oncology.
2011;29(5):551-65.

6. Raetz EA, Bhatla T. Where do we stand in the treatment of relapsed acute lymphoblastic leukemia?
Hematology Am Soc Hematol Educ Program. 2012;2012:129-36.

7. Locatelli F, Schrappe M, Bernardo ME, Rutella S. How | treat relapsed childhood acute lymphoblastic
leukemia. Blood. 2012;120(14):2807-16.

8. Buchanan GR, Rivera GK, Boyett JM, Chauvenet AR, Crist WM, Vietti TJ. Reinduction therapy in 297
children with acute lymphoblastic leukemia in first bone marrow relapse: a Pediatric Oncology Group Study.
Blood. 1988;72(4):1286-92.

9. Henze G, Fengler R, Hartmann R, Dopfer R, Gobel U, Graf N, Jurgens H, Niethammer D, Ritter J, Schellong
G, et al. Chemotherapy for bone marrow relapse of childhood acute lymphoblastic leukemia. Cancer
chemotherapy and pharmacology. 1989;24 Suppl 1:516-9.

10. Henze G, Fengler R, Hartmann R, Kornhuber B, Janka-Schaub G, Niethammer D, Riehm H. Six-year
experience with a comprehensive approach to the treatment of recurrent childhood acute lymphoblastic
leukemia (ALL-REZ BFM 85). A relapse study of the BFM group. Blood. 1991;78(5):1166-72.

11. Rossi MR, Masera G, Zurlo MG, Amadori S, Mandelli F, Bagnulo S, Carli M, Zanesco L, Dini G, Guazzelli C,
et al. Randomized multicentric Italian study on two treatment regimens for marrow relapse in childhood acute

lymphoblastic leukemia. Pediatric hematology and oncology. 1986;3(1):1-9.

12. Henze G, v Stackelberg A, Eckert C. ALL-REZ BFM--the consecutive trials for children with relapsed acute
lymphoblastic leukemia. Klinische Padiatrie. 2013;225 Suppl 1:573-8.

13. Nguyen K, Devidas M, Cheng SC, La M, Raetz EA, Carroll WL, Winick NJ, Hunger SP, Gaynon PS, Loh ML,
Children's Oncology G. Factors influencing survival after relapse from acute lymphoblastic leukemia: a

26



Children's Oncology Group study. Leukemia : official journal of the Leukemia Society of America, Leukemia
Research Fund, UK. 2008;22(12):2142-50.

14. Bhojwani D, Pui CH. Relapsed childhood acute lymphoblastic leukaemia. The lancet oncology.
2013;14(6):e205-17.

15. Tallen G, Ratei R, Mann G, Kaspers G, Niggli F, Karachunsky A, Ebell W, Escherich G, Schrappe M,
Klingebiel T, Fengler R, Henze G, von Stackelberg A. Long-term outcome in children with relapsed acute
lymphoblastic leukemia after time-point and site-of-relapse stratification and intensified short-course
multidrug chemotherapy: results of trial ALL-REZ BFM 90. J Clin Oncol. 2010;28(14):2339-47.

16. Dopfer R, Henze G, Bender-Gotze C, Ebell W, Ehninger G, Friedrich W, Gadner H, Klingebiel T, Peters C,
Riehm H, et al. Allogeneic bone marrow transplantation for childhood acute lymphoblastic leukemia in second
remission after intensive primary and relapse therapy according to the BFM- and CoALL-protocols: results of
the German Cooperative Study. Blood. 1991;78(10):2780-4.

17. Eckert C, Biondi A, Seeger K, Cazzaniga G, Hartmann R, Beyermann B, Pogodda M, Proba J, Henze G.
Prognostic value of minimal residual disease in relapsed childhood acute lymphoblastic leukaemia. Lancet.
2001;358(9289):1239-41.

18. Klumper E, Pieters R, Veerman AJ, Huismans DR, Loonen AH, Hahlen K, Kaspers GJ, van Wering ER,
Hartmann R, Henze G. In vitro cellular drug resistance in children with relapsed/refractory acute lymphoblastic
leukemia. Blood. 1995;86(10):3861-8.

19. Eckert C, Henze G, Seeger K, Hagedorn N, Mann G, Panzer-Grumayer R, Peters C, Klingebiel T, Borkhardt
A, Schrappe M, Schrauder A, Escherich G, Sramkova L, Niggli F, Hitzler J, von Stackelberg A. Use of allogeneic
hematopoietic stem-cell transplantation based on minimal residual disease response improves outcomes for
children with relapsed acute lymphoblastic leukemia in the intermediate-risk group. Journal of clinical oncology
: official journal of the American Society of Clinical Oncology. 2013;31(21):2736-42.

20. Moorman AV. The clinical relevance of chromosomal and genomic abnormalities in B-cell precursor
acute lymphoblastic leukaemia. Blood Rev. 2012;26(3):123-35.

21. Mullighan CG. Molecular genetics of B-precursor acute lymphoblastic leukemia. J Clin Invest.
2012;122(10):3407-15.

22. Moorman AV, Richards SM, Martineau M, Cheung KL, Robinson HM, Jalali GR, Broadfield ZJ, Harris RL,
Taylor KE, Gibson BE, Hann IM, Hill FG, Kinsey SE, Eden TO, Mitchell CD, Harrison CJ, United Kingdom Medical
Research Council's Childhood Leukemia Working P. Outcome heterogeneity in childhood high-hyperdiploid
acute lymphoblastic leukemia. Blood. 2003;102(8):2756-62.

23. Moorman AV, Ensor HM, Richards SM, Chilton L, Schwab C, Kinsey SE, Vora A, Mitchell CD, Harrison CJ.
Prognostic effect of chromosomal abnormalities in childhood B-cell precursor acute lymphoblastic leukaemia:
results from the UK Medical Research Council ALL97/99 randomised trial. The lancet oncology. 2010;11(5):429-
38.

24. Kuiper RP, Schoenmakers EF, van Reijmersdal SV, Hehir-Kwa JY, van Kessel AG, van Leeuwen FN,
Hoogerbrugge PM. High-resolution genomic profiling of childhood ALL reveals novel recurrent genetic lesions
affecting pathways involved in lymphocyte differentiation and cell cycle progression. Leukemia : official journal
of the Leukemia Society of America, Leukemia Research Fund, UK. 2007;21(6):1258-66.

25. Mullighan CG, Goorha S, Radtke I, Miller CB, Coustan-Smith E, Dalton JD, Girtman K, Mathew S, Ma J,
Pounds SB, Su X, Pui CH, Relling MV, Evans WE, Shurtleff SA, Downing JR. Genome-wide analysis of genetic
alterations in acute lymphoblastic leukaemia. Nature. 2007;446(7137):758-64.

27



26. Roberts KG, Mullighan CG. Genomics in acute lymphoblastic leukaemia: insights and treatment
implications. Nat Rev Clin Oncol. 2015;12(6):344-57.

27. Williams DL, Tsiatis A, Brodeur GM, Look AT, Melvin SL, Bowman WP, Kalwinsky DK, Rivera G, Dahl GV.
Prognostic importance of chromosome number in 136 untreated children with acute lymphoblastic leukemia.
Blood. 1982;60(4):864-71.

28. Look AT, Roberson PK, Williams DL, Rivera G, Bowman WP, Pui CH, Ochs J, Abromowitch M, Kalwinsky
D, Dahl GV, George S, Murphy SB. Prognostic importance of blast cell DNA content in childhood acute
lymphoblastic leukemia. Blood. 1985;65(5):1079-86.

29. Paulsson K, Johansson B. High hyperdiploid childhood acute lymphoblastic leukemia. Genes,
chromosomes & cancer. 2009;48(8):637-60.

30. Lampert F. [Cellular DNA content and chromosome count in acute childhood leukemia and their
significance for chemotherapy and prognosis]. Klin Wochenschr. 1967;45(15):763-8.

31. Kaneko Y, Hayashi Y, Sakurai M. Chromosomal findings and their correlation to prognosis in acute
lymphocytic leukemia. Cancer Genet Cytogenet. 1981;4(3):227-35.

32. Mittelman F. The Third International Workshop on Chromosomes in Leukemia. Lund, Sweden, July 21-
25, 1980. Introduction. Cancer Genet Cytogenet. 1981;4(2):96-8.

33. Smets LA, Slater RM, Behrendt H, Van't Veer MB, Homan-Blok J. Phenotypic and karyotypic properties
of hyperdiploid acute lymphoblastic leukaemia of childhood. British journal of haematology. 1985;61(1):113-
23.

34. Paulsson K, Forestier E, Andersen MK, Autio K, Barbany G, Borgstrom G, Cavelier L, Golovleva |, Heim S,
Heinonen K, Hovland R, Johannsson JH, Kjeldsen E, Nordgren A, Palmqvist L, Johansson B, Nordic Society of
Pediatric H, Oncology, Swedish Cytogenetic Leukemia Study G, Group NLCS. High modal number and triple
trisomies are highly correlated favorable factors in childhood B-cell precursor high hyperdiploid acute
lymphoblastic leukemia treated according to the NOPHO ALL 1992/2000 protocols. Haematologica.
2013;98(9):1424-32.

35. Dastugue N, Suciu S, Plat G, Speleman F, Cave H, Girard S, Bakkus M, Pages MP, Yakouben K, Nelken B,
Uyttebroeck A, Gervais C, Lutz P, Teixeira MR, Heimann P, Ferster A, Rohrlich P, Collonge MA, Munzer M, Luquet
I, Boutard P, Sirvent N, Karrasch M, Bertrand Y, Benoit Y. Hyperdiploidy with 58-66 chromosomes in childhood
B-acute lymphoblastic leukemia is highly curable: 58951 CLG-EORTC results. Blood. 2013;121(13):2415-23.

36. Raimondi SC, Pui CH, Hancock ML, Behm FG, Filatov L, Rivera GK. Heterogeneity of hyperdiploid (51-67)
childhood acute lymphoblastic leukemia. Leukemia : official journal of the Leukemia Society of America,
Leukemia Research Fund, UK. 1996;10(2):213-24.

37. Forestier E, Johansson B, Gustafsson G, Borgstrom G, Kerndrup G, Johannsson J, Heim S. Prognostic
impact of karyotypic findings in childhood acute lymphoblastic leukaemia: a Nordic series comparing two
treatment periods. For the Nordic Society of Paediatric Haematology and Oncology (NOPHO) Leukaemia
Cytogenetic Study Group. British journal of haematology. 2000;110(1):147-53.

38. Heerema NA, Sather HN, Sensel MG, Zhang T, Hutchinson RJ, Nachman JB, Lange BJ, Steinherz PG,
Bostrom BC, Reaman GH, Gaynon PS, Uckun FM. Prognostic impact of trisomies of chromosomes 10, 17, and 5
among children with acute lymphoblastic leukemia and high hyperdiploidy (> 50 chromosomes). Journal of
clinical oncology : official journal of the American Society of Clinical Oncology. 2000;18(9):1876-87.

28



39. Jackson JF, Boyett J, Pullen J, Brock B, Patterson R, Land V, Borowitz M, Head D, Crist W. Favorable
prognosis associated with hyperdiploidy in children with acute lymphocytic leukemia correlates with extra
chromosome 6. A Pediatric Oncology Group study. Cancer. 1990;66(6):1183-9.

40. Harris MB, Shuster JJ, Carroll A, Look AT, Borowitz MJ, Crist WM, Nitschke R, Pullen J, Steuber CP, Land
V). Trisomy of leukemic cell chromosomes 4 and 10 identifies children with B-progenitor cell acute
lymphoblastic leukemia with a very low risk of treatment failure: a Pediatric Oncology Group study. Blood.
1992;79(12):3316-24.

41. Sutcliffe MJ, Shuster JJ, Sather HN, Camitta BM, Pullen J, Schultz KR, Borowitz MJ, Gaynon PS, Carroll AJ,
Heerema NA. High concordance from independent studies by the Children's Cancer Group (CCG) and Pediatric
Oncology Group (POG) associating favorable prognosis with combined trisomies 4, 10, and 17 in children with
NCI Standard-Risk B-precursor Acute Lymphoblastic Leukemia: a Children's Oncology Group (COG) initiative.
Leukemia : official journal of the Leukemia Society of America, Leukemia Research Fund, UK. 2005;19(5):734-40.

42. Chessels JM, Swansbury GJ, Reeves B, Bailey CC, Richards SM. Cytogenetics and prognosis in childhood
lymphoblastic leukaemia: results of MRC UKALL X. Medical Research Council Working Party in Childhood
Leukaemia. British journal of haematology. 1997;99(1):93-100.

43, Heerema NA, Nachman JB, Sather HN, Sensel MG, Lee MK, Hutchinson R, Lange BJ, Steinherz PG,
Bostrom B, Gaynon PS, Uckun F. Hypodiploidy with less than 45 chromosomes confers adverse risk in childhood
acute lymphoblastic leukemia: a report from the children's cancer group. Blood. 1999;94(12):4036-45.

44, Raimondi SC, Zhou Y, Mathew S, Shurtleff SA, Sandlund JT, Rivera GK, Behm FG, Pui CH. Reassessment
of the prognostic significance of hypodiploidy in pediatric patients with acute lymphoblastic leukemia. Cancer.
2003;98(12):2715-22.

45, Harrison CJ, Moorman AV, Broadfield ZJ, Cheung KL, Harris RL, Reza Jalali G, Robinson HM, Barber KE,
Richards SM, Mitchell CD, Eden TO, Hann IM, Hill FG, Kinsey SE, Gibson BE, Lilleyman J, Vora A, Goldstone AH,
Franklin IM, Durrant J, Martineau M, Childhood, Adult Leukaemia Working P. Three distinct subgroups of
hypodiploidy in acute lymphoblastic leukaemia. British journal of haematology. 2004;125(5):552-9.

46. Pui CH, Carroll AJ, Raimondi SC, Land VJ, Crist WM, Shuster JJ, Williams DL, Pullen DJ, Borowitz MJ, Behm
FG, Look AT. Clinical presentation, karyotypic characterization, and treatment outcome of childhood acute
lymphoblastic leukemia with a near-haploid or hypodiploid less than 45 line. Blood. 1990;75(5):1170-7.

47. Nachman JB, Heerema NA, Sather H, Camitta B, Forestier E, Harrison CJ, Dastugue N, Schrappe M, Pui
CH, Basso G, Silverman LB, Janka-Schaub GE. Outcome of treatment in children with hypodiploid acute
lymphoblastic leukemia. Blood. 2007;110(4):1112-5.

48. ClinicalTrials.gov database. International Collaborative Treatment Protocol For Children And
Adolescents With Acute Lymphoblastic Leukemia AIEOP-BFM ALL 2009 (ClinicalTrials.gov Identifier:
NCT01117441). USA: U.S. National Library of Medicine (NLM); 2019 [updated June 04, 2019; cited 2019 August
29]. Available from: https://clinicaltrials.gov/ct2/show/record/NCT01117441.

49. ClinicalTrials.gov database. Treatment of Newly Diagnosed Acute Lymphoblastic Leukemia in Children
and Adolescents (ClinicalTrials.gov Identifier: NCT03020030). USA: U.S. National Library of Medicine (NLM); 2019
[updated May 27, 2019; cited 2019 August 29]. Available from:
https://clinicaltrials.gov/ct2/show/record/NCT03020030.

50. Safavi S, Forestier E, Golovleva |, Barbany G, Nord KH, Moorman AV, Harrison CJ, Johansson B, Paulsson
K. Loss of chromosomes is the primary event in near-haploid and low-hypodiploid acute lymphoblastic
leukemia. Leukemia : official journal of the Leukemia Society of America, Leukemia Research Fund, UK.
2013;27(1):248-50.

29


https://clinicaltrials.gov/ct2/show/record/NCT01117441
https://clinicaltrials.gov/ct2/show/record/NCT03020030

51. Holmfeldt L, Wei L, Diaz-Flores E, Walsh M, Zhang J, Ding L, Payne-Turner D, Churchman M, Andersson
A, Chen SC, McCastlain K, Becksfort J, Ma J, Wu G, Patel SN, Heatley SL, Phillips LA, Song G, Easton J, Parker M,
Chen X, Rusch M, Boggs K, Vadodaria B, Hedlund E, Drenberg C, Baker S, Pei D, Cheng C, Huether R, Lu C, Fulton
RS, Fulton LL, Tabib Y, Dooling DJ, Ochoa K, Minden M, Lewis ID, To LB, Marlton P, Roberts AW, Raca G, Stock W,
Neale G, Drexler HG, Dickins RA, Ellison DW, Shurtleff SA, Pui CH, Ribeiro RC, Devidas M, Carroll AJ, Heerema NA,
Wood B, Borowitz MJ, Gastier-Foster JM, Raimondi SC, Mardis ER, Wilson RK, Downing JR, Hunger SP, Loh ML,
Mullighan CG. The genomic landscape of hypodiploid acute lymphoblastic leukemia. Nat Genet.
2013;45(3):242-52.

52. Parker C, Waters R, Leighton C, Hancock J, Sutton R, Moorman AV, Ancliff P, Morgan M, Masurekar A,
Goulden N, Green N, Revesz T, Darbyshire P, Love S, Saha V. Effect of mitoxantrone on outcome of children with
first relapse of acute lymphoblastic leukaemia (ALL R3): an open-label randomised trial. Lancet.
2010;376(9757):2009-17.

53. Wehrli LA, Braun J, Buetti LN, Hagleitner N, Hengartner H, Kuhne T, Luer S, Ozsahin H, Popovic MB, Niggli
FK, Betts DR, Bourquin JP. Non-classical karyotypic features in relapsed childhood B-cell precursor acute
lymphoblastic leukemia. Cancer Genet Cytogenet. 2009;189(1):29-36.

54. Roy A, Cargill A, Love S, Moorman AV, Stoneham S, Lim A, Darbyshire PJ, Lancaster D, Hann |, Eden T,
Saha V. Outcome after first relapse in childhood acute lymphoblastic leukaemia - lessons from the United
Kingdom R2 trial. British journal of haematology. 2005;130(1):67-75.

55. Reismuller B, Attarbaschi A, Peters C, Dworzak MN, Potschger U, Urban C, Fink FM, Meister B, Schmitt
K, Dieckmann K, Henze G, Haas OA, Gadner H, Mann G, Austrian Berlin-Frankfurt-Munster Study G. Long-term
outcome of initially homogenously treated and relapsed childhood acute lymphoblastic leukaemia in Austria-
-a population-based report of the Austrian Berlin-Frankfurt-Munster (BFM) Study Group. British journal of
haematology. 2009;144(4):559-70.

56. Ko RH, Ji L, Barnette P, Bostrom B, Hutchinson R, Raetz E, Seibel NL, Twist CJ, Eckroth E, Sposto R, Gaynon
PS, Loh ML. Outcome of patients treated for relapsed or refractory acute lymphoblastic leukemia: a
Therapeutic Advances in Childhood Leukemia Consortium study. Journal of clinical oncology : official journal of
the American Society of Clinical Oncology. 2010;28(4):648-54.

57. Beck JD, Gromball J, Klingenbiel T, Ritter J, Henze G, Riehm H, Hiddermann W. DNA aneuploidy in
children with relapsed acute lymphoblastic leukemia as measured by flow cytometry. Haematol Blood
Transfus. 1987;30:509-12.

58. Heng JL, Chen YC, Quah TC, Liu TC, Yeoh AE. Dedicated cytogenetics factor is critical for improving
karyotyping results for childhood leukaemias - experience in the National University Hospital, Singapore 1989-
2006. Ann Acad Med Singapore. 2010;39(2):102-6.

59. Krentz S, Hof J, Mendioroz A, Vaggopoulou R, Dorge P, Lottaz C, Engelmann JC, Groeneveld TW, Korner
G, Seeger K, Hagemeier C, Henze G, Eckert C, von Stackelberg A, Kirschner-Schwabe R. Prognostic value of
genetic alterations in children with first bone marrow relapse of childhood B-cell precursor acute
lymphoblastic leukemia. Leukemia : official journal of the Leukemia Society of America, Leukemia Research Fund,
UK. 2013;27(2):295-304.

60. Ormerod MG, Tribukait B, Giaretti W. Consensus report of the task force on standardisation of DNA
flow cytometry in clinical pathology. DNA Flow Cytometry Task Force of the European Society for Analytical
Cellular Pathology. Anal Cell Pathol. 1998;17(2):103-10.

61. Peter A, Heiden T, Taube T, Kérner G, Seeger K. Interphase FISH on TEL/AML1 positive acute
lymphoblastic leukemia relapses--analysis of clinical relevance of additional TEL and AML1 copy number
changes. European journal of haematology. 2009;83(5):420-32.

30



62. Aburawi HE, Biloglav A, Johansson B, Paulsson K. Cytogenetic and molecular genetic characterization
of the 'high hyperdiploid' B-cell precursor acute lymphoblastic leukaemia cell ine MHH-CALL-2 reveals a near-
haploid origin. British journal of haematology. 2011;154(2):275-7.

63. Rachieru-Sourisseau P, Baranger L, Dastugue N, Robert A, Genevieve F, Kuhlein E, Chassevent A. DNA
Index in childhood acute lymphoblastic leukaemia: a karyotypic method to validate the flow cytometric
measurement. Int J Lab Hematol. 2010;32(3):288-98.

64. Hof J, Krentz S, van Schewick C, Korner G, Shalapour S, Rhein P, Karawajew L, Ludwig WD, Seeger K,
Henze G, von Stackelberg A, Hagemeier C, Eckert C, Kirschner-Schwabe R. Mutations and deletions of the TP53
gene predict nonresponse to treatment and poor outcome in first relapse of childhood acute lymphoblastic
leukemia. Journal of clinical oncology : official journal of the American Society of Clinical Oncology.
2011;29(23):3185-93.

65. Oshima K, Khiabanian H, da Silva-Almeida AC, Tzoneva G, Abate F, Ambesi-Impiombato A, Sanchez-
Martin M, Carpenter Z, Penson A, Perez-Garcia A, Eckert C, Nicolas C, Balbin M, Sulis ML, Kato M, Koh K, Paganin
M, Basso G, Gastier-Foster JM, Devidas M, Loh ML, Kirschner-Schwabe R, Palomero T, Rabadan R, Ferrando AA.
Mutational landscape, clonal evolution patterns, and role of RAS mutations in relapsed acute lymphoblastic
leukemia. Proc Natl Acad Sci U S A. 2016;40(113):11306-11.

66. Irving J, Matheson E, Minto L, Blair H, Case M, Halsey C, Swidenbank I, Ponthan F, Kirschner-Schwabe R,
Groeneveld-Krentz S, Hof J, Allan J, Harrison C, Vormoor J, von Stackelberg A, Eckert C. Ras pathway mutations
are prevalent in relapsed childhood acute lymphoblastic leukemia and confer sensitivity to MEK inhibition.
Blood. 2014;124(23):3420-30.

67. Heerema NA, Raimondi SC, Anderson JR, Biegel J, Camitta BM, Cooley LD, Gaynon PS, Hirsch B, Magenis
RE, McGavran L, Patil S, Pettenati MJ, Pullen J, Rao K, Roulston D, Schneider NR, Shuster JJ, Sanger W, Sutcliffe
MJ, van Tuinen P, Watson MS, Carroll Al. Specific extra chromosomes occur in a modal number dependent
pattern in pediatric acute lymphoblastic leukemia. Genes, chromosomes & cancer. 2007;46(7):684-93.

68. Harrison CJ, Moorman AV, Barber KE, Broadfield ZJ, Cheung KL, Harris RL, Jalali GR, Robinson HM,
Strefford JC, Stewart A, Wright S, Griffiths M, Ross FM, Harewood L, Martineau M. Interphase molecular
cytogenetic screening for chromosomal abnormalities of prognostic significance in childhood acute
lymphoblastic leukaemia: a UK Cancer Cytogenetics Group Study. British journal of haematology.
2005;129(4):520-30.

69. Reyes-Nunez V, Galo-Hooker E, Perez-Romano B, Duque RE, Ruiz-Arguelles A, Garces-Eisele J.
Simultaneous use of multiplex ligation-dependent probe amplification assay and flow cytometric DNA ploidy
analysis in patients with acute leukemia. Cytometry B Clin Cytom. 2018;94(1):172-81.

70. Carroll AJ, Heerema N, Gastier-Foster JM, Astbury C, Carroll WL. Masked Hypodiploidy: Hypodiploid
Acute Lymphoblastic Leukemia (ALL) in Children Mimicking Hyperdiploid ALL: A Report From the Children’s
Oncology Group (COG) AALLO3B1 Study. 51st ASH Annual Meeting2009. p. 1580.

71. Stark B, Jeison M, Gobuzov R, Krug H, Glaser-Gabay L, Luria D, El-Hasid R, Harush MB, Avrahami G, Fisher
S, Stein J, Zaizov R, Yaniv |. Near haploid childhood acute lymphoblastic leukemia masked by hyperdiploid line:
detection by fluorescence in situ hybridization. Cancer Genet Cytogenet. 2001;128(2):108-13.

72. Safavi S, Paulsson K. Near-haploid and low-hypodiploid acute lymphoblastic leukemia: two distinct
subtypes with consistently poor prognosis. Blood. 2017;129(4):420-3.

31



Statutory Declaration

“l, Stefanie Groeneveld-Krentz (born Krentz), by personally signing this document in lieu of an oath,
hereby affirm that | prepared the submitted dissertation on the topic “The clinical relevance of
aneuploidy in relapses of pediatric B cell precursor acute lymphoblastic leukemia”, independently and

without the support of third parties, and that | used no other sources and aids than those stated.

All parts which are based on the publications or presentations of other authors, either in letter or in
spirit, are specified as such in accordance with the citing guidelines. The sections on methodology (in
particular regarding practical work, laboratory regulations, statistical processing) and results (in

particular regarding figures, charts and tables) are exclusively my responsibility.

My contributions to any publications to this dissertation correspond to those stated in the below joint
declaration made together with the supervisor. All publications created within the scope of the
dissertation comply with the guidelines of the ICMIJE (International Committee of Medical Journal
Editors; www.icmje.org) on authorship. In addition, | declare that | am aware of the regulations of
Charité — Universitatsmedizin Berlin on ensuring good scientific practice and that | commit to comply

with these regulations.

The significance of this statutory declaration and the consequences of a false statutory declaration

under criminal law (Sections 156, 161 of the German Criminal Code) are known to me.”

Date Signature

32


http://www.icmje.org/

Anteilserklarung an der erfolgten Publikation

Publikation:

Groeneveld-Krentz S, Schroeder MP, Reiter M, Pogodzinski MJ, Pimentel-Gutierrez HJ, Vagkopoulou
R, Hof J, Chen-Santel C, Nebral K, Bradtke J, Turkmen S, Baldus CD, Gattenlohner S, Haas OA, von
Stackelberg A, Karawajew L, Eckert C, Kirschner-Schwabe R. Aneuploidy in children with relapsed B-
cell precursor acute lymphoblastic leukaemia: clinical importance of detecting a hypodiploid origin
of relapse. British Journal of Haematology. 2019;185(2):266-83. d0i:10.1111/bjh.15770. Epub 2019
Feb3.

IMPACT FACTOR: 5.128

Beitrag im Einzelnen: Zusammenstellung eines Untersuchungskollektivs aus der Gesamtheit der
Patienten mit ALL-Rezidiv, die innerhalb der klinischen Rezidivstudie ALL-REZ BFM 2002 behandelt
wurden (dargestellt in Abbildung 1A); Entnahme der entsprechenden DNA-Proben aus der Biobank
sowie deren Qualitatskontrolle; Etablierung und Durchfiihrung der MLPA Methode sowie Auswertung
und Interpretation der MLPA Ergebnisse (die Daten liegen der Abbildung 1B zu Grunde); Validierung
der MLPA Daten mit anderen Methoden zur Ploidy-Bestimmung (FISH — Tabelle S1 und Tabelle 1, DNA
Index — Abbildung S1 und Tabelle 1); Auswertung und Interpretation von SNP-Array Daten
(zusammengefasst in Tabelle 1, Teil B); Korrelation der identifizierten aneuploiden Gruppen mit
klinischen (Tabelle 2 und 3) und genetischen Parametern (Abbildung 2); Uberlebensanalysen nach
Kaplan-Meier (Abbildungen 4, S4 und S5) und mittels Cox Regression (Tabelle 4); Erstellen samtlicher
Diagramme und Tabellen fir das Manuskript, Entwurf des Manuskripts sowie Mitarbeit (mindestens

50%) an der Uberarbeitung/Fertigstellung und bei der Einreichung und Revision.

Unterschrift, Datum und Stempel des betreuenden Hochschullehrers/der betreuenden

Hochschullehrerin

Unterschrift des Doktoranden/der Doktorandin

33



Journal Summary List

Bristish Journal of Haematology: rank #12/71 category ,Haematology”

Journal Data Filtered By: Selected JCR Year: 2017 Selected Editions: SCIE,SSCI
selected Categories: “HEMATOLOGY™ Selected Category Scheme: WoS
Gesamtanzahl: 71 Journale

Rank Full Joumnal Title Total Cites JD"'—;':‘I::;T}&CI Eigenfactor Score

CIRCULATION

1 RESEARCH 52,753 15.211 0.082820

2 BLOOD 167 858 15.132 0.278040

3| Lancet Haematology 1,307 10698 0.007350

4 LEUKEMIA 25,265 10.023 0.059580

5 HAEMATOLDGICA 16,138 9.080 0.038330
Journal of Hematology

6 & Oncology 4 098 7.333 0.009750

7 BLOOD REVIEWS 2,810 6.600 0.006010
ARTERIOSCLEROSIS
THROMBOSIS AND

8| WASCULAR BIOLOGY 34074 6.086 0.044820
JOURMAL OF
CEREBRAL BLOOD
FLOW AND

9 METABOLISM 15,450 6.045 0.028280

10 STEM CELLS 216594 5.587 0.035580
AMERICAN JOURMAL

11 OF HEMATOLOGY 9,458 5.303 0.022620
EN BRITISH JOURMAL OF

12 HAEMATOLOGY 23 861 5.128 0.039010
THROMBQSIS AND

13 HAEMIOSTASIS 16,701 4952 0.025770
JOURMAL OF
THROMBOSIS AND

14 HAEMIOSTASIS 17 663 4899 0.034380
BONE MARROW

15 TRANSPLANTATION 12 506 44497 0.020810
CRITICAL REVIEWS IN
ONCOLDGY

16 HEMATOLOGY 6,956 4.495 0.012190
BIOLOGY OF BLOOD
AND MARROW

17 TRANSPLANTATION 10,583 4.484 0.026940
JOURMAL OF

15| LEUKOCYTE BIOLOGY 17244 4224 0.021200
TRANSFUSION

19 MEDICINE REVIEWS 1,292 4111 0.002350

20 CYTOTHERAPY 5,580 3.003 0.009020
SEMIMARS IN

21 HEMATOLOGY 2,305 3.926 0.003780

22 TRANSFUSION 13,045 3.423 0.022050
SEMIMARS IN
THROMBOSIS AND

23 HEMOSTASIS 3,876 3.345 0.006270
STEM CELLS AND

24 DEVELOPMENT 7,589 3.315 0.016440

34




Selected publication (incl. Supplementary information)

Groeneveld-Krentz S, Schroeder MP, Reiter M, Pogodzinski MJ, Pimentel-Gutierrez HJ, Vagkopoulou
R, Hof J, Chen-Santel C, Nebral K, Bradtke J, Turkmen S, Baldus CD, Gattenlohner S, Haas OA, von
Stackelberg A, Karawajew L, Eckert C, Kirschner-Schwabe R. Aneuploidy in children with relapsed B-
cell precursor acute lymphoblastic leukaemia: clinical importance of detecting a hypodiploid origin
of relapse. British Journal of Haematology. 2019;185(2):266-83. do0i:10.1111/bjh.15770. Epub 2019
Feb3.

https://doi.org/10.1111/bjh.15770

- Journal article, pages 37-54
- Supporting information, pages 55-67
- The supplementary data table Table Sl can be accessed online

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fbjh.15770&file=bjh157

70-sup-0002-Table.xIsx

35


https://doi.org/10.1111/bjh.15770
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fbjh.15770&file=bjh15770-sup-0002-Table.xlsx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fbjh.15770&file=bjh15770-sup-0002-Table.xlsx

36



68



Curriculum Vitae

Stefanie Groeneveld-Krentz

Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischen Version meiner
Arbeit nicht veroffentlicht.

CV S. Groeneveld-Krentz 69



CV S. Groeneveld-Krentz

70



CV S. Groeneveld-Krentz

71



List of publications

Groeneveld-Krentz S, Schroeder MP, Reiter M, Pogodzinski MJ, Pimentel-Gutierrez HJ, Vagkopoulou R, Hof J,
Chen-Santel C, Nebral K, Bradtke J, Turkmen S, Baldus CD, Gattenlohner S, Haas OA, von Stackelberg A,
Karawajew L, Eckert C, Kirschner-Schwabe R. Aneuploidy in children with relapsed B-cell precursor acute
lymphoblastic leukaemia: clinical importance of detecting a hypodiploid origin of relapse. British journal of
haematology. 2019;185(2):266-83. Impact Factor 5.128

Stanulla M, Dagdan E, Zaliova M, Moricke A, Palmi C, Cazzaniga G, Eckert C, Te Kronnie G, Bourquin JP,
Bornhauser B, Koehler R, Bartram CR, Ludwig WD, Bleckmann K, Groeneveld-Krentz S, Schewe D, Junk SV, Hinze
L, Klein N, Kratz CP, Biondi A, Borkhardt A, Kulozik A, Muckenthaler MU, Basso G, Valsecchi MG, lzraeli S, Petersen
BS, Franke A, Dorge P, Steinemann D, Haas OA, Panzer-Grumayer R, Cave H, Houlston RS, Cario G, Schrappe M,
Zimmermann M, Consortium T, International BFMSG. IKZF1(plus) Defines a New Minimal Residual Disease-
Dependent Very-Poor Prognostic Profile in Pediatric B-Cell Precursor Acute Lymphoblastic Leukemia. Journal
of clinical oncology: official journal of the American Society of Clinical Oncology. 2018;36(12):1240-9. Impact
Factor 26.303

Schwab C, Nebral K, Chilton L, Leschi C, Waanders E, Boer JM, Zaliova M, Sutton R, Ofverholm, II, Ohki K,
Yamashita Y, Groeneveld-Krentz S, Fronkova E, Bakkus M, Tchinda J, Barbosa TDC, Fazio G, Mlynarski W,
Pastorczak A, Cazzaniga G, Pombo-de-Oliveira MS, Trka J, Kirschner-Schwabe R, Imamura T, Barbany G, Stanulla
M, Attarbaschi A, Panzer-Grumayer R, Kuiper RP, den Boer ML, Cave H, Moorman AV, Harrison CJ, Strehl S.
Intragenic amplification of PAX5: a novel subgroup in B-cell precursor acute lymphoblastic leukemia? Blood
Adv. 2017;1(19):1473-7.

Hof J, Kox C, Groeneveld-Krentz S, Bandapalli OR, Karawajew L, Schedel K, Kunz JB, Eckert C, Ludwig WD, Ratei R,
Rhein P, Henze G, Muckenthaler MU, Kulozik AE, von Stackelberg A, Kirschner-Schwabe R. NOTCH1 mutation,
TP53 alteration and myeloid antigen expression predict outcome heterogeneity in children with first relapse
of T-cell acute lymphoblastic leukemia. Haematologica. 2017;102(7):e249-e52. Impact Factor 9.090

Reiter M, Rota P, Kleber F, Diem M, Groeneveld-Krentz S, Dworzak M. Clustering of cell populations in flow
cytometry data using a combination of Gaussian mixtures. Pattern Recogn. 2016;60:1029-40. Impact Factor
3.962

Irving J, Matheson E, Minto L, Blair H, Case M, Halsey C, Swidenbank I, Ponthan F, Kirschner-Schwabe R,
Groeneveld-Krentz S, Hof J, Allan J, Harrison C, Vormoor J, von Stackelberg A, Eckert C. Ras pathway mutations
are prevalent in relapsed childhood acute lymphoblastic leukemia and confer sensitivity to MEK inhibition.
Blood. 2014;124(23):3420-30. Impact Factor 15.132

Krentz S, Hof J, Mendioroz A, Vaggopoulou R, Dorge P, Lottaz C, Engelmann JC, Groeneveld TW, Korner G, Seeger
K, Hagemeier C, Henze G, Eckert C, von Stackelberg A, Kirschner-Schwabe R. Prognostic value of genetic
alterations in children with first bone marrow relapse of childhood B-cell precursor acute lymphoblastic
leukemia. Leukemia: official journal of the Leukemia Society of America, Leukemia Research Fund, UK.
2013;27(2):295-304. Impact Factor 10.023

Morak M, Attarbaschi A, Fischer S, Nassimbeni C, Grausenburger R, Bastelberger S, Krentz S, Cario G, Kasper D,
Schmitt K, Russell LJ, Potschger U, Stanulla M, Eckert C, Mann G, Haas OA, Panzer-Grumayer R. Small sizes and
indolent evolutionary dynamics challenge the potential role of P2RY8-CRLF2-harboring clones as main relapse-
driving force in childhood ALL. Blood. 2012;120(26):5134-42. Impact Factor 15.132

Sanchez-Gallego JI, Groeneveld TW, Krentz S, Nilsson SC, Villoutreix BO, Blom AM. Analysis of binding sites on
complement factor | using artificial N-linked glycosylation. The Journal of biological chemistry.
2012;287(17):13572-83. Impact Factor 4.010

72



Hof J, Krentz S, van Schewick C, Korner G, Shalapour S, Rhein P, Karawajew L, Ludwig WD, Seeger K, Henze G, von
Stackelberg A, Hagemeier C, Eckert C, Kirschner-Schwabe R. Mutations and deletions of the TP53 gene predict
nonresponse to treatment and poor outcome in first relapse of childhood acute lymphoblastic leukemia.
Journal of clinical oncology: official journal of the American Society of Clinical Oncology. 2011;29(23):3185-93.
Impact Factor 26.303

Dieudonne-Vatran A, Krentz S, Blom AM, Meri S, Henriques-Normark B, Riesbeck K, Albiger B. Clinical isolates of
Streptococcus pneumoniae bind the complement inhibitor C4b-binding protein in a PspC allele-dependent
fashion. J Immunol. 2009;182(12):7865-77. Impact Factor 4.539

73



Acknowledgements

| want to thank all the people who have supported, encouraged and helped me during all the different
stages of my doctoral training at the Charité Pediatric Hematology/Oncology. Especially, | would like to

thank:

My supervisors Dr. rer. medic. Cornelia Eckert and Dr. rer. nat. Renate Kirschner-Schwabe for giving me
the opportunity to work on this interesting field of pediatric malignancies. | wish to thank them for their
scientific guidance, support, motivation, criticism, and trust (and also special thanks to Conny for all these

not-particularly-work-related hours that somehow had always something to do with dancing...).

All technical assistants from our molecular diagnostics lab whose daily work of sample processing,
documentation and biobanking was the basis for this study. Special thanks go to Gabriele Kérner, who
taught me everything about FISH and to Katarzyna Pogodzinski, who helped me a lot with the MLPA

screening.

All co-authors from the publication for their professional cooperation, especially to Michael for his

bioinformatic support and to Karin and Oskar for their expertise with the CytoScan.

Finally, 1 am grateful to my family for their patience, permanent support and the many welcome

distractions from work ;).

74



