
Identification 
of Therapeutic 
Options for High-Risk 
Pediatric Acute 
Leukemia
A high-throughput 
screening approach
Priscilla Wander

Identification of Therapeutic O
ptions for H

igh-Risk Pediatric Acute Leukem
ia 

Priscilla W
ander

Uitnodiging
Voor het bijwonen van de 

openbare verdediging van het 
proefschrift

Identification of 
Therapeutic Options  

for High-Risk Pediatric 
Acute Leukemia

op dinsdag 27 september 2022  
om 15:30 uur.

De plechtigheid zal plaatsvinden  
in de Prof. Andries 

Queridozaal (Eg-370)  
in het onderwijscentrum van  

het Erasmus MC te Rotterdam.

Aansluitend bent u van harte 
welkom op de receptie ter plaatse.

Priscilla Wander
Schrijnwerkerstraat 13

3123 EJ Schiedam
06 20 53 09 42

priswander@hotmail.com

Paranimfen
Mark Kerstjens

markkerstjens@gmail.com

Patricia Garrido Castro
p.garridocastro@gmail.com





Priscilla Wander

Identification of Therapeutic 
Options for High-Risk Pediatric 

Acute Leukemia:
A high-throughput screening 

approach



ISBN: 978-94-6423-933-1

Cover design: Ron Zijlmans
Lay-out: RON Graphic Power | www.ron.nu
Printing: ProefschriftMaken | www.proefschriftmaken.nl

The research described in this thesis was financially supported by stichting Kinderen Kankervrij (KiKa).

© Priscilla Wander, 2022. No part of this thesis may be reproduced, distributed, stored in a retrieval  
system, or transmitted in any form or by any means, without prior written permission of the author.



PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam

op gezag van de
rector magnificus

Prof. dr. A.L. Bredenoord 

en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op 

dinsdag 27 september 2022 om 15:30 uur

door

Priscilla Wander
geboren te Rotterdam.

Identificatie van therapeutische opties voor 
pediatrische acute leukemie met een hoog risico:

Een high-throughput screening benadering

Identification of Therapeutic 
Options for High-Risk Pediatric 

Acute Leukemia:
A high-throughput screening 

approach

 
 

Identification of Therapeutic Options for High-Risk Pediatric Acute Leukemia
A high-throughput screening approach 

 
Identificatie van 

Een high-throughput screening benadering 
 
 
 

Proefschrift 
 

ter verkrijging van de graad van doctor aan de 
Erasmus Universiteit Rotterdam 

op gezag van de 
rector magnificus 

 
Prof. dr. A.L. Bredenoord  

 
en volgens besluit van het College voor Promoties. 

De openbare verdediging zal plaatsvinden op  
 

dinsdag 27 september 2022 om 15:30 uur 
 

door 
 

Priscilla Wander 
geboren te Rotterdam.  

 
 
 
 
 
 

 
 
 

  

 
 

Identification of Therapeutic Options for High-Risk Pediatric Acute Leukemia: 
A high-throughput screening approach 

 
Identificatie van therapeutische opties voor pediatrische acute leukemie met een hoog risico: 

Een high-throughput screening benadering 
 
 
 

Proefschrift 
 

ter verkrijging van de graad van doctor aan de 
Erasmus Universiteit Rotterdam 

op gezag van de 
rector magnificus 

 
Prof. dr. A.L. Bredenoord  

 
en volgens besluit van het College voor Promoties. 

De openbare verdediging zal plaatsvinden op  
 

dinsdag 27 september 2022 om 15:30 uur 
 

door 
 

Priscilla Wander 
geboren te Rotterdam.  

 
 
 
 
 
 

 
 
 

  



PROMOTIECOMMISSIE:

Promotor: Prof. dr. C.M. Zwaan

Leescommissie: Prof. dr. O. Heidenreich
 Prof. dr. M.C. Minnema 
 Prof. dr. H.G.P. Raaijmakers
 
Copromotor: Dr. R.W. Stam



5

Table of contents

Chapter 1 General Introduction 7

Chapter 2 High-Throughput Drug Library Screening in Primary KMT2A- 
Rearranged Infant ALL Cells Favors the Identification of  
Drug Candidates That Activate P53 Signaling 21

Chapter 3 Preclinical Efficacy of Gemcitabine in MLL-Rearranged Infant  
Acute Lymphoblastic Leukemia 49

Chapter 4 High-Throughput Drug Screening Reveals Pyrvinium Pamoate as  
Effective Candidate Against Pediatric MLL-Rearranged Acute Myeloid 
Leukemia 67

Chapter 5 The Clinical and Biological Characteristics of NUP98-KDM5A  
in Pediatric Acute Myeloid Leukemia 91

Chapter 6 An Epigenetic CRISPR-Cas9 Knockout Screen Identifies Potential  
Epigenetic Vulnerabilities in MLL-Rearranged Acute Lymphoblastic 
Leukemia – A Pilot Study 109

Chapter 7 General Discussion and Future Perspectives 127

Chapter 8 Nederlandse samenvatting voor niet-ingewijden / 
Layman’s Summary in Dutch 143

About the Author 155
Curriculum Vitae 156
List of Publications 157
PhD Portfolio 159
Dankwoord / Acknowledgments 161





General Introduction 1



Chapter 1

8

HEMATOPOIESIS

The formation of the cellular components of our blood or hematopoiesis, is a process 
that mainly takes place in the bone marrow. After embryonic development during 
which hematopoiesis occurs in the fetal liver and spleen, the bone marrow becomes 
the permanent site of blood cell production. The formation of blood cells is a process 
that is tightly regulated by a complex network of intrinsic factors and microenviron-
mental cues. Hematopoietic stem cells (HSCs), i.e. multipotent progenitor cells, mainly 
reside in the medulla of the bone marrow and are responsible for continuous genera-
tion and maintenance of all of the different mature blood cell types and tissues. Since 
mature blood cells are predominantly short-lived, HSCs have a long-term capacity to 
self-renew. HSCs that give rise to mature blood cells undergo differentiation to form 
a wide variety of distinct blood cells.1 These cells are roughly categorized in either the 
myeloid lineage or the lymphoid lineage. Thrombocytes (or platelets), erythrocytes, 
granulocytes, monocytes and macrophages belong to the myeloid lineage, while 
the lymphoid lineage includes T-cells, B-cells, and natural killer (NK) cells (Figure 1). 
Combined, these cells are responsible for blood clotting, transporting oxygen from 
the lungs throughout the body, and for defense against pathogens. Blood is one of 
the most regenerative and plastic tissues, and millions of “old” blood cells are replen-
ished with new ones each second during life. In emergency situations such as anemia 
or infections, blood cell counts rapidly increase. The cell number then declines back 
to normal after recovery. The lifetimes of various mature blood cell types range from 
hours to years.2 

LEUKEMIA

Leukemia is cancer of the blood cells that usually develops in the bone marrow and 
result in high numbers of abnormal blood cells. Leukemia cells are uncontrolled 
due to alterations (caused by pathogenic mutations/genetic aberrations) in normal 
cell regulatory processes, and proliferate independent of the demand of blood cells. 
Consequently, the production of healthy, functional blood cells is heavily impaired, 
leading to anemia (due to the lack of functional red blood cells), infections (due to the 
lack of sufficient immune response cells), and (internal) bleeding (due to the lack of 
functional platelets). Eventually, when the bone marrow becomes overcrowded, leu-
kemia infiltration of other tissues, such as the spleen, liver, skin, testis, and in some 
cases the central nervous system is inevitable. Evidently, when left untreated, leu-
kemia is a lethal malignancy. 

Acute leukemia develops quickly and is characterized by a maturation arrest lead-
ing to an accumulation of abnormal, immature (thus non-functional) blood cells in the 
bone marrow. Chronic leukemia develops slowly and abnormal cells mature partly but 
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not completely. Leukemia is categorized into four major subtypes based on the origin 
of the predominant cell type (myeloid or lymphoid) and whether leukemia is acute or 
chronic, namely: acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), 
chronic myeloid leukemia (CML) and chronic lymphoid leukemia (CLL).3 These types 
of leukemia are further classified based on immunophenotyping, cytogenetic and 
molecular genetic features.4

ACUTE LYMPHOBLASTIC LEUKEMIA IN CHILDREN

Childhood leukemia is the most common type of cancer in children. Unlike leukemia 
in adults, childhood leukemia is acute in the vast majority of cases. ALL is the most 
common subtype, occurring in 75-80% of the cases, whereas AML comprises ~15-20% 
of the cases. CML occurs in about 2% of the cases, and CLL does not occur in chil-
dren. In the Netherlands approximately 125 children are diagnosed with ALL every 

Figure 1. An overview of hematopoiesis. Hematopoietic stem cells (HSC) commit to the 
myeloid or lymphoid lineage under the influence of cytokines and growth factors. The 
committed lymphoid stem cells further differentiate into B-cells, T-cells or natural killer 
(NK) cells. The committed myeloid stem cells further differentiate into platelets, ery-
throcytes (red blood cells), granulocytes, monocytes and macrophages.
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year. Children with ALL are mainly treated with chemotherapeutic drugs, such as pred-
nisone, vincristine and L-asparaginase. Treatment duration usually takes 2-3 years.5 
Precise risk assessment, improved supportive care and optimal use of antileukemic 
agents have led to a tremendous increase in survival rate for childhood ALL over the 
last decades: the overall survival rate in the 1960s was ~10%, whereas nowadays ~90% 
of the patients can be cured.6 The most common subtypes in childhood ALL, include 
hyperdiploidy (>50 chromosomes), ETV6-RUNX1, MLL rearrangements, ERG deletion, 
CRFL2 overexpression, E2A-PBX1 and BCR-ABL1, whereas the outcome varies per sub-
group. For example, patients with hyperdiploid ALL have a favorable prognosis with a 
5-year event-free survival (EFS) rate of 85-95%, while MLL-AF4 ALL is associated with a 
5-year EFS rate of only 30-40%.7

MLL-rearranged ALL in infants
In contrast to childhood ALL in general, infants (i.e. children less than 1 year of age) 
diagnosed with ALL still represent a subgroup of patients with a very poor clinical 
outcome. In ~4% of all childhood ALL cases, ALL is diagnosed in infants. Although rare, 
infants with ALL represent one of the most aggressive and difficult to treat types of 
leukemia.8 Typically, infant ALL is characterized by a high incidence (~80% of the cases) 
of chromosomal translocations involving the Mixed Lineage Leukemia (MLL/KMT2A) 
gene, where the N-terminus of the MLL gene fuses with the C-terminus of a partner 
gene. Although over 80 different fusion partner genes have been identified, most MLL-
rearranged infant ALL cases involve MLL being fused to AF4 (~50%), AF9 (~20%) or ENL 
(~10%).9 Infants with ALL carrying these MLL rearrangements have 5-year EFS chances 
of only 30-40%, whereas infant ALL patients with wildtype MLL fare significantly better 
with a 5-year EFS rate of ~75% (Figure 2).10 

MLL-rearranged infant ALL is both clinically and biologically distinctive from other 
childhood ALL subtypes. Normally, the MLL protein is ubiquitously expressed during 
hematopoiesis and functions as a histone methyltransferase. Activity results in the 
trimethylation of histone H3 on lysine 4, leading to activation of many target genes, 
such as HOX genes.11,12 MLL fusion proteins are known to recruit the histone methyl 
transferase DOT1L, thereby inducing a perturbed epigenetic landscape leading to an 
altered gene expression profile and DNA methylation pattern.13-15 Remarkably, MLL-
rearranged infant ALL is characterized by a silent mutational landscape, suggesting 
the disease occurs on epigenetic level.16,17 

The poor outcome of MLL-rearranged infant ALL is mainly owed to cellular drug 
resistance to chemotherapeutic drugs currently used in the treatment of ALL. To date, 
the INTERFANT-99 protocol has been the most effective treatment protocol for MLL-
rearranged infant ALL.10 Thereafter, efforts have been made in the INTERFANT-06 pro-
tocol, but did not result in a significantly improved outcome for infant ALL compared 
to the INTERFANT-99 protocol.18 The relative success of the INTERFANT-99 study is 
mainly due to the implementation of courses with low-dose and high-dose cytara-
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bine (also known as Ara-C) throughout the entire treatment. The sensitivity of infant 
ALL cells to this nucleoside analog drug is most likely caused by the overexpression of 
hENT1, encoding for a transporter which allows cellular uptake of nucleosides.19

Nonetheless, the 6-year EFS for MLL-rearranged infant ALL patients remains only 
36,4%.18 Furthermore, after the relative success of the INTERFANT-99 protocol no signif-
icant advances in outcome have been achieved in the last two decades. Also, further 
intensification of current treatment is not feasible for toxicity concerns. Hence, for this 
subgroup of patients new therapeutic strategies are urgently needed. 

ACUTE MYELOID LEUKEMIA IN CHILDREN

Pediatric AML represents ~15-20% of all pediatric acute leukemia cases. In the 
Netherlands approximately 25 children are diagnosed with AML every year. The 
incidence of AML peaks in infants (1.5 per 100,000 individuals) and subsequently 
decreases in older children, followed by an increase in adolescence.20 Children with 
AML are mainly treated with chemotherapeutic drugs, such as daunorubicin, cytara-
bine (ara-C) and etoposide. Treatment duration for AML is shorter (<0,5 year in most 
cases) and involves less chemotherapeutic drugs, but uses higher doses of chemo-
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Figure 2. Event-free survival (EFS) in infant ALL. Probability EFS rates in infant ALL car-
rying germline MLL (dark blue line), other MLL-rearrangements (purple line), MLL-AF9 
(green line), MLL-AF4 (red line) or MLL-ENL (cyan line).10
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therapeutic drugs compared to ALL, and hence is considered very intensive.21 AML 
is a heterogeneous disease which is reflected by differences in morphology, genetic 
aberrations and clinical behavior. Typically, AML is classified based on the morphol-
ogy, cytochemistry and immunophenotype according to the French-American-British 
(FAB) system. AML can be divided in eight FAB subtypes ranging from M0 to M7, based 
on the cell type and maturity of the leukemic cell.22 This risk-classification system is 
nowadays replaced by the World Health Organization (WHO) classification, which also 
takes karyotype and molecular aberrations into account.23 AML is thought to arise 
from at least two classes of cooperating genetic alterations. Type I alterations usu-
ally provide a proliferative signal and are often activating mutations of genes, such as 
FLT3-ITD, KIT, N-RAS, K-RAS and PTPN11. Type II alterations play key roles in impairing 
differentiation of precursor cells, such as MLL rearrangements, RUNX1-RUNXT1, inver-
sion of chromosome 16, PML-RARA, and mutations of NPM1 or CEBPα.24 Roughly 20% 
of pediatric AML cases have no cytogenetic abnormality (thus normal karyotype), but 
often carry mutations in genes, such as NPM1, FLT3-ITD, CEBPα or WT1. The underly-
ing genetic and molecular aberrations are important prognostic factors in pediatric 
AML.7 Like in pediatric ALL, better risk assessment, improved supportive care, salvage 
at relapse and intensive chemotherapy treatment have led to an improved outcome 
in pediatric AML over the few last decades: collaborative study group protocols reach 
long-term overall survival rates of ~70%.25-29 

MLL-rearranged AML
Chromosomal rearrangements of the MLL gene represent a unique group in ALL and 
have a high incidence in infants with ALL. However, MLL rearrangements are not lim-
ited to ALL, but also occur in AML.30 In fact, one of the most recurrent genetic abnor-
malities are translocations involving the MLL gene, comprising 15-20% of all pediatric 
AML cases. The distribution of MLL fusion partners differ per type of leukemia and per 
age group.30 Clinical outcome for patients with MLL-rearranged AML is dependent on 
the MLL fusion partner gene, but has a generally unfavorable outcome, primarily due 
to relapse and drug resistance. While patients carrying the MLL-AF9 fusion show EFS 
rates of 77%, patients harboring MLL-AF6, MLL-AF4, and MLL-AF10 translocations fare 
significantly worse, with EFS rates of only 11%, 29%, and 32%, respectively. Overall, 
pediatric MLL-rearranged AML have a 5-year EFS of 44%, and a 5-year overall survival 
of 56% (Figure 3).31 

In general, patients with pediatric AML receive 4-5 courses of intensive chemo-
therapy mainly based on cytarabine and anthracyclines, such as daunorubicin. 
Selected high-risk cases also receive a hematopoietic stem cells transplantation in 
the first complete remission. This chemotherapeutic backbone has remained essen-
tially unchanged for decades. The intensity of therapy is risk-adapted, and is mainly 
dependent on the quality of remission following induction therapy. However, the high 
frequency of treatment-related deaths (5-10%) and the long-term side effects, such 
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as anthracycline-induced cardiomyopathy, indicates that further intensification of the 
treatment is not feasible.32 Hence, new therapeutic strategies are required to increase 
the survival for high-risk patients who remain to have a poor outcome, such as MLL-
rearranged AML. 

NUP98-rearranged AML
Another group of recurrent molecular aberrations in pediatric AML are nucleoporin 
98kD (NUP98)-rearrangements. NUP98-rearrangements are rare and occur in 3.8% 
of all pediatric AML cases. Similar to MLL, NUP98 has multiple translocation partners 
and currently counts 31 fusion partner genes.33 To fully characterize such a rare dis-
ease, international collaborative studies are required. Such a study has been carried 
out for AML patients carrying NUP98-NSD1, whereas NUP98-NSD1+ AML appeared to 
be an independent predictor for a poor outcome: the 4-year EFS was <10% for pedi-
atric NUP98-NSD1+ AML patients.34 Another recurrent NUP98 fusion is NUP98-KDM5A 
(also known as NUP98-JARID1A), which was found in 11.6% of pediatric acute mega-
karyocytic leukemia (AMKL; FAB subtype M7) cases, was also associated with a poor 
outcome: the 5-year EFS was 25% for pediatric NUP98-KDM5A+ AMKL patients.35 To 

Figure 3. EFS rates in childhood AML carrying different MLL translocation partners. 
Probability EFS rates in pediatric AML carrying different MLL-translocations: MLL-AF1, 
MLL-AF9, MLL-ENL, MLL-AF17, other MLL-rearrangements, MLL-AF10, MLL-AF4 and MLL-
AF6. At least 10 patients had to be included to create a subgroup, otherwise patients were 
categorized in the ‘other MLL-rearrangements’ group.31
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improve the survival of both NUP98-KDM5A+ and NUP98-NSD1+ AML cases in children, 
these group of patients also require new therapeutic possibilities as current therapy 
is not sufficient. 

TOWARDS OPTIMIZED THERAPY IN HIGH-RISK SUBTYPES OF 
PEDIATRIC ACUTE LEUKEMIA

Over the past decades, a remarkable progress has been made in the treatment of pedi-
atric leukemia, reaching 90% overall survival in pediatric ALL and 70% in pediatric AML. 
This achievement is mainly resulting from improved antileukemic treatment, risk-strat-
ified therapy based on minimal residual disease and genetics, randomized clinical tri-
als, supportive care, salvage at relapse and a better understanding of the biology of 
disease. Nowadays, it is becoming more and more difficult to further increase out-
come, especially for the remaining, rare and difficult to treat leukemia subtypes. In fact, 
we seem to have reached a plateau because outcome of refractory/relapsed leukemia 
remains poor, notably caused by chemoresistance and treatment related toxicity. This 
emphasizes that these so called ‘high-risk’ subtypes of leukemia urgently require more 
effective therapies that are less toxic.36 However, clinical trials in ‘rare’ or ‘orphan’ dis-
eases, such as MLL-rearranged infant ALL, comes with challenges such as recruiting 
a sufficient number of eligible patients to conduct the clinical trial, and may require 
alternate trial designs. Therefore, rare diseases such as MLL-rearranged leukemias 
require multicenter collaboration. Thankfully, awareness and opportunities for trials 
with rare diseases have increased over the last three decades as every patient deserves 
to be treated with an effective medication. Clinical trials for rare diseases have mainly 
been achieved due to changes in technology, international collaborations, and finan-
cial resources and logistics of clinical research, resulting in a better understanding in 
the pathophysiology of the rare disease and new treatments.37 

Over the past years, a lot of research has been performed aiming to identify novel 
therapeutic targets. To achieve this, knowledge on the biology of leukemia is vital, and 
many researchers focused on uncovering the heterogeneity of childhood leukemia, 
unveiling the molecular drivers and investigated the mechanisms of drug resistance. 
High-throughput genomics, including whole genome sequencing, whole exome 
sequencing and single cell sequencing, have paved the way to discover the complete 
genetic landscape of diseases. Several novel subtypes of AML and ALL with various 
prognostic impact have been identified, for example NUP98-KDM5A was identified 
as novel recurrent abnormality in AMKL, NUP98-NSD1 in AML and BCR-ABL1-like cases 
in ALL.34,38,39 These subtypes are mainly characterized by genetic alterations that per-
turb multiple key cellular pathways including hematopoietic development, signaling 
or proliferation and epigenetic regulation.40 These alterations may serve as targeted 
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therapy, a treatment that uses drugs to target specific genes and proteins related to 
the disease. Recently, targeting DOT1L has clinically been tested in MLL-rearranged 
leukemia, but show insufficient efficiency (NCT02141828). Inhibitors against Menin, 
a protein directly binding to MLL fusion proteins, do appear to be (pre-)clinically 
active against MLL-rearranged leukemia (NCT04067336) and might be a promising 
target for treatment of this subtype leukemia.41 A successful application of targeted 
therapy is tyrosine kinase inhibitor imatinib, a drug having a high specificity for BCR-
ABL, currently used in the treatment of CML.42 Despite that targeted therapy might 
be able to improve outcome in the next few decades due to ongoing discoveries by 
high-throughput genomics, so far this turned out to be a more difficult process than 
initially thought, which may have somewhat hampered its success. The heterogeneity 
and/or clonal instability within leukemia most likely hampers finding the target that is 
driving the leukemogenesis. 

Personalized medicine might have a better potential to improve the cure rate 
and the quality of life of patients with leukemia. Nonetheless, for rare types of leu-
kemia, such as MLL-rearranged infant ALL, who carry very few mutations16, have many 
inter-patient varieties and have a large heterogeneity driven by aberrant gene expres-
sion profiles caused on epigenetic level13, one might speculate that finding drugs for 
personalized therapy against MLL-rearranged infant ALL is nearly impossible. While 
the development to targeted and personalized therapy is ongoing for such high-risk 
subtypes of leukemia, current therapy remains intensive, leads to a poor outcome, 
and has changed minimally over the last years. Hence, novel treatment strategies are 
urgently needed for high-risk subtypes of leukemia. 

In this thesis, we performed a drug-repurposing strategy on high-risk types of leu-
kemia, as using existing drugs for new purposes has become a popular strategy in 
drug discovery, mainly because extensive data on toxicity and pharmacokinetics are 
often available. This reduces the need for additional studies and the risk of failure 
in early clinical trials, allowing a rapid translation into the clinic.43 Moreover, others 
have shown that such phenotypic screening assays could be an alternative to target- 
focused approaches in cancer drug discovery as it solely relies on the ability to kill the 
cancer cell without taking the target or mechanism into prospective.44 

In parallel we applied an RNA-guided clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas9 knockout screening. This technology has had a major 
impact on the drug discovery and development due to its ability of efficiently alter-
ing genomic information in mammalian cells.45 This method allows to rapidly identify 
cell-essential genes46, which in our case could identify novel target genes that are vital 
for the sustainability of leukemia.
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OUTLINE OF THIS THESIS

The work described in this thesis focused on finding novel therapeutic candidates and 
drug targets for high-risk subtypes of pediatric acute leukemia. 

Chapter 2 describes a drug-repurposing approach by screening 4000+ com-
pounds of mainly FDA-approved and off-patent drugs on patient-derived MLL-
rearranged infant ALL cells. Drugs that showed anti-leukemic effectivity on MLL-
rearranged ALL cells, while being less toxic on the screened non-leukemic bone 
marrow cells, appeared to be (in-)directly associated with p53 activity. Furthermore, 
we showed that activating p53 is a favorable target to induce cellular toxicity in MLL-
rearranged ALL, warranting further investigation in an in vivo setting. Chapter 3 car-
ried on the drug-repurposing approach where cell viability data of nucleoside analog 
drugs on primary MLL-rearranged infant ALL cells and MLL-rearranged cell lines were 
extracted from our drug screens. Here we identified gemcitabine as a potentially 
effective candidate against MLL-rearranged infant ALL. In addition, gemcitabine was 
further investigated in vivo using xenograft mouse models of MLL-rearranged ALL and 
demonstrated preclinical efficacy against this type of leukemia. 

The drug-repurposing approach described in Chapter 2 was set forth on primary 
MLL-rearranged AML cells. In Chapter 4 we identified pyrvinium pamoate as novel 
candidate with anti-leukemic effects in-vitro against this type of leukemia. Mechanistic 
research using MLL-rearranged AML cell lines, suggests that pyrvinium pamoate acts 
by inhibiting the mitochondrial respiration. In addition, pyrvinium pamoate showed 
additive effects in vitro when combined with current chemotherapy. 

In Chapter 5 we set out an international collaborative study to explore the pres-
ence of NUP98-KDM5A in other FAB-types of pediatric AML. Furthermore, due to the 
poor outcome of both NUP98-KDM5A+ AML and NUP98-NSD1+ AML in children, we fur-
ther characterized these subtypes clinically and biologically, and identified new thera-
peutic possibilities for these patients as current therapy leads to a poor outcome.

Chapter 6 aimed at identifying novel therapeutic targets for MLL-rearranged ALL, 
by performing a CRISPR-Cas9 knockout screening in the MLL-AF4+ ALL cell line SEM, 
using a library that targets 400+ epigenetic genes. Here, we identified several hits 
that are known to be of importance to MLL-rearranged ALL, as well as novel candidate 
genes. Novel candidate genes are currently being further validated and investigated 
on a larger MLL-rearranged ALL cell panel to identify whether they play a vital role in 
the sustainability of MLL-rearranged ALL.

Finally, in Chapter 7 we discuss and summarize the results described in this thesis 
and Chapter 8 covers a layman’s summary in Dutch.
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ABSTRACT

KMT2A-rearranged acute lymphoblastic leukemia (ALL) in infants (<1 year of age) rep-
resents an aggressive type of childhood leukemia characterized by a poor clinical out-
come with a survival chance of <50%. Implementing novel therapeutic approaches 
for these patients is a slow paced and costly process. Here, we utilized a drug-repur-
posing strategy, to identify potent drugs that could expeditiously be translated into 
clinical applications. We performed high-throughput screens of various drug librar-
ies, comprising 4191 different (mostly FDA-approved) compounds in primary KMT2A-
rearranged infant ALL patient samples (n=2). The most effective drugs were then tested 
on non-leukemic whole bone marrow samples (n=2), to select drugs with a favorable 
therapeutic index for bone marrow toxicity. The identified agents frequently belonged 
to several recurrent drug classes, including BCL-2, histone deacetylase, topoisomerase, 
microtubule and MDM2/p53 inhibitors, as well as cardiac glycosides, and corticoster-
oids. The in vitro efficacy of these drug classes was successfully validated in additional 
primary KMT2A-rearranged infant ALL samples (n=7) and KMT2A-rearranged ALL cell 
line models (n=5). Based on literature studies, most of the identified drugs remarkably 
appeared to lead to activation of p53 signaling. In line with this notion, subsequent 
experiments showed that forced expression of wild-type p53 in KMT2A-rearranged 
ALL cells rapidly led to apoptosis induction. We conclude that KMT2A-rearranged 
infant ALL cells are vulnerable to p53 activation, and that drug-induced p53 activa-
tion may represent an essential condition for successful treatment results. Moreover, 
the present study provides an attractive collection of approved drugs that are highly 
effective against KMT2A-rearranged infant ALL cells while showing far less toxicity 
towards non-leukemic bone marrow, urging further (pre)clinical testing.     
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INTRODUCTION 

Acute Lymphoblastic Leukemia (ALL) is the most common type of childhood cancer 
for which the prospects have improved substantially over the past decades with over-
all survival rates of <10% in the 1960s to >90% to date.1 Despite these advances, infants 
(i.e., children <1 year of age) diagnosed with ALL fare significantly worse. In ~80% of 
the cases, infant ALL is driven by chromosomal translocations involving the KMT2A 
(formerly known as MLL) gene, which are associated with a poor clinical outcome. 
Consequently, the 5-year event-free survival (EFS) rates for KMT2A-rearranged infant 
ALL persistently remained dismal at 30-40% over the last two decades.2,3

High-throughput genomics and profiling studies have significantly contributed 
to uncovering the unique biology of KMT2A-rearranged infant ALL, defining its dis-
tinctive gene expression and DNA methylation profiles4-9, and elucidating its remark-
ably silent mutational landscape.10,11 Yet, the number of suitable therapeutic targets 
identified by such studies remained limited and, despite substantial preclinical evalu-
ations, rarely led to meaningful clinical trials. A notable exception would be targeting 
of the histone methyltransferase DOT1L, the key effector of KMT2A fusion-mediated 
leukemic transformation.12 Unfortunately, the response rates to the DOT1L inhibitor 
Pinometostat (EZP-5676) in an adult phase I trial (NCT02141828) were rather modest 
and disappointing.13 In general, drug development in cancer has proven to be dif-
ficult with only a 5% likelihood of approval and an average time span of 11.4-13,5 
years.14,15 Hence, while promising clinical trials testing the efficacy of Menin inhibition16 
(NCT04067336) or immunotherapies e.g., Blinatumomab (NTR6359) and CAR-T cells17 
against KMT2A-rearranged infant ALL are being initiated, readily available and effec-
tive therapeutic alternatives to standard combination chemotherapy hardly exist. 

Drug repurposing has become a popular strategy in drug discovery as extensive 
data on toxicity and pharmacokinetics are already available. This reduces the labo-
rious preclinical studies as well as the risk of failure in early clinical trials18, although 
drugs are not always developed for this specific population, or no suitable pediatric 
formulation may be available. Various examples of successful drug repurposing have 
been summarized by Pushpakom, et al.19 For instance, Raloxifene, originally indi-
cated to treat and prevent osteoporosis, readily received FDA approval for prevent-
ing invasive breast cancer.20 Given the potential benefits of drug repurposing and the 
urgent need for more adequate treatment options for KMT2A-rearranged infant ALL, 
we recently performed an extensive drug library screen on various leukemia cell line 
models.21 That study revealed that Irinotecan exhibited strong anti-leukemic effects 
against KMT2A-rearranged ALL in vitro as well is in vivo, inducing complete remissions 
in various mouse models. Encouraged by these results, we decided here to addition-
ally perform drug library screens on primary KMT2A-rearranged infant ALL samples. 
This led to the identification of several interesting drug candidates. Interestingly, we 
found that the majority of the drugs were effective against KMT2A-rearranged infant 
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ALL, while largely sparing non-leukemic bone marrow cells, which directly or indi-
rectly affect p53 signaling. Apart from providing numerous attractive drug candidates 
for further preclinical testing, our data suggests that KMT2A-rearranged ALL may well 
be vulnerable to activation of p53.

METHODS

Patient samples 
Primary KMT2A-rearranged infant ALL patient samples were collected as part of the 
INTERFANT treatment studies.2,3 Informed consent was obtained from parents or legal 
guardians to use excess diagnostic material for research purposes, as approved by the 
institutional review board. One of the non-leukemic bone marrow (BM) aspirates was 
from a pediatric patient suspected to suffer from T-cell Lymphoma but who did not 
show any signs of infiltration in the BM. The second non-leukemic BM aspirate was 
from a pediatric ALL patient in complete remission. All samples were processed and 
cultured as described elsewhere.22 The patient-derived leukemic samples used in this 
study all contained >90% blasts and both non-leukemic BM controls contained <1% 
blasts, as determined by May-Grünwald Giemsa (Merck, Darmstadt, Germany) stained 
cytospins. 

Cell line cultures
The KMT2A-rearranged ALL cell lines RS4;11, ALL-PO, BEL-1 and SEM all carry the t(4;11) 
translocation giving rise to KMT2A-AFF1 fusion transcripts. KMT2A-rearranged ALL cell 
line KOPN-8 expresses the KMT2A-MLLT1 fusion gene as a consequence of a t(11;19) 
translocation. RS4;11 was purchased from ATCC (Manassas, Virginia, USA), SEM, KOPN-8 
and HEK293T were purchased from DSMZ (Braunschweig, Germany), ALL-PO was a 
gift from Dr. Cazzaniga (University of Milano-Bicocca, Italy) and BEL-1 was a gift from 
Dr. Ruoping Tang (University Laboratory, Paris). RS4;11, ALL-PO, BEL-1, SEM and KOPN-8 
were maintained in RPMI-1640 with GlutaMAX and HEK293T cells was maintained in 
Dulbecco’s modified Eagle medium. All media was supplemented with 10% Fetal Calf 
Serum, 100IU/mL penicillin, 100µg/mL streptomycin and 0.125µg/mL Amphotericin 
(Life Technologies) and cultured at 37°C in humidified air containing 5% CO2, except 
for BEL-1 which required 20% Fetal Calf Serum instead of 10%. Mycoplasma testing 
and DNA fingerprinting were regularly performed to ensure the quality and integrity 
of our cell lines. 

High-throughput drug library screening and viability assays
Cells were semi-automatically seeded in 384-well plates (Corning) using a MultidropTM 

dispenser (Thermo Fisher Scientific). For high-throughput drug screening, drugs 



Drug screening in KMT2A-rearranged ALL cells favors p53-activating drug candidates

2

25

were added to the 384-well plates using a SciClone ALH3000 liquid handling robot 
(Caliper Life Sciences, CA, USA) to a final concentration of 10nM, 100nM or 1000nM. All 
tested drugs came from commercially available drug libraries, including the Prestwick 
Chemical library (Prestwick Chemical Libraries, Illkirch, France), the anti-neoplastic 
sequoia library (Sequoia Research Products, Pangbourne, UK), the Epigenetics library 
(Enzo Life Sciences, Belgium), the Epigenetics screening library (Cayman Chemical, 
Ann Arbor, USA), the Spectrum collection (Microsource, CT, USA), and the Cell cycle/
DNA Damage compound library (MedChemExpress). Apart from these drug librar-
ies, several drugs were selected for further validation and additional experiments, 
including HC toxin (Cayman Chemical), Idasanutlin (Roche, Basel, Switzerland), 
AMG232 and Milademetan (MedChemExpress), and SN-38, YM155, UNC0321, SP2509, 
Isoliquiritigenin, Neratinib, Venetoclax and Navitoclax (Selleckchem). For validation 
experiments, broad range dose response curves were generated using a Tecan D300 
Digital Dispenser (Tecan, Switzerland). DMSO dissolved drug stocks were diluted in 
non-supplemented RPMI, allowing a maximum DMSO concentration of ≤0.5% (v/v). 
Cell viability was assessed by 4-day thiazolyl blue tetrazolium bromide (MTT; Sigma) 
assays as described elsewhere.23 Drug response data was analyzed using GraphPad 
Prism 8. Data were normalized against vehicle controls, i.e., cells cultured in absence 
of drugs. 

Western blotting
Whole cell protein lysates were resolved on precast SDS-polyacrylamide gels (TGX, 
Bio-Rad) and separated proteins were transferred to nitrocellulose membranes using 
a Transblot Turbo Transfer System (Bio-Rad). Membranes were blocked in 5% milk (Elk, 
Campina) and subsequently probed with mouse or rabbit antibodies directed against 
p53, acetylated p53 (at K382), p21, MDM2, cleaved PARP and GAPDH (Cell Signaling), fol-
lowed by IRDye 680RD/800CW conjugated secondary antibodies (LI-COR Biosciences). 
Membranes were scanned on the LI-COR Odyssey imaging system. Western blots were 
quantified by analyzing the intensity of the western blot band compared to loading 
control using Image Studio Lite software.

Cloning of the p53 wild-type and p53 mutant into an inducible vector
Plasmids pMSCV-YFP-P53-WT and pMSCV-YFP-P53-R248 were a kind gift from the 
lab of F.N. van Leeuwen (Princess Máxima Center, Utrecht, The Netherlands). FLAG-
P53-WT and FLAG-P53-R248Q mutant cDNA with flanking restriction sites for NheI 
and BamHI were produced from these plasmids by PCR. To produce inducible wild-
type p53 and mutant (R248Q) p53 expressing lentiviral plasmids, the cDNA products 
were cloned into the pCW-Cas9 vector (Addgene, #50661) by replacing Cas9 with the 
FLAG-P53-WT cDNA products using NheI (New England Biolabs, #R0131S) and BamHI 
(Promega, #R602B) restriction enzymes. The produced pCW-FLAG-P53-WT and pCW-
FLAG-P53-R248Q vectors were verified by sequencing.
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Transfection, lentivirus production and transduction
To generate inducible p53 wild-type and p53 mutant KMT2A-rearranged ALL cell lines, 
vectors pCW-FLAG-P53-WT or pCW-FLAG-P53-R248Q were used. These vectors were 
transfected in HEK293T cells using 1.9µg pMD2.G (Addgene #12259), 3.7µg psPAX2 
(Addgene #12260), and 55.5µg PEI 25K™ (Polysciences, #23966) in Opti-MEM. Virus 
was harvested 48 hours after transfection and concentrated using the vivaspin-20 col-
umns (Sigma-Aldrich #Z614653). Concentrated virus was stored at -80°C until further 
use. Thereafter, FLAG-P53-WT and FLAG-P53-R248Q transgenes were transduced into 
RS4;11 and BEL-1 cells. The p53 BEL-1 cell lines were transduced by spin transduction, 
whereas spin transduction of RS4;11 cells was aided by precoating the plates with ret-
ronectin (Takara Bio Europe, #T100A). Cells were kept in their normal culture medium 
containing Tetracycline free FCS prior to, during and after transduction. Cells were 
selected using 1µg/mL puromycin (Sigma-Aldrich, #P8833-10MG). Expression of the 
p53 wild-type and p53 mutant transgenes were induced by addition of 1 and 2µg/mL 
doxycycline (Sigma-Aldrich, #D9891-1G) to the culture medium of transduced BEL-1 
and RS4;11 cells, respectively. Cells were counted manually using Trypan Blue exclu-
sion and harvested for Western blot analyses at indicated timepoints. For apoptosis 
measurements, cells were incubated for 24 hours with doxycycline before flow cytom-
etry analyses.   

Apoptosis assay
Cells were stained with PE Annexin V and 7AAD using the PE Annexin V Apoptosis 
Detection I Kit (BD Pharmingen) according to manufacturer’s protocol. Apoptotic cells 
were detected by measuring the amount of Annexin V and 7AAD positive cells using 
the flow cytometer CytoFLEX LX (Beckman Coulter) followed by data analyses using 
the CytExpert software. 

RESULTS

Drug library screens on primary KMT2A-rearranged infant ALL cells 
reveal attractive candidate drugs favoring p53 activation. 
Various drug libraries, comprising a total of 4191 different compounds, were used to 
screen for drugs effective against two primary KMT2A-rearranged infant ALL samples 
in vitro at 10nM, 100nM and 1000nM drug concentrations. One of the patient samples 
was characterized by an KMT2A-AFF1 fusion protein, the most common KMT2A trans-
location among infant ALL patients24, and the other sample carried an KMT2A-MLLT11 
fusion (as a result of a t(1;11)(q21;q23) translocation). Individual drugs were defined as 
‘hits’ when the cell viability in both patient samples was less than 30%, 40% and 50% at 
drug concentrations of 1000nM, 100nM and 10nM, respectively. Thereafter, identified 
‘hits’ were tested on two non-leukemic whole pediatric bone marrow (BM) samples to 
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allow for the selection of drug candidates with a favorable therapeutic index for bone 
marrow toxicity: Drug ‘hits’ showing a cell viability of >60% in both non-leukemic BM 
were considered as potential drug candidates (Figure 1A). Among the identified drug 
candidates, the most recurrent types of drugs (or drug classes) included: BCL-2 inhib-
itors, histone deacetylase (HDAC) inhibitors, topoisomerase inhibitors, cardiac glyco-
sides, MDM2/p53 inhibitors, microtubule inhibitors and corticosteroids (Figure 1B). At 
the 10nM drug concentration we identified Venetoclax, a well-studied BCL2 inhibitor 
known to be highly active against KMT2A-rearranged acute leukemia.25,26 Moreover, 
HDAC inhibition also has been shown to be highly effective against KMT2A-rearranged 
ALL.27-29 Taken together, this strongly supports the validity of our drug screen. 

Apart from identifying agents known to be effective against KMT2A-rearranged 
acute leukemia, our drug screen also provides numerous novel candidate drugs (Figure 
1A). As these agents were selected to be highly active against KMT2A-rearranged 
infant ALL cells while largely sparing non-leukemic BM cells, this screen represents a 
heterogeneous collection of attractive drug candidates for further exploration in sub-
sequent preclinical studies. Moreover, investigating the mechanism of action of the 
candidate drugs described in literature, showed that the majority of the here identi-
fied drug candidates appear to inhibit proteins that normally repress p53 activation. In 
other words, most of the identified drugs all seem to (in)directly lead to the activation 
of p53 signaling (Figure 1C). For instance, HDAC inhibitors can induce accumulation 
of p53 and suppress MDM2 expression, a p53 interacting protein that directly targets 
p53 for proteasomal degradation and inhibit transcriptional activity of p53.30 Likewise, 
SN-38 (the active metabolite of Irinotecan) is able to induce p53 expression and p53 
phosphorylation31, and Survivin inhibition has been shown to increase p53-depend-
ent apoptosis.32 G9a is able to methylate p53 at Lys(373), which correlates with inactive 
p5333, and Lysine-specific histone demethylase 1A (LSD1) has been shown to interact 
with p53 to repress p53-mediated transcriptional activation.34 Isoliquiritigenin was 
shown to induce apoptosis through upregulating p53 expression35, and Idasanutlin 
directly abrogates the MDM2/p53 interaction which leads to p53 stabilization and 
activity.36 

Validation of candidate drugs on additional primary KMT2A-rearranged 
infant ALL samples and KMT2A-rearranged ALL cell lines. 
To further emphasize the validity of our drug screen, we generated full dose-response 
curves for several drugs covering most of the identified drug classes (Figure 1B), 
including HC toxin (an HDAC inhibitor)37, Idasanutlin (an MDM2 inhibitor)38, SN-38 (the 
active metabolite of Irinotecan)39, YM155 (a Survivin inhibitor)40, UNC0321 (a G9a his-
tone methyltransferase inhibitor)41, SP2509 (an LSD1 inhibitor)42, Isoliquiritigenin (an 
aldose reductase and FLT3 inhibitor)43 and Neratinib (a pan-HER2 inhibitor)44. For this, 
4-day MTT-assays were performed using seven additional primary KMT2A-rearranged 
infant ALL samples (Figure 2A), as well as five KMT2A-rearranged ALL cell line models 
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(Figure 2B). For most of these selected drugs, drug responses were comparable to that 
of the samples used in the initial drug library screen, except for Isoliquiritigenin and 
UNC0321. Both the additional primary KMT2A-rearranged infant ALL samples as well 
as the selected cell line models only modestly responded to Isoliquiritigenin and com-
pletely failed to respond to UNC0321 (Figure 2A-B). This is probably related to techni-
cal aberrations of the high-throughput screening, with UNC0321 being a false positive 
hit. Furthermore, among the KMT2A-rearranged ALL cell lines, both SEM and ALL-PO 
did not respond to Idasanutlin. This can be explained by the fact that Idasanutlin is a 
direct inhibitor of MDM2 and that both SEM and ALL-PO carry p53 mutations, result-
ing in conformational changes, loss of its tumor suppressor functions and conveying 
oncogenic gain-of-function activities. Both cell lines also appeared to be slightly less 
sensitive to SN-38 and YM155. This and the fact that the presence of a p53 mutation is 
often associated with increased resistance to chemotherapy45, may suggest that the 
here identified drug candidates may be less suitable for patients carrying mutated p53. 
However, among infants diagnosed with KMT2A-rearranged ALL the presence of p53 
mutations is rare: Agraz-Doblas et al.10, identified p53 mutations in 2 out of 49 patient 
samples, and Andersson et al.11, found 2 out of 47 primary KMT2A-rearranged infant 
ALL samples to carry a mutation in p53. All of the patient samples used in this study 
carried wild-type p53 (data not shown). 

Selected drug candidates affect p53 signaling in KMT2A-rearranged ALL 
cells 
As the anti-tumor effects of most of the here identified drug candidates involves acti-
vation of p53, we determined the effects on p53 signaling upon short-term exposures 
to selected drugs in the KMT2A-rearranged ALL cell lines RS4;11 and ALL-PO. RS4;11 
carries wild-type p53, whereas ALL-PO carries a missense mutation (R248Q) in exon 
7 of the p53 gene (Figure S1). Both cell lines were exposed to high concentrations of 
HC toxin, Idasanutlin, SN-38, YM155, UNC0321, SP2509, Isoliquiritigenin and Neratinib, 
to evaluate early effects on p53 signaling. For this, western blot analysis was used to 
investigate the influences on the expression of MDM2, p53 and p53 acetylation (lysine 

Figure 1. Drug candidates identified in the high-throughput screening on primary 
 KMT2A-rearranged infant ALL cells and non-leukemic bone marrow cells favor p53 
signaling: (A) heatmap representation of the in vitro cytotoxicity in primary KMT2A-re-
arranged infant ALL cells and non-leukemic bone marrow cells exposed to 10, 100, 
and 1000 nm drug. Drugs shown in the heatmap are drug candidates identified in the 
high-throughput screening. Drugs are ranked based on the biggest difference between 
the average cell viability of the leukemic samples versus the average cell viability of the 
non-leukemic bone marrow samples. Drug hits occurring multiple times in the heatmap 
indicate that the drug was present in more than one of the tested drug libraries. (B) Pie 
charts of the most recurrent drug classes and targets identified by high-throughput drug 
screening. (C) Schematic overview of drug classes and targets related to p53 signaling.
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382), p21 and PARP cleavage. Because we could not verify drug responses to UNC0321 
(Figure 2) indicating that this agent likely represents a false positive in our drug library 
screen, we decided to further include UNC0321 in our experiments as a negative con-
trol. In RS4;11, p53 expression is barely visible under normal conditions. When exposed 
to the drug candidates, all drugs induced PARP cleavage (indicating apoptosis induc-
tion) and changes in expression of at least one of the proteins involved in p53 signaling 
as compared to vehicle controls (Figure 3A). Apart from Idasanutlin, all drugs led to 
decreased expression of MDM2, the negative regulator of p53. At 6 hours of exposure, 
Idasanutlin appears to induce an increase in MDM2 expression, however additional 
experiments with extended time courses showed that MDM2 expression as well as 
p53 acetylation and downstream target p21 increased at 3 hours post exposure, and 
therefore probably activated the negative feedback mechanism mediated by p53 
(Figure S2). For Idasanutlin, SN-38, Isoliquiritigenin and slight for YM155, p53 expres-
sion became detectable accompanied by p53 acetylation at lysine 382, generally indi-
cating an open conformation of p53 which enhances p53-mediated transcriptional 
activity.46 SP2509 exposure did not show p53 expression but did induce detectable 
levels of acetylated p53 (Figure 3A). With the exception of SP2509, all drugs induced an 
upregulation in p21 expression, indicating that p53-mediated transcriptional activity 
took place47, in addition to apoptosis induction. 

As expected, ALL-PO cells already displayed p53 expression and p53 acetylation 
prior to drug exposure (Figure 3B). The R248Q mutation in p53, as detected in ALL-PO,  
inhibits the wildtype p53 function by abrogating most of the cellular responses medi-
ated by wild-type p53 and the R248Q mutation has a has gain-of-function activity, 
i.e., the ability to transactivate novel cell-survival genes.48 Yet, most drugs were able 
to inhibit MDM2 expression and induce elevated levels of p53 acetylation (Figure 3B). 
Induction of p21 expression was only observed in response to HC Toxin, suggesting 
ALL-PO cells respond differently to the drugs than RS4;11 cells. Idasanutlin and nega-
tive control UNC0321 had no effect on p53 signaling in ALL-PO, which is in concord-
ance with the dose response curves for Idasanutlin and UNC0321 to which ALL-PO 
cells are completely resistant (Figure 2B). Apart from Idasanutlin and UNC0321, SP2509 
failed to induce PARP cleavage, which otherwise was observed for all remaining agents 
(Figure 3B). 

Taken together, except for Idasanutlin, all selected candidate drugs affected the 
p53 pathway regardless of the R248Q mutation in p53 which ALL-PO carries. The var-

Figure 2. Validation of candidate drugs on patient-derived KMT2A-rearranged infant 
ALL cells and KMT2A-rearranged ALL cell lines: broad-range dose–response curves of 
eight candidate drugs on (A) primary KMT2A-rearranged infant ALL patient samples 
(n = 7) and (B) various KMT2A-rearranged ALL cell line models (n = 5). Cell viability is 
based on a 4-day MTT assay and normalized to DMSO controls. Data points are represen-
ted as the mean ± SD of n = 3 technical replicates.
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ying effects on p53 signaling largely depended on the drug and may additionally be 
dependent on the chosen drug concentrations and selected time points of evaluation.

Induction of p53 leads to apoptosis of KMT2A-rearranged ALL cells
To further investigate the activation of p53 as a vulnerability signal to KMT2A-
rearranged ALL cells, we transduced the BEL-1 cell line (carrying wild-type p53) with 
doxycycline-inducible expression vectors either encoding wild-type or mutated 
(R248Q) p53. Next, the effects of doxycycline-induced p53 mRNA expression on 
MDM2, p21 and p53 protein expression and acetylation as well as PARP cleavage were 
determined. Induction of wild-type p53 resulted in an increase in p53 protein expres-

Figure 3. Candidate drugs affect the expression of the p53 pathway in KMT2A–AFF1 ALL 
cells: western blot analysis showing the protein expression of MDM2, p53 acetylation at 
lysine 382, p21, p53, and cleaved PARP upon exposure to eight candidate drugs at indicat-
ed concentrations or vehicle controls for 6 and 24 h in the cell lines (A) RS4;11 and (B) ALL-
PO. Expression of GAPDH was used as a loading control. Quantification of the expression 
was relative to GAPDH and normalized to vehicle controls. The ratio cleaved PARP:PARP 
was used for quantification of PARP cleavage. UNC0321 was used as negative control.



Drug screening in KMT2A-rearranged ALL cells favors p53-activating drug candidates

2

33

sion, p53 acetylation, as well as activation of p21, MDM2 and substantial PARP cleav-
age, already at 6 hours post-induction (Figure 4A; Figure S3). At 16 hours and 24 hours 
the p53 expression and acetylation decreased in the wild-type p53 condition, proba-
bly because of negative feedback mechanism. During the negative feedback mech-
anism p53 stimulates the expression of MDM2, which is observed in BEL-1 at 6 hours 
post-induction. Thereafter, MDM2 ensures a ubiquitin-mediated proteasomal degra-
dation of p53, and blocks the transcriptional activity of p53, explaining the decreased 
expression in p53 and p53 acetylation observed in BEL-1 at 16 and 24 hours post- 
induction.49 Induction of mutant p53 led to p53 protein expression and acetylation, 
but had no effect on MDM2 or p21 expression (Figure 4A). In addition, we determined 

Figure 4. Forced p53 activation induces apoptosis in BEL-1 cells carrying wild-type p53: 
(A) western blot analysis showing the protein expression of MDM2, p53 acetylation at ly-
sine 382, p53, p21, and cleaved PARP measured at 6, 16, and 24 h post doxycycline induc-
tion in the transduced BEL-1 cell line carrying doxycycline-inducible expression vectors 
either encoding wild-type or mutated (R248Q) p53. Housekeeping gene GAPDH was used 
as loading control. (B) Percentage of viable and apoptotic cells in BEL-1 cells carrying no 
vector (parental) or wild-type p53, at 24 h post p53 induction by doxycycline determined 
by flow cytometric analysis of the Annexin V/7AAD staining. (C) Percentage of dead cells 
and (D) percentage of viable cells, measured by a manual cell count of Trypan Blue pos-
itive cells BEL-1 cells and Trypan Blue negative BEL-1 cells carrying either no vector (pa-
rental) or wild-type p53, measured at 6, 16 and 24 h post p53 induction by doxycycline. 
All data points are represented as the mean ± SEM of n = 3. Cell viability comparisons 
between KMT2A-rearranged ALL cell line conditions were performed using the multiple 
t-test of average; * = p ≤0.05; ** = p ≤0.01; *** = p ≤0.001.

A B

C D
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the  percentage of viable and  apoptotic cells using flow cytometry, 24 hours post dox-
ycycline induction of wild-type p53 expression. In line with the observed PARP cleav-
age, this showed a ~35% decrease in viable BEL-1 cells and a ~35% increase in apopto-
sis (Figure 4B). Trypan blue exclusions staining confirmed these results (Figure 4C-D). 
We initially choose to conduct these experiments in BEL-1 cells, as this cell line can 
rather effectively be transduced as compared to, for instance RS4;11. Nonetheless, we 
also performed similar experiments using RS4;11 albeit with low transduction efficien-
cies. In line with BEL-1, induction of wild-type p53 expression clearly resulted in p21 
activation and PARP cleavage. However, p53 protein expression and acetylation were 
barely detectable in RS4;11, probably due to the low percentage of transduced cells. 
Induction of mutant p53 expression failed to activate p21 and hardly affected PARP 
cleavage (Figure S4A). Flow cytometric analysis and trypan blue cell counting showed 
an ~8% decrease in viable RS4;11 cells and an ~8% increase in apoptosis, 24 hours post 
wild-type p53 expression induction (Figure S4B-D). 

Hence, activation of p53 in KMT2A-rearranged ALL cells carrying wild-type p53, 
indeed leads to apoptosis induction and may represent a vulnerability to which 
KMT2A-rearranged ALL cells are susceptible. 

MDM2 inhibitors are effective against KMT2A-rearranged ALL cells 
carrying wild-type p53
Drug-induced activation of p53 is most directly achieved using MDM2 inhibitors that 
release p53 suppression, such as Idasanutlin. We therefore reasoned that other MDM2 
inhibitors should be equally as effective, and tested two additional MDM2 inhibitors, 
i.e., Milademetan (DS-3032) and AMG232, both of which are currently evaluated in clin-
ical trials for patients diagnosed with acute myeloid leukemia (AML) and other types of 
cancers (e.g., NCT03671564 and NCT02016729). Dose-response curves for Milademetan 
and AMG232 showed that both inhibitors effectively eliminate the entire population 

Figure 5. Efficacy of MDM2 inhibitors in KMT2A-rearranged ALL cells carrying wild-
type p53 or mutated p53: in vitro drug responses of (A) Milademetan (DS-3032) and (B) 
AMG232 on KMT2A–AFF1 cell lines RS4;11 (p53 wild-type) and ALL-PO (mutated p53) de-
termined by a 4-day MTT assay. Cell viability was normalized to DMSO controls. Data 
points are represented as the mean ± SD of n = 7 technical replicates.
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of RS4;11 cells (carrying wild-type p53) at nanomolar concentrations (Figure 5A-B). In 
contrast, ALL-PO cells (carrying mutated p53) largely remained unaffected by these 
drugs (Figure 5A-B). 

DISCUSSION

In the present study we performed a high-throughput drug library screening on 
patient-derived KMT2A-rearranged infant ALL cells. This led to the identification of 
multiple known and novel agents highly effective against KMT2A-rearranged infant 
ALL cells in vitro, while only mildly affecting non-leukemic BM cells. Thus, apart from 
displaying strong anti-leukemic activity, such drug candidates also potentially allow 
for a favorable therapeutic index for bone marrow toxicity. 

Dose response curves of selected drug candidates showed that the majority of 
the identified agents were validated in additional primary KMT2A-rearranged infant 
ALL samples as well as in various KMT2A-rearranged ALL cell line models. 7 out of 8 
selected drug candidates were shown to be effective in multiple cell models. This, 
and the fact that various agents were identified that already have been shown to be 
effective against KMT2A-rearranged acute leukemia, such as BCL-2 inhibitors25,26, HDAC 
inhibitors27-29 and SN-3821 clearly demonstrated the validity of our drug screens.  

Interestingly, many of the identified drug hits were known to either directly or 
indirectly activate or modulate p53 signaling (Figure 1C), which was confirmed for var-
ious selected candidate drugs by Western blot analysis. This suggests that drug-in-
duced activation of p53 may represent a vulnerability to which KMT2A-rearranged 
acute leukemia cells are susceptible. In line with this, several studies reported that a 
variety of leukemia-driving KMT2A fusion proteins actively suppress p53 expression/
activation.50-52 Possibly, the manifestation of oncogenic KMT2A fusion proteins by 
inappropriate chromosomal translocations involving the KMT2A gene can only be 
established in the absence of a p53-mediated DNA damage response. If so, drug-in-
duced p53 activation may well represent an essential condition for successful treat-
ments for this aggressive type of leukemia. Obviously, apart from MDM2 inhibitors 
such as Idasanutlin, all the other drug classes identified here were originally designed 
for other purposes and inhibit a range of distinct targets which eventually and often 
indirectly affect p53 signaling. Hence, the anti-leukemic effects of most of these drugs 
rely on more than activation of p53 alone. From that perspective, MDM2 inhibition by 
for instance Idasanutlin represents the most direct option for drug-induced activation 
of p53. The fact that KMT2A-rearranged ALL cell line models carrying p53 mutations 
that most likely results in a loss of tumor suppression function (including apoptosis 
induction), completely fail to respond to Idasanutlin or to other MDM2 inhibitors like 
Milademetan and AMG232, underlines the specificity of these agents. At the same 
time, such inhibitors will almost exclusively be beneficial for patients carrying wild-
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type p53, such as KMT2A-rearranged infant ALL patients where the incidence of p53 
mutations is rare and only occurs in ~4% of the cases.10,11

Interestingly, Richmond et al., recently reported promising preclinical results with 
the MDM2 antagonist RG7112, a nutlin-derivative and predecessor of Idasanutlin 
(RG7388) in various xenograft mouse models of KMT2A-rearranged infant ALL.53 
Moreover, Idasanutlin in combination with chemotherapy or Venetoclax is currently 
progressing to phase I/II in clinical trials for relapsed/refractory pediatric leukemia 
patients (NCT04029688), and successful results coming forth from these trials might 
facilitate its implementation in the treatment of KMT2A-rearranged infant ALL. More 
importantly, Idasanutlin has been shown to be highly effective in combination with 
the BCL-2 inhibitor Venetoclax against KMT2A-rearranged acute myeloid leukemia.36 
As we identified both the BCL-2 inhibitors Venetoclax and Navitoclax as strong hits 
at 10nM concentrations, we asked whether combining these agents with Idasanutlin 
would also be potent in KMT2A-rearranged ALL. Testing this in the KMT2A-rearranged 
ALL cell line model RS4;11 indeed demonstrated strong synergistic effects between 
Venetoclax or Navitoclax in combination with Idasanutlin (Figure S5). This demon-
strates that combining different classes of the here identified plethora of drug can-
didates effective against KMT2A-rearranged infant ALL has the potential to result in 
synergistic drug combinations.

Taken together, our high-throughput drug library screens provide a wealth of valid 
and potential drug candidates that are highly effective against KMT2A-rearranged 
infant ALL cells while showing far less toxicity towards non-leukemic BM and encour-
age further preclinical testing. In addition, our findings collectively suggest that 
KMT2A-rearranged infant ALL cells may well be vulnerable to (drug-induced) activa-
tion of wild-type p53, which is in concordance with earlier reported literature.
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Figure S1. Hot spot mutation analysis reveals that cell line RS4;11 carries a wild-type 
p53 and ALL-PO carries a missense mutation exon 7 of the p53 gene. Hot spot muta-
tion analysis of p53 in RS4;11 in (A) exon 5, (B) exon 6, (C) exon 7 and (D) exon 8. Muta-
tion analysis of p53 in ALL-PO in (E) exon 5, (F) exon 6, (G) exon 7 and (H) exon 8. Data 
shown is based on Sanger sequencing. Genomic DNA was isolated from each cell line 
using the DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer’s instruc-
tions. p53 mutational hotspots were amplified by PCR using the following primers: Exon 5 
FW-CTCTGTCTCCTTCCTCTTCCTACAG; exon 5 RV-CGTCTCTCCAGCCCCAGCTGCTCAC; exon 6 
FW-CTGATTCCTCACTGATTGCTCTTAG; exon 6 RV-CAGAGACCCCAGTTGCAAACCAGAC; exon 
7 FW-CCAAGGCGCACTGGCCTCATCTTGGGCCTGTGTTATCTCCTAG; exon 7 RV- GGGGCACAG-
CAGGCCAGTGTGCAGGGTGGCAAGTGGCTCCTGAC; exon 8 FW-GCTTCTCTTTTCCTATCCT-
GAGTAG; exon 8 RV-ACCGCTTCTTGTCCTGCTTGCTTA, with PCR program: 2 min on 50°C; 10 
min on 95°C; 15 sec on 95°C followed by 1 min on 60°C for 40 cycles. PCR Products were 
verified by gel electrophoresis and isolated using the QIAquick Gel Extraction kit (Qiagen) 
prior to sending the DNA out for Sanger sequencing, which was performed at the Utrecht 
sequencing facility.
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Figure S2. Time course analysis on the protein expression of the p53 pathway in pres-
ence of Idasanutlin in KMT2A-AFF1 ALL cells. Western blot analysis on the expression of 
p53, p53 acetylation at lysine 382, target gene p21 and MDM2 upon exposure to 0.5µM 
Idasanutlin in RS4;11 over a time course ranging from 30 minutes to 24 hours. β-actin 
(Abcam) was used as loading control.

Figure S3. Effects of forced p53 activity on the expression of the p53 pathway in BEL-1 
carrying either wild-type or mutated p53. Western blot analysis showing the protein 
expression of MDM2, p53 acetylation at lysine 382, p53, p21 and cleaved PARP measured 
at 6 and 24 hours post doxycycline induction in the transduced BEL-1 cell line carrying 
doxycycline-inducible expression vectors either encoding wild-type or mutated (R248Q) 
p53. Housekeeping gene GAPDH was used as loading control. Note, this figure is a biolog-
ical replicate of Figure 4A.
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Figure S4. Forced p53 activation mildly induces apoptosis in RS4;11 cells carrying wild-
type p53. (A) Western blot analysis showing the protein expression of MDM2, p53 acetyl-
ation at lysine 382, p53, p21 and cleaved PARP measured at 6, 16 and 24 hours post 
doxycycline induction in the transduced RS4;11 cell line carrying doxycycline-inducible 
expression vectors either encoding wild-type or mutated (R248Q) p53. Housekeeping 
gene GAPDH was used as loading control. (B) Percentage of viable and apoptotic cells in 
RS4;11 cells carrying no vector (parental) or wild-type p53, at 24 hours post-p53 induction 
by doxycycline determined by flow cytometric analysis of the Annexin V/7AAD staining. 
(C) Percentage of dead cells and (D) percentage of viable cells, measured by a manual 
cell count of Trypan Blue positive cells RS4;11 cells and Trypan Blue negative RS4;11 cells 
carrying either no vector (parental) or wild-type p53, measured at 6, 16 and 24 hours 
post-p53 induction by doxycycline. All data points are represented as the mean ± SEM 
of n=3.

Figure S4  

 

 

  

 

A 

C 

B 

D 



46

Chapter 2

Figure S5. Idasanutlin and BCL2 inhibitors act in a synergistic manner on KMT2A-AFF1 
ALL cells. (A) in vitro cytotoxicity of Idasanutlin in combination with Venetoclax in RS4;11 
cells (left graph) and the corresponding 3D synergy matrix (right graph). (B) in vitro cyto-
toxicity of Idasanutlin in combination with Navitoclax in RS4;11 cells (left graph) and the 
corresponding 3D synergy matrix (right graph). Cell viability is based on a 4-day MTT as-
say. Drug synergy was calculated using the Zero Interaction Potency (ZIP) scoring model 
in SynergyFinder1 and normalized to the effect of Idasanutlin as single agent. Concen-
trations where Idasanutlin as single agent showed >70% cell toxicity on average were 
excluded from the synergy analysis. Data points are represented as the mean ± SEM of 
n=2 independent replicates.

Figure S5 
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The treatment of children diagnosed with acute lymphoblastic leukemia (ALL) has 
improved significantly over recent decades, with 5-year event-free survival (EFS) 
approaching 85%1. However, 5-year EFS for infants diagnosed at less than one year 
of age with MLL-rearranged ALL remains less than 40%.2 MLL-rearranged infant ALL is 
both clinically and biologically distinct from other childhood ALL subtypes, which is 
reflected by a unique gene expression profile3, a remarkably silent mutational land-
scape4 and pronounced resistance to currently applied chemotherapeutics.5

To date, one of the most effective treatments for infants with MLL-rearranged 
ALL is the international collaborative INTERFANT protocol.2,6 The relative success of 
this intensive treatment protocol can largely be ascribed to the implementation of 
the nucleoside analogue drug cytarabine (Ara-C), throughout treatment. The addi-
tion of Ara-C to an intensified ALL treatment protocol was preceded by the observa-
tion that infant ALL cells were highly sensitive to Ara-C in vitro.5 MLL-rearranged infant 
ALL cells have also shown sensitivity to other nucleoside analogue drugs, including 
cladribine7 and clofarabine.8 From this perspective, we interrogated our drug library 
screens for drugs effective against MLL-rearranged ALL cells (Supplementary meth-
ods) and extracted data for all nucleoside and nucleobase analogue drugs that are 
FDA-approved or have been investigated in clinical trials. Cell viability was assessed 
for twenty different nucleoside and nucleobase analogues in MLL-rearranged ALL 
cell lines (n=3) and primary MLL-rearranged infant ALL patient samples (n=2) (Fig. 1a). 
Consistent with the known sensitivity of MLL-rearranged ALL to several nucleoside 
analogues, top hits eliminating the vast majority of leukemic cells in both primary 
MLL-rearranged infant ALL patient samples and in all MLL-rearranged ALL cell lines, 
included cladribine, clofarabine, cytarabine and fludarabine. We also identified two 
additional nucleoside analogue drugs effective against MLL-rearranged ALL cells, 
namely gemcitabine (or dFdC/2’,2’-difluorodeoxycytidine) and floxuridine (or FUDR/5-
fluorodeoxyuridine). Both agents were highly effective in MLL-rearranged ALL cell 
lines, but had limited effect on the non-proliferating primary patient samples (Fig. 
1a). Nucleoside analogues often exert their cytotoxic effects by interfering with DNA 
synthesis and therefore require proliferating cells.9 This provides a plausible explana-
tion as to why gemcitabine and floxuridine did not affect the primary patient samples, 
which fail to proliferate as suspension cultures in vitro. In turn, the observed cytotox-
icity of fludarabine and cladribine against primary ALL cells can be explained by their 
interactions with DNA repair rather than DNA replication.10 Hence, patient derived 
xenografts (PDX) are required to study the efficacy of gemcitabine and floxuridine on 
primary MLL-rearranged infant ALL (see below). 

To validate the results of our nucleoside analogue drug screen, expanded dose-re-
sponse curves were generated (Supplementary methods) for gemcitabine, floxuri-
dine, cytarabine and cladribine in five MLL-rearranged ALL cell lines (Figs. 1b-e). These 
experiments confirmed complete elimination of the leukemic cells at a concentration 
of 1000 nM in all cell lines tested, with IC50 values of less than 50 nM. Moreover, these 
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data show that the dose-response curves for gemcitabine and floxuridine (Figs. 1b,c) 
are highly comparable to those of cytarabine and cladribine (Figs. 1d,e).

Previously we demonstrated that the remarkable sensitivity of infant ALL cells to 
cytarabine can be explained by high expression of the human equilibrative nucleoside 
transporter 1 (hENT1 or SLC29A1)11, which mediates cellular uptake of nucleosides and 
nucleoside analogues, including cytarabine, gemcitabine and cladribine. Therefore 
we tested whether inhibition of hENT1 by S-(4-Nitrobenzyl)-6-thioinosine (NBMPR) 
impairs the in vitro response of MLL-rearranged ALL cell lines to the nucleoside ana-
logue drugs. While exposure of MLL-rearranged ALL cells to NBMPR did not significantly 
affect cell viability (Supplementary Fig. 1a), the anti-leukemic effects of gemcitabine, 
floxuridine, cytarabine, and cladribine were notably reduced in most cell line models, 
with the exception of RS4;11 (Supplementary Figs. 1b-e). A possible explanation for 
this could be that the RS4;11 cell line was derived from an adult patient and thus bio-
logically different compared to all of the other cell lines originated from children with 
MLL-rearranged ALL. Taken together, these data suggest that the observed sensitivity 

Figure 1. In vitro cytotoxicity screen and validation of nucleoside and nucleobase ana-
logue drugs on primary MLL-rearranged infant ALL cells and MLL-rearranged ALL cell 
lines. (A) Heatmap showing the effect of 20 different nucleoside and nucleobase ana-
logue drugs on the cell viability of primary MLL-rearranged ALL cells from two infants 
and three MLL-rearranged ALL cell lines: SEM, RS4;11 and KOPN8. Data is based on a 4-day 
MTT assay in which cells were exposed to 1000 nM of drug. Drugs were ranked by the 
average cell viability of all samples together. Several drugs occur multiple times in the 
heatmap, indicating that the drug was present and assessed in multiple drug libraries. 
(B-E) In vitro drug responses of five MLL-rearranged ALL cell lines as determined by 4-day 
MTT assays to (B) gemcitabine, (C) floxuridine, (D) cytarabine and (E) cladribine. Cell via-
bility was normalized to DMSO control. Data points are represented as the mean±stan-
dard deviation of n=8 replicates.
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of MLL-rearranged ALL cells to gemcitabine, cladribine and floxuridine, like the sensi-
tivity towards cytarabine, may to a large extent be ascribed to high-level expression of 
hENT1, which is known to be characteristic of infant ALL cells.11

Since gemcitabine and floxuridine were effective against dividing MLL-rearranged 
ALL cell lines, but not against non-proliferating primary MLL-rearranged infant ALL 
patient samples, we generated two independent PDX models (Supplementary meth-
ods) to further investigate the potential of gemcitabine and floxuridine against pri-
mary MLL-rearranged infant ALL cells in vivo. Both PDX models, designated LR-iALL1 
and LR-iALL2, were generated from primary MLL-AF4+ infant ALL patient samples. We 
first determined the maximum tolerable dose (MTD) for both agents in the LR-iALL1 
PDX model. Intraperitoneal gemcitabine or floxuridine was administered to groups of 
n=4 mice according to the treatment schedules shown in Supplementary Tables 1a-c. 
Mice treated with gemcitabine showed strongly reduced leukemic burden in the bone 
marrow (BM), spleen and peripheral blood (PB) at all tested doses, which ranged from 
20 mg/kg to 360 mg/kg, compared to control mice (Supplementary Fig. 2a). However, 
mice treated with dosages exceeding 20 mg/kg all showed signs of morbidity. Hence, 
the MTD for gemcitabine was determined to be 20 mg/kg. The effects of 20 mg/kg 
gemcitabine on disease burden in LR-iALL2 appeared to be less pronounced com-
pared to LR-iALL1. Despite a clear reduction in leukemic blasts in both the PB and the 
spleen, the effect on the BM was less pronounced (Supplementary Fig. 2b). In contrast 
to gemcitabine, floxuridine was well tolerated, even at doses as high as 160 mg/kg, 
however, the observed effects of 160 mg/kg floxuridine on leukemic burden was very 
modest in both PDXs (Supplementary Figs. 2c-e). Given that no toxicity was observed 
with any of the floxuridine doses and schedules, we elected to use the highest dose of 
160 mg/kg to assess whether this would translate into a survival benefit.

Next, we conducted in vivo EFS studies using both LR-iALL1 and LR-iALL2. For gem-
citabine, mice (n=10) were treated with 20 mg/kg of gemcitabine on day 1, 4, 8 and 
11, and monitored weekly during and after therapy until they exhibited clinical signs 
of leukemia-related morbidity. All mice completed treatment and showed leukemia 
regression during treatment compared with vehicle control mice (Figs. 2a,d). Using 
the presence of 25% huCD45+ leukemic blasts in the PB as a cut-off, EFS in LR-iALL1 
and LR-iALL2 was significantly (p<0.0001) prolonged by 11 and 16 days, respectively 
(Figs. 2b,e). Using leukemia-related morbidity as experimental endpoint, the EFS was 
significantly (p<0.0001) prolonged in both LR-iALL1 and LR-iALL2 by 14 and 7 days, 
respectively (Figs. 2c,f).

For floxuridine, LR-iALL2 PDXs (n=9) were treated with 160 mg/kg of floxuridine 
for five consecutive days. As expected, based on our MTD experiments, the effects 
were very modest with the median EFS prolonged by 2.5 days (Figs. 2g-i), thus floxu-
ridine was not investigated further. Taken together, gemcitabine, but not floxuridine, 
showed marked in vivo efficacy against MLL-rearranged infant ALL, with only four 
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administrations of low dose (20 mg/kg) gemcitabine able to significantly lengthen EFS 
by 18-29% compared to vehicle-treated mice (Figs. 2c,f). 

As infant ALL is treated using combination chemotherapy, we investigated the 
effects of gemcitabine in combination with conventional chemotherapeutic agents. We 
exposed three MLL-rearranged ALL cell lines (SEM, RS4;11 and ALL-PO) to gemcitabine 
in combination with cytarabine, prednisolone or L-asparaginase. The in vitro efficacy 

Figure 2. Gemcitabine is effective against infant ALL PDX models in vivo, in contrast to 
floxuridine. (A, D) Percentage of huCD45+ in peripheral blood (PB) of two independent 
infant ALL PDX models, LR-iALL1 and LR-iALL2, treated with 20 mg/kg gemcitabine (black 
lines; n=10 mice) compared with control mice (blue lines; n=10 mice). (B, E) Kaplan-Meier 
survival plot of gemcitabine treated and control mice, using 25% huCD45+ in PB as a 
cut-off. (C, F) Kaplan-Meier survival plot of gemcitabine treated and control mice, using 
clinical signs of leukemia-related morbidity as an endpoint. (G) Percentage of huCD45+ in 
PB of LR-iALL2 PDX, treated with 160 mg/kg floxuridine (green lines; n=9 mice) compared 
with control mice (blue lines; n=8 mice). (H) Kaplan-Meier survival plot of floxuridine 
treated and control mice, using 25% huCD45+ in PB as a cut-off. (I) Kaplan-Meier survival 
plot of floxuridine treated and control mice, using clinical signs of leukemia-related mor-
bidity as an endpoint. Each line in the Kaplan-Meier curves represents the median of each 
tested cohort. Treatment periods are shown in red on individual graphs.
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of each drug combination was assessed by 4-day MTT assays (Supplementary meth-
ods). All dose response curves were normalized to the effect of gemcitabine as a sin-
gle agent, and analyzed for synergistic, additive or antagonistic effects using the Zero 
Interaction Potency (ZIP) model. Interestingly, no antagonistic effects were observed 
between gemcitabine and cytarabine (Supplementary Figs. 3a-c), nor between gem-
citabine and either prednisolone or L-asparaginase (Supplementary Figs. 3d-i). All ZIP 
scores remained close to zero, indicating additive effects. Some scores were modestly 
positive, suggesting mild synergy (Supplementary Figs. 4a-g). ZIP scores for drug com-
binations of gemcitabine and prednisolone could not be produced for the RS4;11 and 
ALL-PO cell lines, due to their high sensitivity to prednisolone. Overall, these data show 
that gemcitabine does not antagonize the anti-leukemic effects of key components of 
current chemotherapy for infant ALL, and suggest that gemcitabine could be imple-
mented into existing therapeutic regimens. 

The implementation of cytarabine into treatment for infants with ALL has signifi-
cantly improved clinical outcomes.2 Although gemcitabine as a drug is highly compa-
rable to cytarabine, preclinical studies have revealed that gemcitabine has a broader 
spectrum of antitumor activity.12 Gemcitabine also has greater membrane permea-
bility, a higher enzyme affinity and longer intracellular retention in tumor cells than 
cytarabine.13,14 These favorable characteristics imply that the addition of gemcitabine 
to future MLL-rearranged infant ALL treatment protocols may well further improve 
prognosis. The safety profile of gemcitabine is well known as the efficacy of gem-
citabine monotherapy has been investigated in children with ALL15, amongst others. 
Despite the low efficacy, no infants were included. Hence, to date we lack knowledge 
on the clinical potential of gemcitabine against MLL-rearranged infant ALL and there-
fore warrants further investigation in a clinical setting. 
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SUPPLEMENTARY TABLES

Supplementary Table 1. Treatment schedules for the MTD and disease burden study for 
gemcitabine and floxuridine in infant ALL PDX models. (A) Treatment schedule for gem-
citabine. (B, C) Treatment schedules for floxuridine.

Dose and schedule: Gemcitabine Number of mice A
360 mg/kg IP, on days 1, 4, 8 and 11 4

240 mg/kg IP, on days 1, 4, 8 and 11 4
120 mg/kg IP, on days 1, 4, 8 and 11 4
60 mg/kg IP, on days 1, 4, 8 and 11 4
20 mg/kg IP, on days 1, 4, 8 and 11 4
Vehicle 4
Total 24

Dose and schedule: Floxuridine Number of mice B
80 mg/kg IP on days 1 and 4 4
40 mg/kg IP on days 1, 3, 5, 7, 9 4
20 mg/kg IP for 10 consecutive days 4
Vehicle 4
Total 16

Dose and schedule: Floxuridine Number of mice C
160 mg/kg IP for 5 consecutive days 4
120 mg/kg IP for 5 consecutive days 4
Vehicle 4
Total 12
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. hENT1 inhibition by NMBPR desensitizes MLL-rearranged ALL 
cell lines to gemcitabine, floxuridine, cytarabine and cladribine. (A) The effect of 3 
M NBMPR on the cell viability of SEM, ALL-PO, RS4;11 and KOPN8. Cell lines (B) SEM, (C) ALL-
PO, (D) RS4;11 and (E) KOPN8 pre-treated with 3 µM NMBPR (black line) or without NMBPR 
(grey line) for 1 hour, followed by a 4-day exposure to increasing dosages of gemcitabine, 
floxuridine, cytarabine or cladribine. The cell viability was normalized to the effect of 
NBMPR as a single agent (B-E). All data was determined by a 4-day MTT assay. Data points 
are represented as the mean±standard deviation of triplicate analyses.

A

B C D E
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Supplementary Figure 2. Gemcitabine decreased the leukemic burden in two indepen-
dent infant ALL PDX models, in contrast to floxuridine. (A) The percentage of human 
CD45+ in the bone marrow, spleen and peripheral blood (PB) of LR-iALL1 PDX model treat-
ed with different doses of gemcitabine (Gem). (B) The percentage of human CD45+ in 
the bone marrow, spleen and PB of LR-iALL2 PDX model treated with 20 mg/kg Gem. (C, 
D) The percentage of human CD45+ in the bone marrow, spleen and PB of LR-iALL1 PDX 
model treated with different doses of floxuridine (Flox). (E) The percentage of human 
CD45+ in the bone marrow, spleen and PB of LR-iALL2 PDX model treated with 160 mg/kg 
Flox. Errors bars indicate the standard deviation of quadruplicate analyses.
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Supplementary Figure 3. Effect of gemcitabine in combination with cytarabine, L-aspar-
aginase or prednisolone on the viability of MLL-rearranged ALL cell lines. Dose-response 
curves of gemcitabine in combination with cytarabine for (A) SEM, (B) RS4;11 and (C) ALL-
PO, gemcitabine in combination with L-asparaginase for (D) SEM, (E) RS4;11 and (F) ALL-PO, 
and gemcitabine in combination with prednisolone for (G) SEM, (H) RS4;11 and (I) ALL-PO. 
All data was determined by a 4-day MTT assay and normalized to gemcitabine as a sin-
gle agent. Data points are represented as the mean±standard deviation of quadruplicate 
analyses.
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Supplementary Figure 4. Synergistic landscape of gemcitabine in combination with 
cytarabine, L-asparaginase or prednisolone in MLL-rearranged ALL cell lines. The syn-
ergistic landscape and their corresponding ZIP scores of the interaction between gem-
citabine and cytarabine for (A) SEM, (B) RS4;11 and (C) ALL-PO, the interaction between 
gemcitabine and asparaginase for (D) SEM, (E) RS4;11 and (F) ALL-PO, and the interaction 
between gemcitabine and prednisolone for (G) SEM. Positive, zero or negative ZIP scores 
(δ) indicate synergy, additivity or antagonism, respectively.
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SUPPLEMENTARY METHODS

Patient samples 
(N=2) primary MLL-rearranged infant ALL patient samples were collected from insti-
tutes participating in the INTERFANT treatment protocols 1,2. Written informed con-
sent was obtained from parents or guardians to use excess diagnostic material for 
research purposes, as approved by the institutional review board. These studies were 
conducted in accordance with the Declaration of Helsinki. All samples were processed 
and cultured as previously described 3. The patient-derived leukemic samples used in 
this study contained >90% blasts, as morphologically determined on May-Grünwald 
Giemsa (Merck, Darmstadt, Germany) stained cytospins. 

Cell lines 
The MLL-rearranged ALL cell lines SEM, RS4;11, ALL-PO, and BEL-1 all carry the t(4;11) 
translocation, generating MLL-AF4 fusion transcripts. The MLL-rearranged ALL cell line 
KOPN8 expresses the MLL-ENL fusion gene as a consequence of a t(11;19) transloca-
tion. SEM and KOPN8 were purchased from DSMZ (Braunschweig, Germany), RS4;11 
was purchased from ATCC (Manassas, Virginia, USA), BEL-1 was a kind gift from the 
lab of A. Biondi and ALL-PO was a kind gift from the lab of G. Cazzaniga. SEM, RS4;11, 
ALL-PO, BEL-1 and KOPN8 were maintained as suspension cultures in RPMI-1640 with 
GlutaMAX, 10% Fetal Calf Serum, 100 IU/mL penicillin, 100 µg/mL streptomycin and 
0.125 µg/mL Amphotericin B at 37°C in a 5% CO2 atmosphere. Mycoplasma testing 
and DNA fingerprinting were performed for quality control, every six weeks and every 
three months respectively.

Drug library screening
For drug library screens, the following commercially available drug libraries were used: 
Prestwick Chemical Library (Prestwick Chemical, Illkirch, France), Anti-Neoplastic KIT 
(Sequoia Research Products, Pangbourne, United Kingdom), Epigenetics Library (Enzo 
Life Sciences, Brussels, Belgium), Epigenetics Screening Library (Cayman Chemical, 
Ann Arbor, MI, USA) and the Spectrum Collection (Microsource, Gaylordsville, CT, 
USA). Drug concentrations tested were 10 nM, 100 nM, and 1000 nM. Cell viability was 
assessed by a 4-day thiazolyl blue tetrazolium bromide (MTT) assay (Sigma-Aldrich, 
Saint Louis, MO, USA) as previously described 4. 

Compounds and cytotoxicity assays
Gemcitabine, floxuridine, cytarabine and cladribine were purchased from Selleckchem 
(Munich, Germany) for in vitro purposes. Prednisolone was purchased from Bufa 
Pharmaceutical Products (Uitgeest, The Netherlands) and L-asparaginase (Paronal) 
from Nycomed Christiaens (Brussels, Belgium). S-(4-Nitrobenzyl)-6-thioinosine (or 
NBMPR) was purchased from Sigma-Aldrich and used as previously described 5. 
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Prednisolone was dissolved in 0.9% NaCl, L-asparaginase was dissolved in Milli-Q H2O, 
and the remaining compounds were dissolved in DMSO. Briefly, cells were seeded 
semi-automatically in 384-well plates (Corning Inc., Corning, NY, USA) using the 
Multidrop (Thermo Fisher Scientific, Waltham, MA, USA), followed by administration of 
the drugs by the Tecan D300 Digital Dispenser (Tecan, Männedorf, Switzerland). Cell 
viability was assessed by 4-day MTT assays (Sigma-Aldrich) as previously described 4. 
Data was normalized to DMSO control, tolerating a maximum concentration of ≤0.5% 
(v/v). 

Animal experiments
All in vivo experiments were approved by the Animal Ethics Committee (Approval 
Number: AEC#333), Telethon Kids Institute, Perth, Australia. Primary MLL-AF4+ infant 
ALL cells were inoculated in immunodeficient NOD scid gamma (NSG) mice via tail 
vein injection, and disease progression was followed by monitoring peripheral blood 
(PB) samples for the presence of human CD45+ (huCD45+) leukemic blasts using 
flow cytometry. For identification of the maximum tolerated dose (MTD) and dis-
ease burden study, drug treatment was initiated when a median of 1% huCD45+ in 
the PB was reached for the entire cohort. Mice were randomized and treated with 
vehicle (PBS) or by injecting gemcitabine (in PBS; Hospira Australia) or floxuridine (in 
PBS; Selleckchem) intraperitoneally according to the treatment schedules shown in 
Supplementary Tables 1a-b. Mice were culled after completing two weeks of therapy, 
or before treatment completion if they exhibited clinical signs of morbidity due to a 
high leukemic burden. Accordingly, mice were humanely euthanized and tissue sam-
ples were collected for further analysis by flow cytometry. A second MTD and disease 
burden study with more intensive floxuridine dosing was performed according to the 
schedule shown in Supplementary Table 1c. These mice were culled after completing 
eight days of therapy.

For the single agent EFS study, treatment was initiated when the entire cohort 
reached a median of 1% huCD45+ in the PB (day 0). Mice were randomized and 20 
mg/kg gemcitabine on days 1, 4, 8 and 11, or 160 mg/kg floxuridine for five consec-
utive days was administered. Progression to leukemia was monitored weekly during 
and after therapy. Mice were culled when exhibiting clinical signs of morbidity due 
to a high leukemic burden. Accordingly, mice were humanely euthanized and tissue 
samples were collected for further analysis by flow cytometry. Response and event 
definitions were adopted from the paper by Houghton et al. 6. 

Statistical analysis
The t-test was used to compare the difference in leukemic burden of treated mice 
compared to the control group. The log-rank test was applied to compare the survival 
of mice between the treatment and control groups. No statistical test was used to 
determine the sample size. No randomization was used in animal studies. The survival 
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studies were not blinded. The in vitro drug combination analysis was performed using 
the SynergyFinder web application 7. Concentrations where gemcitabine or floxuri-
dine as a single agent showed more than 70% cell toxicity were excluded from the 
synergy analysis. P-values of <0.05 were considered significant. Software packages 
utilized were Graphpad Prism 7 (San Diego, CA, USA) and Microsoft Excel (Redmond, 
WA, USA).
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ABSTRACT

Pediatric MLL-rearranged acute myeloid leukemia (AML) has a generally unfavorable 
outcome, primarily due to relapse and drug resistance. To overcome these difficulties, 
new therapeutic agents are urgently needed. Yet, implementing novel drugs for clin-
ical use is a time-consuming, laborious, costly and high-risk process. Therefore, we 
applied a drug-repositioning strategy by screening drug libraries, comprised of >4000 
compounds that are mostly FDA-approved, in a high-throughput format on primary 
MLL-rearranged AML cells. Here we identified pyrvinium pamoate (pyrvinium) as a 
novel candidate drug effective against MLL-rearranged AML, eliminating all cell via-
bility at <1000nM. Additional screening of identified drug hits on non-leukemic bone 
marrow samples, resulted in a decrease in cell viability of ~50% at 1000nM pyrvinium, 
suggesting a therapeutic window for targeting leukemic cells specifically. Validation of 
pyrvinium on an extensive panel of AML cell lines and primary AML samples showed 
comparable viabilities as the drug screen data, with pyrvinium achieving IC50 values of 
<80nM in these samples. Remarkably, pyrvinium also induced cell toxicity in primary 
MLL-AF10+ AML cells, an MLL-rearrangement associated with a poor outcome. While 
pyrvinium is able to inhibit the Wnt pathway in other diseases, this unlikely explains 
the efficacy we observed as β-catenin was not expressed in the AML cells tested. 
Rather, we show that pyrvinium co-localized with the mitochondrial stain in cells, and 
hence may act by inhibiting mitochondrial respiration. Overall, this study shows that 
pyrvinium is highly effective against MLL-rearranged AML in vitro, and therefore repre-
sents a novel potential candidate for further studies in MLL-rearranged AML.
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INTRODUCTION

The outcome of pediatric Acute Myeloid Leukemia (AML) has improved steadily over 
the past decades, with current long-term overall survival rates of over 70%. This 
improvement has mainly been achieved due to better risk stratification, salvage at 
relapse, and improvements in allogeneic hematopoietic stem cell transplantation and 
supportive care.1-5

Risk stratification of this heterogeneous disease is currently performed using 
early response to therapy (measured as minimal residual disease [MRD]) and genetics, 
including cytogenetic and molecular features.6 One of the most common recurrent 
genetic abnormalities are chromosomal translocations of the MLL gene (also known as 
KMT2A). Although clinical outcome for patients with MLL-rearranged AML is depend-
ent on the MLL translocation fusion partner gene, the prognosis is generally unfavora-
ble. While patients carrying the MLL-AF9 fusion show event-free survival (EFS) rates of 
77%, patients harboring MLL-AF6, MLL-AF4, and MLL-AF10 translocations fare signifi-
cantly worse, with EFS rates of only 11%, 29%, and 32%, respectively. Overall, pediatric 
MLL-rearranged AML had a 5-year EFS of 44%, and a 5-year overall survival of 56% in a 
global study published in 2009.7

The majority of children with AML receive four or five courses of intensive chemo-
therapy, mainly based on cytarabine (ara-C) and anthracyclines, such as daunorubicin. 
Most collaborative group protocols include hematopoietic stem cell transplantation 
in the first complete remission for selected high risk fusions and/or patients with per-
sistent MRD. This therapeutic framework has remained essentially unchanged for dec-
ades. The intensity of therapy is risk-adapted, and is mainly dependent on the quality 
of remission following induction therapy.8,9 However, further intensification of current 
treatment regimens for high-risk subtypes of pediatric AML is not possible. Hence, to 
increase the survival rate of AML, additional or novel therapeutic agents are needed 
to improve the survival for subgroups which experience a poor outcome, such as 
MLL-rearranged AML. Nevertheless, implementing novel drugs for clinical use is an 
expensive and years-long process with a high failure rate. To avoid these hurdles, the 
repurposing of drugs already clinically approved for other indications for use in cancer 
treatment has become an attractive strategy. Such an approach is efficient, econom-
ical and allows for rapid identification of candidate drugs suitable for clinical trials.10 
In the present study, we therefore applied a drug repositioning strategy by screening 
>4000 compounds on primary MLL-rearranged AML patient samples using commer-
cially available drug libraries that mostly contain FDA-approved agents. These drug 
screens identified pyrvinium pamoate (pyrvinium) as an interesting candidate drug 
for the treatment of MLL-rearranged AML, which also demonstrated efficacy against 
other types of AML.
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MATERIALS AND METHODS 

Patient samples
Primary AML samples were obtained from the Erasmus MC-Sophia Children’s Hospital 
(Rotterdam, The Netherlands; Supplemental Table 1). Written informed consent was 
obtained from parents or guardians to use excess of diagnostic material for research 
purposes, as approved by the Medical Ethics Committee of the Erasmus Medical Center, 
The Netherlands. A copy of the written consent is available for review by the Editor-in-
Chief of this journal on request. Patient characteristics are listed in Supplemental Table 
1. For the drug screen, one non-leukemic bone marrow aspirate, namely non-leukemic 
BM #1, was collected at the Erasmus MC-Sophia Children’s Hospital, from a patient 
with T-cell lymphoma without infiltration in the bone marrow. The other bone marrow 
aspirate used for the drug screen, namely non-leukemic BM #2, was collected at the 
Wilhelmina Children’s Hospital (Utrecht, The Netherlands), from a patient with Acute 
Lymphoblastic Leukemia (ALL) in remission at day 79 of the SKION ALL-11 treatment 
protocol. All samples were processed as described elsewhere 11 and immediately used 
for viability assays as described below. Briefly, cryopreserved cells were resuspended 
in culturing medium of RPMI-1640 (Dutch modification, Gibco, Uxbridge, UK) con-
taining 20% FCS (GE healthcare), 100IU/ml penicillin-streptomycin (ThermoFisher), 
0.125µg/ml amphotericin B (ThermoFisher), 0.2mg/ml gentamycin (ThermoFisher), 
5mg/ml insulin, 5mg/ml transferrin, 5ng/ml sodium selenite (ITS; Sigma-aldrich) and 
2mM L-glutamine (ThermoFisher). Note, that sensitivity of cells were not influenced by 
cryopreservation.12 Cells were washed in culturing medium twice at 1500rpm for 5 min 
at RT. Thereafter, resuspended cells were diluted in culturing medium to a concentra-
tion of 1-1.5*106 cells/ml and incubated at 37°C in humified air containing 5% CO2 until 
further use. The leukemic samples used in this study contained >80% leukemic blasts 
before and after culture, and the two ‘non-leukemic’ bone marrow controls contained 
<1% blasts, as determined by May-Grünwald Giemsa (Merck) stained cytospins. 

Cell lines
Human MLL-rearranged AML cell lines MV4;11, ML-2, SHI-1, NOMO-1, THP-1, and wild-
type MLL AML cell lines HEL, KASUMI-1, ME-1, MKPL-1 were all purchased from DSMZ-
German collection of microorganisms and cell cultures. The wildtype MLL AML cell line 
CHRF-288-11 was kindly provided by Dr. Gruber (St. Jude Children’s Research Hospital, 
Memphis, TN, USA). Cell line characteristics are listed in Supplemental Table 2. All cell 
lines were cultured in RPMI-1640 with GlutaMAX (ThermoFisher), 10%-20% fetal calf 
serum (GE healthcare), 100IU/ml penicillin streptomycin (ThermoFisher), and 0.125µg/
ml amphotericin B (ThermoFisher), at 37°C in humified air containing 5% CO2. Cell line 
characteristics are shown in Supplemental Table 2. Mycoplasma testing and DNA fin-
gerprinting were regularly performed as quality control.
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High-throughput drug screening and drug libraries
Cells were seeded semi-automatically in 384-well plates (Corning) using a Multidrop dis-
penser (Thermo Fisher Scientific) Patient-derived cells were seeded at a concentration 
of 1-1.5*106 cells/ml, the seeding density of the cell lines are provided in Supplemental 
Table 2. On the same day, drugs were added to a final concentration of 10nM, 100nM or 
1000nM, using the Caliper SciClone ALH3000 liquid handling robot. The following com-
mercially available drug libraries were utilized: Prestwick Chemical library (Prestwick 
Chemical, France), anti-neoplastic sequoia library (Sequoia Research Products, United 
Kingdom), Epigenetics library (Enzo Life Sciences, Belgium), Epigenetics screening 
library (Cayman Chemical, MI, USA), Spectrum collection (Microsource, CT, USA), the 
Cell cycle/DNA Damage compound library (MedChemExpress, Sweden), and some 
additional compounds (Supplemental Table 3). Upon drug exposure, cell viability was 
assessed by a 4-day thiazolyl blue tetrazolium bromide (MTT; Sigma-Aldrich) assay.13

Compounds and viability assays
Pyrvinium pamoate was purchased from MedChemExpress. Venetoclax, navitoclax, 
etoposide, cytarabine and daunorubicin were purchased from Selleckchem. All com-
pounds were dissolved in DMSO and subsequently diluted in medium when used for 
viability assays. For the validation of the most interesting hits from our drug screen 
and for drug combination studies, expanded dose response curves were made using 
the Tecan D300 Digital Dispenser (Tecan, Switzerland) to dispense the drug. The drug 
response on the cell viability was assessed by a 4-day MTT assay as described else-
where.13 Briefly, after 4 days of incubation, 5μL/well of 5mg/ml MTT was added to 
40μL of drug-exposed cells for 6 hours. Thereafter, the reaction was stopped by add-
ing 40μL/well of a 10% SDS/0.01M HCL solution. The next day, the absorbance of the 
cells was measured at wavelengths 570nm and 720nm using the microplate reader 
(Versamax). The data of 720nm served as background noise and was subtracted from 
the 570nm data. MTT data was normalized to DMSO control, tolerating a maximum 
concentration of ≤0.5% (v/v). The value of optical density for the controls were at least 
0.07 to ensure high viability of the primary cells when assessing the effect of the drug. 

Western blotting
Cell lysates were prepared in RIPA buffer (#89901, Thermo Fisher Scientific) supple-
mented with a protease and phosphatase inhibitor cocktail (#78440, Thermo Fisher 
Scientific). Lysates were quantified using the Pierce BCA Protein Assay Kit (#23223 for 
reagent A and #23224 for reagent B, Thermo Fisher Scientific). 25µg lysate was loaded 
on pre-cast SDS-polyacrylamide gels (TGX, Bio-Rad) and transferred onto a nitrocellu-
lose membrane using the Transblot Turbo Transfer System (Bio-Rad). Membranes were 
blocked in 5% milk (Elk, Campina). Proteins of interest were detected using primary 
antibodies against ß-catenin (1:1000, #9562, Cell Signaling) and GAPDH (1:2000, #2118, 
Cell Signaling), followed by IRDye680RD/800CW conjugated secondary antibodies 
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(LI-COR Biosciences). Proteins were detected by scanning on the LI-COR Odyssey 
imaging system.

Mitochondria staining and pyrvinium localization
Mitochondria labelling was performed as described elsewhere, using MitoTracker 
Green FM (#M7514, Thermo Fisher Scientific) and Hoechst 33342 staining (#H3570, 
Thermo Fisher Scientific).14 Cells were transferred to a µ-Slide 8 well glass bottom 
(#80821, Ibidi) for live cell imaging. Images were acquired with the confocal laser scan-
ning microscopy platform TCS SP8 (Leica) with a 40x oil-immersion lens at a resolution 
of 512 x 512 pixels. Image processing was performed using the Fiji software.15

Statistical analysis
Drug response data was analyzed using GraphPad Prism 7. Cell viability comparisons 
between MLL-rearranged AML and wildtype MLL AML cell lines were performed using 
the multiple t-test of average, where p-values of <0.05 were considered significant. 
Drug synergy was calculated using the SynergyFinder web application https://syn-
ergyfinder.fimm.fi/.16 Concentrations where pyrvinium had a single agent toxicity of 
>50% were excluded from the synergy analysis.

RESULTS

Drug library screens on patient-derived MLL-rearranged AML cells
We performed a high-throughput drug library screen using >4000 compounds on two 
primary AML patient samples carrying the MLL-AF9 translocation. Each compound was 
screened at a final concentration of 10nM, 100nM and 1000nM, and drugs were con-
sidered “hits” when cell viability in both leukemic samples was less than 50%, 40% and 
30%, respectively. All potential drug hits were subsequently tested on two non-leu-
kemic bone marrow samples. In total, five unique hits were identified at the 10nM drug 
concentration, 28 unique hits at 100nM, and 72 unique hits at 1000nM (Figure 1A). 
Most of the identified hits were anthracyclines, cyclin-dependent kinase (CDK) inhib-
itors, heat-shock protein 90 (HSP90) inhibitors, histone deacetylase (HDAC) inhibitors, 
or BCL2 family inhibitors (Figure 1B; Supplemental Table 4). Anthracyclines represent 
established components of current treatment regimes for pediatric AML, while most 
of the other identified drug classes either were or are currently under clinical investiga-
tion for the treatment of AML.17-20 Nonetheless, identifying this large amount of known 
drugs and similar hits throughout independent drug libraries strongly underlines the 
validity of our screening approach. 

The hits identified at 10nM and 100nM have mostly been investigated and belong 
to the drug classes mentioned above. However, drug screening at 1000nM identi-
fied pyrvinium as a potential novel candidate drug effective against MLL-rearranged 
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Figure 1. Overview of candidate drugs that were identified in the drug screening at 10nM, 
100nM and 1000nM on patient-derived MLL-AF9 AML cells. (A) Heatmaps of candidate 
drugs identified in the drug screening at 10nM, 100nM and 1000nM. Drugs are ranked 
based on the average cell viability of the leukemic samples versus the average cell viabil-
ity of the non-leukemic bone marrow samples. Drug hits occurring multiple times in the 
heatmap indicates that the drug was present in multiple screened drug libraries. (B) Pie 
charts of the most occurring drug classes and targets identified in the drug screening at 
10nM, 100nM and 1000nM.

AML (Figure 1A; Supplemental Table 4). Hits were ranked using the greatest differ-
ential between anti-leukemic effect and cytotoxicity toward healthy bone marrow. 
Pyrvinium was the highest-ranked hit at the 1000nM dose, eliminating virtually all of 
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the leukemic cells, while the cell viability of non-leukemic bone marrow samples was 
still ~50% (Supplemental Figure 1). The effect of pyrvinium was greatest at 1000nM, 
but some decrease in cell viability was already shown at the 100nM dose. Furthermore, 
many CDK, HSP90 and HDAC inhibitors tested at a concentration of 1000nM are ranked 
at the bottom of the heatmap due to their toxicity on non-leukemic bone marrow 
cells, suggesting that pyrvinium might have a therapeutic window for targeting leu-
kemic cells.

Pyrvinium is active against MLL-rearranged AML cell lines and primary 
AML cells
To validate the efficacy of pyrvinium on additional MLL-rearranged AML samples, we 
tested pyrvinium in a full-dose response curve on n=5 MLL-rearranged AML cell lines 
and on n=3 MLL-rearranged AML patient samples (Figure 2A,B). In addition, to identify 
whether pyrvinium was effective against AML cells with MLL-rearrangements selec-
tively or also against AML cells with other aberrations, we included AML cells from 
3 patients and 5 cell lines with wildtype MLL. All MLL-rearranged AML cell lines had an 
IC50 of ~20nM, except for ML-2 which had an IC50 of 80nM. Wildtype MLL cell lines had 
an IC50 of 47nM or higher. MLL-rearranged AML cell lines were on average significantly 
more sensitive to pyrvinium than AML cell lines carrying wildtype MLL (Figure 2A, 
Supplemental Figure S2A,B). Primary MLL-rearranged AML cells also responded well to 
pyrvinium, with IC50 values between 20-30nM, including those harboring an MLL-AF10 
translocation, which is associated with a poor survival (Figure 2B). Despite the spec-
ificity towards MLL-rearranged AML observed in cell line experiments, wildtype MLL 
AML patient samples D (CBFB/MYH11+) and F (FUS-ERG+) showed fairly similar sensitivity 
to pyrvinium when compared to MLL-rearranged patient samples. Interestingly, the 
patient sample E, carrying a FLT3-ITD mutation, was not affected at any of the pyrvin-
ium concentrations tested (Figure 2B). 

Pyrvinium targets the mitochondria in MLL-rearranged ALL cells
Pyrvinium is an anthelmintic drug, though it was recently reported to possess anti-can-
cer properties.21 Within hematological malignancies, studies identified that pyrvinium 
generally is able to inhibit tumor cell proliferation and induce apoptosis via two main 
described mechanisms. First, pyrvinium inhibits canonical Wnt signaling pathway by 
β-catenin degradation in multiple myeloma. Secondly, pyrvinium impairs mitochon-
drial functions in multiple hematological malignancies.14,22-25 Here, we investigated 
both possible mechanisms to identify how pyrvinium exerts its anti-leukemic effects 
in AML cells. 

To identify whether pyrvinium affects β-catenin in AML cells, two MLL-rearranged 
AML cell line models, SHI-1 and THP-1, were exposed to pyrvinium and β-catenin pro-
tein expression was assessed. However, no β-catenin protein expression was observed 
in either of the MLL-rearranged AML cell lines (Figure 3A,B). AML cell lines carrying 
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Figure 2. In vitro sensitivity of AML cell lines and primary AML cells to pyrvinium. IC50 
values for pyrvinium on five MLL-rearranged AML cell lines and five wildtype MLL AML 
cell lines (A). Drug responses of six primary AML samples to pyrvinium (B). Cell viability 
was determined by a 4-day MTT assay and data was normalized to DMSO control. Bars 
represent mean±standard deviation of n=4 replicates. 

Figure 3. The effect of pyrvinium on β-catenin expression in MLL-rearranged AML cell 
lines. β-catenin expression in SHI-1 (A) and in THP-1 (B) upon exposure to 100nM and 
200nM pyrvinium (PP) or DMSO for 24h and 48h, as determined by western blot. GAPDH 
served as loading control.

A B

A

B
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wildtype MLL showed similar results (Supplemental Figure 3A,B). The human 293T 
cell line was used as positive control for β-catenin protein expression (Supplemental 
Figure 3A). Since no β-catenin expression could be detected in our AML cell line mod-
els, we reasoned that it is unlikely that the anti-leukemic effects of pyrvinium on AML 
cells are mediated via inhibition of the canonical Wnt pathway. 

Figure 4. Localization of pyrvinium in the mitochondria in MLL-rearranged AML cells. 
Confocal images of live cells of the SHI-1 cell line (A) and the THP-1 cell line (B) co-incubat-
ed with DMSO or 200nM pyrvinium (magenta), the mitochondrial stain MitoTracker Green 
(green) and Hoechst (grey) a nuclei staining.

A



Pyrvinium pamoate as effective candidate against pediatric MLL-rearranged AML

4

77

Figure 4. Continued

In chronic myeloid leukemia (CML) it was shown that pyrvinium also acts in a 
β-catenin independent manner, and instead was found to be localized in the mito-
chondria where it blocked mitochondrial respiration.14 Therefore, we performed a 
similar experiment on AML cell lines to investigate whether pyrvinium localizes in the 
mitochondria in MLL-rearranged AML cells. Co-localization was examined using con-

B
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Figure 5. Pyrvinium in combination with conventional chemotherapeutic drugs in 
MLL-rearranged AML cell lines. In vitro dose response curves (4-day MTT assays) of 
increasing concentrations pyrvinium in combination with increasing concentrations of 
cytarabine, daunorubicin or etoposide in SHI-1 (A) and THP-1 (B). Bars represent mean±-
standard deviation of n=4 replicates. All cell viability data have been normalized for the 
effect of pyrvinium as single agent.

A B

focal microscopy. Pyrvinium is a quinolone-derived cyanine that fluoresces red, and 
Mitotracker Green was used to stain the mitochondria. Our data showed that pyrvin-
ium indeed co-localized with Mitotracker Green in both MLL-rearranged AML cell lines 
SHI-1 and THP-1 (Figure 4A,B), indicating that the anti-leukemic effects of pyrvinium 
involve targeting of the mitochondria. Similar results were obtained for wildtype MLL 
AML cell lines KASUMI-1 (Supplemental Figure 4A) and HEL (Supplemental Figure 4B). 

Pyrvinium in combination with conventional chemotherapy in AML
Pediatric AML is currently being treated using combination therapy, including anth-
racyclines (such as daunorubicin and idarubicin), cytarabine, and etoposide or thi-
oguanine. To determine whether the addition of pyrvinium does not adversely 
affect the efficacy of conventional chemotherapeutics, we tested the anti-leukemic 
effects of pyrvinium in combination with cytarabine, daunorubicin and etoposide 
on MLL-rearranged AML cell lines SHI-1 and THP-1. Although pyrvinium did not show 
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any synergistic effects in combination with cytarabine, daunorubicin, or etoposide 
(Supplemental Table 5), pyrvinium did not act antagonistic either (Figure 5A,B) and all 
effects in combination with conventional chemotherapeutics were additive. Similar 
results were obtained for AML cell lines carrying wildtype MLL (Supplemental Figure 
S5A,B; Supplemental Table 5). Overall, our in vitro data supports that pyrvinium might 
be safely implemented into current therapeutic regimens to treat patients with pedi-
atric AML. 

DISCUSSION 

To date, MLL-rearranged AML remains a subtype of leukemia associated with a poor 
outcome. To identify novel or additional therapeutic agents effective against MLL-
rearranged AML that could rapidly be implemented into the clinic, we performed a 
drug library screen on primary pediatric MLL-rearranged AML samples.

Of note is that culturing primary acute leukemia cells in vitro generally comes 
with certain limitations, and MLL-rearranged AML cells are no exception. For instance, 
under standard culturing conditions, primary acute leukemia cells typically fail to 
proliferate. Therefore, using non-proliferating cells in our drug library screen, inevi-
tably means there is a potential risk of partially underestimating the full magnitude 
identified drug ‘hits’. This would especially be true (chemo-)therapeutics that typically 
rely on cell proliferation in order to exert their anti-cancer effects. Moreover, we may 
have missed several drug ‘hits’, especially in case of epigenetic-based compounds, 
that would have required exposure periods of more than 4 days in order reveal 
their anti-leukemic actions. For example, LSD1 inhibitors have shown to be effective 
against MLL-rearranged acute leukemia, but the in vitro anti-leukemic effects in MLL-
rearranged AML cell line models only become apparent at day 6 of drug exposure and 
beyond.26 Unfortunately, the use of primary acute leukemia cells in in vitro culturing 
systems does not allow reliable drug testing over periods longer than 4 days, as shortly 
after these cells typically become subjected to spontaneous apoptosis. Nonetheless, 
we did identify numerous potential drug ‘hits’ (including pyrvinium) of which a sub-
stantial amount of agents had already been proven effective against MLL-rearranged 
AML (among which several anthracyclines currently used in the treatment of AML), 
confirming the validity of our drug screens. Apart from drugs already known to be 
active against MLL-rearranged AML, we identified pyrvinium as a novel and poten-
tially interesting agent specifically and effectively targeting the mitochondria in MLL-
rearranged AML cells.

As a single agent, pyrvinium effectively eliminates MLL-rearranged AML cells at 
a concentration of 1000nM, while non-leukemic bone marrow samples were much 
less affected at this concentration. The latter is in agreement with previous observa-
tions. Pyrvinium was shown to induce apoptosis much more effectively in CD34+ cells 
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derived from patients with CML compared to healthy CD34+ cells derived from cord 
blood, suggesting a degree of selectivity towards leukemic cells.14 In addition, MLL-
rearranged AML cells seemed more sensitive to pyrvinium than AML cells carrying 
the wildtype MLL gene, however the number of samples tested remain insufficient 
to draw definite conclusions regarding subtype specificity. Although this specificity 
would be interesting to further investigate, the aim of this study is to find novel treat-
ment options for patients carrying MLL-rearranged AML as they are associated with a 
poor outcome.

Previous studies have described two mechanisms by which pyrvinium exerts its 
anti-neoplastic effects. Pyrvinium is able to inhibit the canonical Wnt signaling path-
way via β-catenin degradation, but can also impair mitochondrial respiration.14,22-25 
As our data showed a lack of β-catenin expression in MLL-rearranged AML cells, it is 
unlikely that pyrvinium affected Wnt signaling in these cells. In consistency with our 
data, Zhao et al showed that genetic deletion of β-catenin did not affect the AML 
onset in MLL-AF9 AML in vivo.27 Instead, we demonstrate that pyrvinium is localized 
in the mitochondria in MLL-rearranged AML cells, suggesting that pyrvinium might 
impair mitochondrial respiration as recently shown for CML by Xiang et al and for 
acute lymphoblastic leukemia (ALL) by Nair et al. 14,25 

Pyrvinium, commercially known as Povan or Vanquin, is an FDA-approved anthel-
mintic drug originally used for the treatment of pinworms in humans.28 Interestingly, 
pre-clinical data showed that pyrvinium appeared to possess anti-cancer activity in 
diverse neoplastic tissues, including breast cancer, multiple myeloma, chronic myeloid 
leukemia and ALL.14,22,25,29 

Pyrvinium is typically administered orally, and is not absorbed from the gastroin-
testinal tract, hence this route of administration does not provide systemic exposure.30 
Therefore, a parenteral formulation of pyrvinium is required in case pyrvinium is to 
be used as a systemic anti-cancer agent. This may of course also influence its toxic-
ity profile. Nonetheless, the observed selectivity towards leukemic cells over healthy 
hematopoietic cells may benefit the toxicity profile. In addition, pyrvinium analogs 
have recently been developed and are currently being further optimized.31 These pyr-
vinium analogs might provide a better solution to the poor bioavailability. Another 
recent study aimed to increase targeting of pyrvinium in the bone tumor microen-
vironment niche by encapsulating pyrvinium in a nanoparticle delivery system and 
demonstrated that the system retained its anti-leukemic activity.25 This system still 
needs to be tested in an in vivo setting, but could also offer a solution to the poor 
bioavailability of pyrvinium. Despite multiple reports on the anti-cancer properties 
of pyrvinium, this drug has not yet been investigated in clinical trials against cancer, 
probably due to the bioavailability. However there is precedence for use of an anthel-
mintic agents in a cancer setting. Mebendazole, another anthelmintic drug which also 
showed pre-clinical efficacy in diverse human cancers, is currently being evaluated 
in clinical trials against pediatric brain tumors and already has a demonstrated safety 
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profile in a Phase I trial for adults with brain tumors (NCT02644291). Like other anthel-
mintic drugs, pyrvinium might also be safely repurposed as an anti-cancer therapeutic 
and may be an attractive drug to be tested in clinical trials for the treatment of various 
cancer types21, including pediatric MLL-rearranged AML. 

Pediatric AML is being treated using combination chemotherapy that includes 
anthracyclines, cytarabine and etoposide. Here we show that combinations of pyrvin-
ium with either of these traditional chemotherapeutics all act in an additive manner. 
This suggests that adding pyrvinium to current treatment regimes should not nega-
tively affect the efficacy of the established chemotherapeutic agents. In support of 
this, the combined use of pyrvinium with the anthracycline doxorubicin, has already 
proven to enhance in vivo efficacy in diverse xenograft mouse models of prostate 
cancer.32

CONCLUSION

Taken together, this study demonstrates that pyrvinium is highly effective against 
MLL-rearranged AML in vitro, both as a single agent, as well as in combination with 
conventional chemotherapeutics currently used in the treatment of MLL-rearranged 
AML patients. Given its remarkable specificity towards leukemic cells, we conclude 
that pyrvinium is an attractive candidate drug for further studies on aggressive types 
of leukemia such as MLL-rearranged AML.  
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SUPPLEMENTARY TABLES

Supplemental Table 1. Characteristics of primary AML cells used in this study

Primary cells

chromo-
somal 
aberration application

adult/
pediatric

OD at day 4 
MTT

MLL-AF9 AML #1 MLL-AF9 high-throughput drug screening pediatric 200+
MLL-AF9 AML #2 MLL-AF9 high-throughput drug screening pediatric 480+
Patient A MLL-ENL pyrvinium dose response curves pediatric 560
Patient B MLL-AF10 pyrvinium dose response curves pediatric 1742
Patient C MLL-AF10 pyrvinium dose response curves pediatric 1811
Patient D CBFB/MYH11 pyrvinium dose response curves pediatric 937
Patient E FLT3-ITD pyrvinium dose response curves pediatric 101
Patient F FUS-ERG pyrvinium dose response curves pediatric 689

OD= optical density

Supplemental Table 2. Characteristics of AML cell lines used in this study

cell line MLL status fab type adult/pediatric

Seeding density 
for MTT assay 
(*106 cells/ml)

MV4;11 MLL-AF4 M5a pediatric 0.100
ML-2 MLL-AF6 M4 adult 0.150
SHI-1 MLL-AF6 M5b adult 0.075
NOMO-1 MLL-AF9 M5a adult 0.100
THP-1 MLL-AF9 M5 pediatric 0.100
HEL wildtype M6 adult 0.100
KASUMI-1 wildtype M2 pediatric 0.325
ME-1 wildtype M4 adult 0.125
MKPL-1 wildtype M7 adult 0.150
CHRF-288-11 wildtype M7 pediatric 0.100

FAB=French-American-British classification

Supplemental Table 3. List of all tested compounds 
Can be downloaded from the original article published online.

Supplemental Table 4. Drug hits identified at 10nM, 100nM and 1000nM when screening 
patient-derived MLL-AF9 AML samples.
Can be downloaded from the original article published online.
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Supplemental Table 5. Synergy scores of pyrvinium in combination with conventional 
chemotherapy in AML cell lines. Positive, zero or negative synergy scores (δ) indicate 
synergy, additivity or antagonism, respectively. Synergy scores were determined using 
the Zero Interaction Potentency (ZIP).

Cell line Drug combination Synergy score 
Scoring
Method

SHI-1 Pyrvinium Cytarabine 0.14 ZIP
SHI-1 Pyrvinium Daunorubicin -1.8 ZIP
SHI-1 Pyrvinium Etoposide -0.16 ZIP

THP-1 Pyrvinium Cytarabine 3.90 ZIP
THP-1 Pyrvinium Daunorubicin -1.28 ZIP
THP-1 Pyrvinium Etoposide -0.77 ZIP

KASUMI-1 Pyrvinium Cytarabine -2.24 ZIP
KASUMI-1 Pyrvinium Daunorubicin 0.09 ZIP
KASUMI-1 Pyrvinium Etoposide -1.94 ZIP

HEL Pyrvinium Cytarabine 0.61 ZIP
HEL Pyrvinium Daunorubicin -2.2 ZIP
HEL Pyrvinium Etoposide -2.24 ZIP
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SUPPLEMENTARY FIGURES

Figure S1. Cell viability of patient-derived MLL-AF9 AML cells and non-leukemic bone 
marrow cells upon exposure to 10nM, 100nM or 1000nM pyrvinium. 

Figure S2. In vitro cytotoxicity of pyrvinium on MLL-rearranged AML cell lines and wild-
type MLL AML cell lines. Dose response curves of five MLL-rearranged AML cell lines (A) 
and five wildtype MLL AML cell lines (B) to pyrvinium as determined by 4-day MTT assays. 
Bars represent mean±standard deviation of n=4 replicates.

Figure S3. The effect of pyrvinium on β-catenin expression in AML cell lines carrying 
wildtype MLL. β-catenin expression in KASUMI-1 (A) and in HEL (B) upon exposure to 
100nM or 200nM pyrvinium or DMSO for 24h and 48h, as determined by western blot. 
293T was included as positive control for β-catenin expression. GAPDH served as loading 
control.

A B
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Figure S4 Localization of pyrvinium in the mitochondria in wildtype MLL AML cell lines. 
Confocal images of live cells of the KASUMI-1 cell line (A) and the HEL cell line (B) co-in-
cubated with DMSO or 200nM pyrvinium (magenta), the mitochondrial stain MitoTracker 
Green (green) and Hoechst (grey) a nuclei staining.
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Figure S4 Continued
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Figure S5. Pyrvinium in combination with conventional chemotherapeutic drugs in wild-
type MLL AML cell lines. In vitro dose response curves (4-day MTT assays) of increasing 
concentrations pyrvinium in combination with increasing concentrations of cytarabine, 
daunorubicin or etoposide in KASUMI-1 (A) and HEL (B). Bars represent mean±standard 
deviation of n=4 replicates. All cell viability data have been normalized for the effect of 
pyrvinium as single agent.
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Pediatric acute myeloid leukemia (AML) is a rare, heterogeneous disease, character-
ized by recurrent cytogenetic and molecular aberrations.1, 2 Genetic aberrations are 
the most important prognostic factor, besides early response to treatment.3, 4 In pedi-
atric AML, improvement of clinical outcome has reached a plateau, despite intensive 
chemotherapy and allogeneic hematopoietic stem cell transplantation (HSCT) in 
selected cases, leading to event-free survival rates of approximately 55-60% in the cur-
rent era.1, 2, 5 Hence, identification of prognostic subgroups is important for risk-group 
stratification.1, 5 Furthermore, novel therapeutic options should be explored for pedi-
atric AML, with the objective of improving survival especially for high-risk subtypes, 
such as NUP98-NSD1.6, 7

Here, we present the results of a collaborative study between the Children’s 
Oncology Group (COG) and European AML study groups, aimed to define the biolog-
ical and clinical characteristics of AML patients carrying NUP98-KDM5A outside acute 
megakaryoblastic leukemia (AMKL). Detailed methodology and analysis are described 
in the Online Supplementary Methods. In total 2393 patients were included from various 
trials from COG, AIEOP (Associazione Italiana di Ematologia e Oncologia Pediatrica), 
BFM (Berlin-Frankfurt-Münster), CPH (Czech Pediatric Hematology Working Group), 
DCOG (Dutch Childhood Oncology Group) and LAME (Leucémie Aiquë Myéloblastique 
Enfant). NUP98-KDM5A rearrangements were detected in 47/2393 pediatric AML 
cases (2.0%) with similar prevalence between the COG and European cohorts (table 
1). The median age of NUP98-KDM5A+ patients was significantly younger compared 
to patients without this fusion gene (3.2 vs 9.4 years; p=0.001; table 1, suppl. figure 
1A). Median white blood cell count (WBC) was significantly lower for NUP98-KDM5A+ 
compared to NUP98-KDM5A− patients (11.7*109/l vs. 23.9*109/l, p=0.006). Previously 
described as a recurrent rearrangement in AMKL, this study identified NUP98-KDM5A 
in all FAB types, and NUP98-KDM5A occurred most frequently in M7 (34%), M5 (21%) 
and M6 (17%) (suppl. figure 1B).8 Interestingly, these characteristics were different from 
previously described characteristics of NUP98-NSD1 rearranged pediatric AML (n=37), 
which had a median age of 10.4 years (range 1.2-19.4), median WBC of 181.2*109/l, and 
occurred most frequently in FAB M4/M5 (51%).7, 9

In concordance with other studies, we identified that NUP98-KDM5A+ patients 
lacked other common AML fusions.8, 10 Mutations in genes that are recurrently mutated 
in other AML subtypes, such as RAS, WT1 and FLT3, occurred with very low frequency 
in NUP98-KDM5A+ cases, suggesting that the fusion itself may have a sufficient trans-
forming effect (suppl. table 1). 

There was no significant difference in complete remission rates between NUP98-
KDM5A+ and NUP98-KDM5A- patients (table 1). Of 31 NUP98-KDM5A+ patients, MRD 
data was available; 17/31 (55%) NUP98-KDM5A+ patients were MRD+ (>10-3 blasts 
detected) at end of induction, compared to 471/1740 NUP98-KDM5A- patients (27%, 
p<0.001). MRD status did not clearly influence outcome, as NUP98-KDM5A+ survival 
rates were similar between MRD+ (4-year event-free survival of 27% ± 25.4% and over-
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Table 1. Clinical characteristics of pediatric patients with or without NUP98-KDM5A re-
arrangements

Characteristic
NUP98-
KDM5A +

NUP98-
KDM5A - P-value

Total 47 2346
Group
COG (03p1/0531/1031), N (%) 36 (77) 2003 (85) 0.093
European 11 (23) 343 (15)
Gender
Male, N (%) 24 (53) 1215 (52) 0.877
Female, N (%) 21 (47) 1114 (48)
Unknown, N 2 17 
Median age at diagnosis (years, range) 3.2 (0.07-18.5) 9.4 (0-29.8) 0.001
Unknown, N 2 13
Median WBC x109/L (range) 11.7 (1.8-237.3) 23.9 (0.2-2730) 0.006
FAB type, N (%)
M0 1 (3) 41 (3) 0.617
M1 2 (7) 161 (13) 0.568
M2 1 (3) 280 (22) 0.017
M4 2 (7) 317 (25) 0.026
M5 6 (21) 275 (22) 0.911
M6 5 (17) 16 (1) <0.001
M7 10 (34) 99 (8) <0.001
Other 2 (7) 87 (7) 1.000
NOS 18* 1070*
Treatment response
CR obtained, N (%) 41 (91) 2011 (90) 1.000
Refractory disease, N (%) 4 (9) 224 (10)
Unknown, N 2 111
HSCT in CR1 7 (15) 332 (14) 0.885
5 year Survival, % (2SE)
EFS 29.6 (14.6) 47.0 (2.1) 0.005
OS 34.1 (16.1) 63.7 (2.1) <0.001
RR 62.6 (16.7) 42.5 (2.3) 0.002
RFS 32.5 (15.7) 51.6 (2.1) 0.001
TRM 4.9 (6.8) 5.9 (1.1) 0.913

WBC, white blood cell count; FAB, French American British morphology classification; CR, complete remis-
sion; HSCT, hematopoietic stem cell transplant; SE, standard error; EFS, event-free survival; OS, overall sur-
vival; RR, relapse risk; RFS, relapse-free survival; TRM, treatment-related mortality. 
* The AAML1031 study did not collect data on FAB-types, however we were able to determine AMKL status 
for AAML1031 patients according to the WHO criteria.

all survival of 29.9% ± 31.7%), and MRD- patients (4-year event-free survival of 36% 
± 25.6% [P=0.30] and overall survival of 42.9% ± 26.5% [P=0.65]) (suppl. figure 2A, B). 
These survival rates were comparable to NUP98-KDM5A- but MRD+ patients (5-year 
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event-free survival of 30.8% ± 3.4% and overall survival of 48.5% ± 3.7%), and signifi-
cantly lower than survival rates of NUP98-KDM5A- patients which were MRD- (event-
free survival of 58.3% ± 2.2% [P<0.001] and overall survival of 73.3% ± 2.0% [P<0.001]). 
However, as patient numbers of NUP98-KDM5A+ patients with available MRD data 
were low, definitive conclusions cannot be drawn. 

Event-free and overall survival rates of NUP98-KDM5A+ patients were nearly super-
imposable with 5-year survival rates of 29.6% ± 14.6%, and 34.1% ± 16.1%, respectively. 
This illustrates that NUP98-KDM5A+ AML is more difficult to rescue than other AML 
subtypes. The relapse risk of NUP98-KDM5A+ patients was 62.6% ± 16.7%. These out-
comes were significantly worse when compared to the NUP98-KDM5A− patients who 
showed 5-year event-free survival of 47.0% ± 2.1% (p=0.005), overall survival of 63.7% 
± 2.1% (p≤0.001), and a relapse risk of 42.5 ± 2.3 (p=0.002) (figure 1A-C). Previously 
described NUP98-NSD1+ cases had a similar outcome to NUP98-KDM5A+ cases, with 
5-year event-free survival rate of 22.2% ± 6.9% and overall survival of 45.7% ± 8.7%.7, 

9 Based on the multivariable analysis, NUP98-KDM5A was an independent risk factor 
for poor overall survival and relapse, with hazard ratios of 1.77 for overall survival 
(p=0.009) and 1.62 for relapse risk (p=0.049), but not for event-free survival (hazard 
ratio 1.40, p=0.08) (suppl. table 2). Seven NUP98-KDM5A+ patients underwent HSCT in 
first complete remission. Among these patients, 5 relapsed and 4 subsequently died.

Gene expression analysis using RNAseq data of 1035 patients, including 16 NUP98-
KDM5A+ and 49 NUP98-NSD1+ patients, revealed 2252 differentially expressed genes 
between NUP98-KDM5A+ and NUP98-KDM5A− cases, of which 1542 were upregulated 
genes (suppl. table 3). However, hierarchical clustering did not cluster the majority of 
NUP98-KDM5A+ cases together, but scattered them among samples with normal and 
other karyotypes (figure 1D).

The top upregulated genes were many HOXB genes (suppl. table 3). The upregula-
tion of both HOXA and HOXB genes has been previously reported in NUP98-rearranged 
cases, and represents a common pathway to leukemia development, as it is also shared 
with NPM1-mutated AML, t(8;16)-rearranged AML, and others.7, 11 HOXA/B-gene based 
principle coordinate analysis, excluding patients with rare or unknown driving aber-
rations, revealed several subgroups (figure 1E). NUP98-KDM5A clustered together with 
NPM1-mutated cases and DEK-NUP214, while NUP98-NSD1 clustered separately. The 
difference between NUP98-KDM5A and NUP98-NSD1 was further underlined by com-
paring gene expression profiles with other AML cases. This revealed 2176 differentially 
expressed genes in NUP98-KDM5A+ cases and 2980 differentially expressed genes in 
NUP98-NSD1+ cases (figure 1F, suppl. table 3, 4). Among these differentially expressed 
genes, 810 were shared between the two groups: 68 genes were upregulated in both 
groups, 48 were downregulated and 694 had opposing expression profiles (suppl. 
table 5). 

Gene set enrichment analysis of the differentially expressed genes revealed 
upregulation of targets of E2F and FLT3 in both NUP98-rearranged subgroups (suppl. 
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tables 6-9). TP53 and HDAC targets were downregulated in both rearrangements. 
Interestingly, STAT5, NF1 and NOTCH1 pathways and targets were upregulated in 
NUP98-KDM5A and downregulated in NUP98-NSD1, whereas the MYC pathway was 
upregulated in NUP98-NSD1 and downregulated in NUP98-KDM5A. Connectivity map-
ping using the 90th percentile absolute log foldchange of the differentially expressed 
genes indicated different potential targets for treatment of NUP98-KDM5A when 
compared to NUP98-NSD1 (suppl. figure 3). Both NUP98-KDM5A and NUP98-NSD1 had 
negative median tau scores for HDAC inhibitors. Furthermore, NUP98-KDM5A had a 
median tau score of -21.4 for microtubule inhibitors, indicating that these inhibitors 
could reverse the gene expression signature of the NUP98-rearranged patients.

In search of treatment options, high-throughput screening of more than 4000 
compounds (suppl. table 10) on a primary NUP98-KDM5A and a primary NUP98-NSD1 
AML patient sample was performed, and revealed an overall resistance profile to differ-

Figure 1. Survival and gene expression of NUP98-KDM5A+ and NUP98-KDM5A- AML. A: 
Kaplan Meier survival curve of EFS of NUP98-KDM5A+ versus NUP98-KDM5A- patients. 
B: Kaplan Meier survival curve of OS of NUP98-KDM5A+ versus NUP98-KDM5A- patients. 
C: RR of NUP98-KDM5A+ versus NUP98-KDM5A- patients. D: Unsupervised hierarchical 
clustering analysis by pairwise sample correlations (Pearson’s R). E: HOX expression 
based clustering using PCoA. The 5 distinct groups were determined using K-means clus-
tering and depicted in convex hulls. F: Venn diagram of differentially expressed genes 
in NUP98-KDM5A and NUP98-NSD1 as compared to other AML subtypes (excluding 
NUP98-rearrangements).
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ent drugs (suppl. figure 4). At a 1000nM drug concentration, 146 unique compounds 
were identified that inhibited cell viability >70% in at least one, or in both samples. 
At 100nM, 41 hits were found to inhibit cell viability >60%, and at 10nM eight drugs 
inhibited cell viability >50% (figure 2A). Etoposide and cytarabine, chemotherapeutics 
used in standard AML treatment, were not identified as top hits at 10nM and 100nM. 
A total of nine drugs, comprising six drug target classes, namely microtubule, PI3K, 
MEK, HSP90, CDK9 and BRD4 inhibitors, were selected for further validation on NUP98-
KDM5A+ (n=2) and NUP98-NSD1+ (n=3) primary AML samples (suppl. table 11), as well 
as the CHRF-288-11 cell line harboring a NUP98-KDM5A fusion (suppl. figure 5). These 
validation experiments confirmed the effects observed in the high-throughput drug 
screening (figure 2B-G, suppl. figure 6).

In concordance with connectivity map analysis, tubulin inhibitors such as vincris-
tine and fosbretabulin, decreased cell viability in vitro in NUP98-KDM5A+ cases, while 
showing limited cell toxicity in NUP98-NSD1+ cases (suppl. figure 7, suppl. table 12). 
In concordance with our pathway analysis, which showed upregulation of the STAT5 
pathway in NUP98-KDM5A+ AML as compared to other AMLs and downregulation 
in NUP98-NSD1+ AML, PI3K inhibitor omipalisib decreased cell viability in NUP98-
KDM5A+ cases (IC50 1.6nM-2.2nM), whereas it had little effect on NUP98-NSD1 (IC50= 
95.4nM->3000nM) (figure 2C). Trametinib, a MEK inhibitor with a manageable safety 
profile in pediatric patients, showed a variable response to both tested NUP98 fusions, 
but all had an IC50 value of less than ~300nM (figure 2D).12 Both NUP98-fusion types 
responded to drugs targeting BRD4, CDK9 and HSP90, highlighting that the fusions do 
not solely have distinctive features but also common leukemia hallmarks (figure 2E,F,G). 
Although these compounds show promising in vitro responses, implementation in 
pediatric AML first awaits testing in phase I/II trials in adults. Furthermore, in vivo drug 
testing is required as in vitro response does not always imply in vivo response.13 

Overall, these data show the value of including screening for NUP98-KDM5A rear-
rangements as standard survey in children with AML irrespectively of their AML FAB 
subtype. Although HSCT in first complete remission did not seem to prevent relapse 
in these cases, HSCT is currently the most effective post-remission therapy for prevent-
ing relapse. Therefore, we suggest that NUP98-KDM5A+ AML deserves stratification 
into the high-risk group, and that HSCT in first complete remission should be consid-
ered. We showed that NUP98-KDM5A+ and NUP98-NSD1+ cases of AML have different 
clinical and biological characteristics, and may benefit from different types of targeted 
treatment.
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Figure 2. Top hits of the drug screening and validation of the most promising candidate 
drugs on primary NUP98-KDM5A and NUP98-NSD1 AML samples. Heatmaps of the most 
effective hits from the drug library screens at 10nM, 100nM and 1000nM on a NUP98-KD-
M5A+ AML and a NUP98-NSD1+ primary AML sample, ranked by difference in cell viability. 
Drugs occurring multiple times in the heatmap, indicates the drug was present in multi-
ple screened drug libraries (A). Dose-response curves of the selected candidate drugs on 
n=2 primary NUP98-KDM5A+ and n=3 NUP98-NSD1+ AML samples to tubulin inhibitors 
vincristine (top) and fosbretabulin (bottom) (B), PI3K inhibitor Omipalisib (C), MEK inhib-
itor trametinib (D), BRD4 inhibitors OTX-015 (top) and ARV825 (bottom) (E), CDK9 inhibi-
tors  dinaciclib (top) and CDKI-73 (bottom) (F), and HSP90 inhibitor ganetespib (G). Data is 
based on a 4-day MTT assay and normalized to DMSO controls.

A
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Figure 2. Continued
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SUPPLEMENTAL TABLES 

All supplementary tables can be downloaded from the original article published online.

SUPPLEMENTAL FIGURES

Supplemental figure 1. Age and FAB-type distribution of pediatric AML with and with-
out NUP98-KDM5A rearrangements. A. Age distribution of NUP98-KDM5A+ versus 
NUP98-KDM5A- patients, showing a higher frequency of NUP98-KDM5A+ AML in young-
er patients. B. FAB-type distribution of NUP98-KDM5A+ versus NUP98-KDM5A- patients. 
*P<0.05

Supplemental figure 2. Survival of NUP98-KDM5A+ and NUP98-KDM5A- AML stratified 
by MRD status. A: EFS of NUP98-KDM5A positive and NUP98-rearrangement negative 
patients, stratified by MRD status after the first course of treatment. B: OS NUP98-KDM5A 
positive and NUP98-rearrangement negative patients, stratified by MRD status after the 
first course of treatment. 

A B
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Supplemental figure 3. Connectivity mapping of NUP98-KDM5A (A) and NUP98-NSD1 
(B). Top 10 highest and lowest median tau score for each NUP98-rearrangement for the 
perturbational classes. A low, negative, score predicts that adding of a member of the 
pertubational class would oppose the gene expression, whereas a high, positive score 
predicts that it would further enhance the gene expression.

Supplemental figure 4. Cell viability of all drugs screened on a NUP98-KDM5A+ AML and 
a NUP98-NSD1+ AML patient sample. All drugs below the dotted line, representing the 
cut-off value, are defined as drug hits.

Supplemental figure 5. NUP98-KDM5A present in CHRF-288-11 while not in SEM. 
Gel electrophoresis of the PCR product after amplifying of the NUP98-KDM5A fusion in 
the CHRF-288-11 and SEM cell line. The SEM cell line, harboring a t(4;11), was used as neg-
ative control. 
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Supplemental figure 6. Validation of drug candidates on the CHRF-288-11 cell line.
Dose-response curves of the selected candidate drugs after 96 hour exposure of the 
CHRF-288-11 cell line to tubulin inhibitors vincristine (top) and fosbretabulin (bottom) (A), 
PI3K inhibitor Omipalisib (B), MEK inhibitor trametinib (C), BRD4 inhibitors OTX-015 (top) 
and ARV825 (bottom) (D) CDK9 inhibitors dinaciclib (top) and CDKI-73 (bottom) (E) and 
HSP90 inhibitor ganetespib (F).

Supplemental figure 7. Cell viability results of microtubule inhibitors present in drug 
screen. Heatmaps representing the cell viability of a NUP98-KDM5A+ and a NUP98-NSD1+ 
primary AML sample after 96 hours exposure to all microtubule inhibitors present in the 
drug library screens.

Supplemental figure 7. Cell viability results of microtubule inhibitors present in drug screen. 

 

Heatmaps representing the cell viability of a NUP98-KDM5A+ and a NUP98-NSD1+ primary AML 
sample after 96 hours exposure to all microtubule inhibitors present in the drug library screens. 
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SUPPLEMENTAL METHODS

Patients
The study comprised COG and European patients. The COG cohort included 2003 de 
novo patients from COG trials AAML03P1, AAML0531 and AAML1031 16. Patients with 
FLT3/ITD high allelic ratio from AAML1031 were excluded due to potentially enrolling 
onto the Phase I sorafenib treatment arm, which remained under the purview of the 
COG Data Safety Monitoring Committee and thus, were not analyzed. The European 
cohort consisted of 343 pediatric AML patients from AIEOP (Associazione Italiana 
di Ematologia e Oncologia Pediatrica), BFM (Berlin-Frankfurt-Münster), CPH (Czech 
Pediatric Hematology Working Group), DCOG (Dutch Childhood Oncology Group) and 
LAME (Leucémie Aiquë Myéloblastique Enfant), previously described by Balgobind et 
al 3. Patients included in this study were diagnosed between 1995 and 2017. NUP98-
KDM5A rearrangements, and other rearrangements or mutations, were detected 
either by paired-end RNA sequencing, whole genome sequencing or RT-PCR, as pre-
viously described 9. Patients with FAB M3 AML were excluded from this study. Flow 
cytometry-based minimal residual disease (MRD) data was obtained for patients in 
the COG trials only.

Gene expression analysis
Data of 1035 patients from the COG AAML1031 trial were utilized for gene expression 
analysis using RNAseq data. Fractional counts were normalized to trimmed mean of 
m-values and counts per million mapped reads (CPM). The normalized counts were 
log2 transformed and filtered for genes with at least 1 CPM in 5% of samples. For hier-
archical clustering, the relative level of expression per gene in each sample was deter-
mined by mean centering the expression values, using the geometric mean. Pearson 
correlation coefficients were employed as a measure of dissimilarity with the ward.
D2 linkage algorithm was implemented in the R statistical programming environment 
(R v.3.4.0) (1). Differential expression analysis was completed using Limma v3.32.5 R 
package. Genes with absolute log2 fold-change >1 and Benjamini-Hochberg adjusted 
p-values <0.05 were retained. Principal coordinate analysis (classical multidimensional 
scaling) was completed with variance stabilized transformed counts. The transformed 
counts were then used in a linear metric multidimensional scaling with a Bray-Curtis 
dissimilarity matrix using the Vegan v.2.4-3 R package.

Gene-set enrichment analysis was completed using the GAGE v2.30.0 R package 
with gene sets from MSigDB (http://software.broadinstitute.org/gsea/msigdb) and 
the KEGG pathway databases. Connectivity mapping was performed using the online 
webtool from Broad institute, https://clue.io (2). A query was performed using the 90th 
percentile absolute log fold change of the differentially expressed genes in either 
NUP98-KDM5A or NUP98-NSD1 rearranged AML.
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Cell line and primary material
The AMKL cell line, CHRF-288-11, carrying the NUP98-KDM5A translocation, was a kind 
gift from Dr. Gruber’s lab, St. Jude Children’s Hospital (Memphis, TN, USA) (suppl. fig-
ure 1). Cells were maintained in RPMI-1640 medium, supplemented with 10% fetal 
calf serum, 100 IU/ml Penicillin Streptomycin, and 0.125 µg/ml Amphotericin B (Life 
Technologies) at 37°C under 5% CO2 atmosphere. The identity of the cell line was rou-
tinely verified by DNA fingerprinting.

Viable cells from primary AML patients were used for drug screening and valida-
tion, and were processed and cultured as described previously (3). Viable cells of his-
toric patients with NUP98-KDM5A or NUP98-NSD1 AML were obtained from the DCOG 
cell-bank. All leukemic samples used for drug testing contained >80% blasts, as vali-
dated by May-Grunwald-Giemsa (Merck, Darmstadt, Germany) stained cytospins.

Drug library screening and validation
Primary AML cells and the CHRF-288-11 cell line were screened on the following com-
mercially available drug libraries: Prestwick Chemical library (Prestwick Chemical, 
France), anti-neoplastic sequoia (Sequoia Research Products, United Kingdom), 
Epigenetics library (Enzo Life Sciences, Belgium), Epigenetics screening library 
(Cayman Chemical, MI, USA), Spectrum collection (Microsource, CT, USA) and the Cell 
cycle/DNA Damage compound library (MedChem Express) (suppl. table 1). 

Primary AML cells and the CHRF-288-11 cell line were seeded semi-automatically 
in 384-well plates (Corning) using the Multidrop (Thermo Fisher Scientific). Drugs 
dissolved in DMSO were added to the 384-well plates using the Caliper SciClone 
ALH3000 liquid handling robot to a final concentration of 10 nM, 100 nM or 1000 nM, 
respectively.

The drug response on the cell viability was assessed by a 4-day thiazolyl blue 
tetrazolium bromide (MTT; Sigma) assay as described elsewhere (4). MTT data was nor-
malized to DMSO controls. The maximum DMSO limit was <0.5% to minimize toxicity 
induced by DMSO. The value of optical density for the controls were at least 0.07 to 
ensure the viability of the primary cells were in good condition when assessing the 
effect of the drug.

Validation of drug candidates was performed by automatically dispensing drugs 
to the cells using the Hewlett-Packard D300 Digital Dispenser (Tecan, Männedorf, 
Switzerland) followed by a 4-day MTT assay. 

Statistical analysis clinical data
Complete remission (CR) was defined as less than 5% blasts in the bone marrow, with 
regeneration of trilineage hematopoiesis and absence of leukemia cells in cerebro-
spinal fluid or elsewhere. If a patient did not obtain CR, treatment was considered a 
failure at day 0. Event-free survival (EFS), overall survival (OS) were estimated using the 
Kaplan-Meier method (5). OS was calculated from the day of study entry until death. 
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EFS was calculated from the day of study entry to relapse (either death or relapse, 
whichever occurred first). RR was defined as time to relapse from CR where competing 
events were defined as deaths without a relapse. TRM was defined as time to death 
without a relapse for patients in CR where competing events were relapses. Otherwise, 
patients without an event were censored at the date of last contact for all analyses.

Relapse risk (RR) and treatment-related mortality (TRM) were estimated by the 
method of competing risks 17. Estimates of OS, EFS, RR and TRM were reported with 
their corresponding two standard errors (SE). Twelve patients from the European 
cohort had no survival data and were excluded from survival analyses. 

For comparisons of clinical characteristics between NUP98-KDM5A positive and 
negative patients, Pearson’s χ-square test was used. Fisher’s exact test was used when 
data were sparse. The Cox proportional-hazard model was used for multivariable 
analyses of OS and EFS 18; whereas, a competing risk regression model was used for 
multivariable analyses of RR 19. For these analyses, age, white blood cell count (WBC), 
cytogenetic risk group, study group (COG vs European cohort), and allogeneic HSCT 
in CR as a time dependent variable were used as covariates. For some patients on 
AAML1031, the date HSCT was received in follow-up was not collected; therefore, the 
midpoint of the follow-up period when HSCT occurred was used to calculate time 
to HSCT in CR. Two cytogenetic risk groups were defined: standard risk (SR), patients 
with t(8;21) or inv(16)/t(16;16) rearranged AML, and high risk (HR), patients with other 
cytogenetic aberrations. All tests were two-tailed and a P-value of less than .05 was 
considered significant.
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ABSTRACT

MLL-rearranged acute lymphoblastic leukemia (ALL) in infants (<1 year of age) still 
remains a difficult-to-treat and highly aggressive type of childhood leukemia. For 
over two decades now the survival rates remained a dismal 30-40%. Hence, novel 
therapeutic options are urgently needed. Since MLL-rearranged ALL is an epigenetic 
malignancy, we here performed a CRISPR-Cas9 knockout screen (at pilot scale) using 
an sgRNA library targeting the human Epigenome in the SEM, an MLL-AF4+ ALL cell 
line. The aim of this study was to identify whether this method has potential in iden-
tifying novel epigenetic vulnerabilities that may be druggable in MLL-rearranged ALL. 
Among known candidates, our CRISPR-Cas9 screen identified RUVBL1, RBBP4, TRIM28, 
CHD4, HJURP, KDM2A, ACTR6, BPTF, TAF1, YEATS4 and ZMYND8 as potential candidates 
that may be essential to MLL-rearranged ALL cells. These genes were further validated 
using shRNA-mediated RNA interference. Knockdown of all identified epigenetic vul-
nerabilities led to reduced numbers of viable leukemic cells, suggesting that these 
genes all play a role in the sustainability of MLL-rearranged ALL cells. Whether these 
epigenetic vulnerabilities are specific to MLL-rearranged ALL or whether these genes 
are essential to other types of leukemia or even to all human cells, remains to be inves-
tigated. Nonetheless, our pilot study shows potential for CRISPR-Cas9 screens in find-
ing novel therapeutic targets for MLL-rearranged ALL and justifies a substantial expan-
sion of this pilot study for further investigation.  
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) represents the most common type of childhood 
cancer. Over the past decades the treatment of pediatric ALL has improved tremen-
dously, with overall survival rates of <10% in the 1960s to ~90% nowadays.1 In contrast, 
infants (<1 year of age) diagnosed with ALL did not benefit from these great improve-
ments. To date, the largest infant ALL trial, i.e., INTERFANT-06, reported a 6-year event-
free survival (EFS) rate for infant ALL of 46.1%.2 Approximately 80% of the infant ALL 
cases are characterized by chromosomal translocations involving the Mixed Lineage 
Leukemia (MLL or KMT2A) gene at chromosome 11q23, in which the N-terminus of the 
MLL gene becomes fused to the C-terminus of a translocation partner gene.3 Although 
well over a hundred different MLL partner genes have been identified, in the major-
ity of the MLL-rearranged infant ALL cases MLL is fused to either AF4 (AAF1; 49%), ENL 
(MLLT1; 22%) or AF9 (MLLT3; 16%).4 Remarkably, infants with ALL carrying such MLL 
rearrangements face 6-year EFS rates of only 30-40% while infant ALL patients carry-
ing germline MLL genes fare significantly better with EFS of ~75%.2

As a protein, MLL acts as a member of a multiprotein complex and is ubiquitously 
expressed during hematopoiesis. MLL functions as a histone methyltransferase that 
mediates the trimethylation of histone H3 on lysine 4 (H3K4me3)5, leading to activa-
tion of many target genes, including HOX genes.6 In case of an MLL fusion protein, 
MLL loses its ability to methylate H3K4. Crucially, however, the main MLL fusion part-
ner genes AF4, ENL, and AF9 encode proteins which are part of a complex with the 
histone methyltransferase DOT1L, which mediates the dimethylation of histone H3 
on lysine 79 (H3K79me2).7,8 Hence, oncogenic MLL fusion proteins induce an altered 
epigenetic landscape leading to aberrant and unique DNA methylation patterns9,10 
and gene expression profiles11,12, apparently favoring leukemogenesis. Apart from 
the occurrence of MLL fusion proteins, the mutational landscape of MLL-rearranged 
infant ALL appeared remarkably silent, with on average 1.5 – 2.5 additional and often 
random mutations present in the dominant clone.13,14 This strongly suggests that the 
main oncogenic driver in this type of leukemia is indeed the oncogenic MLL fusion 
protein. As such, MLL-rearranged infant ALL can rightfully be considered an epigenetic 
malignancy.

These insights have led to the development and testing of DOT1L inhibitors and 
other inhibitors targeting the epigenetic machinery15, such as histone deacetylase 
(HDAC) inhibitors16,17, bromodomain and extra-terminal motif (BET) protein inhibitors18, 
menin inhibitors and demethylating agents.9,19,20 Preclinically, such epigenetic-based 
drugs generally perform well against MLL-rearranged leukemias. Yet, clinical applica-
tions of these agents have been hampered due to poor responses or for toxicity con-
cerns as determined in a limited number of clinical trials.21 Nowadays, a highly selective 
menin inhibitor does seem to have promising clinical activity against MLL-rearranged 
leukemias (NCT04065399), even achieving complete remissions as single-agent, but 
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the efficacy still needs to be investigated in infants as these were not included in the 
trial. With epigenetic disturbances at its origin, MLL-rearranged ALL may well be best 
treated with agents targeting epigenetic vulnerabilities that are specifically essential 
to the leukemic cells. Therefore, we here set out to explore and identify the existence 
of additional epigenetic vulnerabilities in MLL-rearranged ALL using an RNA-guided 
‘clustered regularly interspaced short palindromic repeats’ (CRISPR)-associated nucle-
ase Cas9 knockout screen.

The CRISPR-Cas9 technology has had a major impact on drug discovery and devel-
opment due to its ability to efficiently alter genomic information in mammalian cells.22 
This system allows for rapid identification of cell-essential genes using libraries of 
multiple synthetically designed single guide RNAs (sgRNAs) in a single experiment.23 
Together with Cas9 (CRISPR-associated protein 9), sgRNAs constitute a simplistic sys-
tem that site-specifically introduces double-strand breaks, leading to genetic adapta-
tions such as an deletions or mutations, and thereby generating gene knockouts.24 In 
this pilot study, we applied a knockout-based target discovery strategy by performing 
a CRISPR-Cas9 dropout screen on MLL-rearranged ALL cells in vitro, using an sgRNA 
library that collectively targets 446 genes that all encode proteins with epigenetic 
functions (i.e., the human Epigenome). With this we identified and validated several 
epigenetic vulnerabilities crucial for the sustainability of MLL-rearranged ALL cells.

METHODS

Cell lines 
The leukemia cell line model SEM was derived from a 5-year old girl with MLL-AF4+ 
ALL at relapse, and was maintained in RPMI-1640 culture medium with GlutaMAX 
(ThermoFisher Scientific). HEK293T cells were maintained in Dulbecco’s modified 
Eagle medium (ThermoFisher Scientific). All culture media was supplemented with 
10% fetal calf serum, 100IU/ml Penicillin Streptomycin, and 0.125µg/ml Amphotericin B 
(Life Technologies). The SEM cell line and HEK293T cell line were purchased from DSMZ 
(Braunschweig, Germany). Cell lines were cultured at 37°C under a 5% CO2 atmosphere, 
and Mycoplasma testing and DNA fingerprinting were routinely performed to ensure 
the quality and integrity of our cell line models.

Generation of the lentiviral CRISPR-sgRNA vector pool
The ‘epigenetic regulator’ sgRNA library consisted of a pool of 5130 sgRNAs and was 
designed to target 446 distinct genes (≥10 sgRNAs per gene) that all encode proteins 
with epigenetic functions. A complete list of the epigenetic CRISPR-sgRNA pool is pro-
vided in Supplementary Table S1, including positive control sgRNAs (highlighted in 
red) as well as non-targeting sgRNAs (highlighted in green). Each sgRNA was cloned 
into the lentiviral LentiCRISPR v2.0 vector (Addgene #52961) under regulation of the 
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type III RNA polymerase III promoter U6. To generate a lentiviral pool, sgRNA-contain-
ing vectors were transduced into HEK293T cells, by adding 45 µg of the plasmid library, 
6.72 µg of pMD2.G (Addgene #12259), 15.54 µg of psPAX2 (Addgene #12260), and 199.5 
µl of X-tremeGENE HP (Sigma-Aldrich #XTGHP0RO) to a 15 cm round culture dish con-
taining HEK293T cells cultured to a confluency of 60-80%. The first day after transfec-
tion, the culture medium was replaced by Gibco Opti-MEM (ThermoFisher #31985070). 
Both the second and third day after transfection virus was harvested, filtered through 
a 0.45 µM low protein binding membrane (Millipore #HAWP04700), and concentrated 
using Vivaspin-20 columns (Sigma-Aldrich #Z614653) for 45 min at 4200 rpm and 4°C. 
Concentrated virus was stored in aliquots at -80°C until further use.

In vitro CRISPR-Cas9 drop-out screening and sequencing
SEM (i.e., MLL-AF4+ ALL) cells were transduced with lentivirus carrying the sgRNA-con-
taining vectors via spinfection at an MOI of <0.3 and 500 cells per sgRNA. Transduction 
was facilitated using 4µg/ml polybrene (Millipore #TR-1003-G). To find the optimal 
virus volume for achieving an MOI of <0.3, each new cell type and virus lot was tested 
by titration, and monitored by measuring cell viability using propidium iodide (Sigma-
Aldrich) staining and the flow cytometry (MACSQuant). The condition yielding an 
MOI closest to 0.3 was chosen for large-scale screening. The day after transduction, 
medium was replaced to remove polybrene, and puromycin selection (1 µg/ml; Sigma-
Aldrich) was initiated. Seven days after puromycin selection, 5 x 106 leukemic cells 
were harvested, representing the baseline (Day 0) of the screen. Remaining surviving 
cells carrying the sgRNA library were maintained for 14 days, of which 5 x 106 cells 
were harvested both at day 7 and day 14. Genomic DNA was isolated using Trizol rea-
gent (Life Technologies) according to manufacturer’s instructions. sgRNA sequences 
were recovered by a first round of PCR (Biorad) as listed in Supplementary Table S2. 
Reaction mixes were combined into one tube and purified using the AmpureXP 
beads (Beckman Coulter #A63881) according to manufacturer’s instructions. A second 
PCR was performed to attach Illumina adapters and 6bp indexing primers, listed in 
Supplementary Table S3. Resulting amplicons were collected and again purified again 
and pooled equimolarly. Successful library preparation and correct amplicon length 
was assessed using the 2100 Bioanalyzer instrument (Agilent), and amplicons were 
sequenced on an Illumina HiSeq2500 ultra high-throughput sequencing system.  

CRISPR-Cas9 screening data analysis
Sequenced reads were analyzed using Model-based Analysis of Genome-wide 
CRISPR-Cas9 Knockout (MAGeCK)25, a publicly available computational tool to identify 
relevant genes in CRISPR-Cas9 knock-out screens. The analysis was performed accord-
ing to the MAGeCK Manual, using default parameters. Briefly, reads of all conditions 
were counted using the original sgRNA library. Read counts were median normalized. 
Thereafter gene ranking was performed by comparing read counts of day 7 to base-
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line and comparing day 14 to day 7. Genes were considered a hit if the p-value was 
<0.0001, indicating that the read counts were decreased over time and therefore cell 
essential for the MLL-AF4+ ALL cells. 

Gene target validation by short hairpin RNA (shRNA)
Candidate gene targets of the CRISPR-Cas9 library screen were validated by examining 
leukemic cell survival following knockdown of these genes by short hairpin RNAs (i.e., 
shRNA-mediated RNA interference). Relevant shRNAs cloned in pLKO.1-puro Mission 
vectors were commercially obtained from Sigma-Aldrich. At least three different shR-
NA’s were tested per gene. A list of all used shRNAs is provided in the Supplementary 
Table S4). For lentiviral transductions of these vectors, lentivirus was produced as 
described above, except the amounts of plasmid used were: 10.7 µg of shRNA-contain-
ing pLKO.1, 3.7 µg of psPAX2, 1.6 µg of pMD2.G, and 47.5 µl X-tremeGENE HP. Cell pro-
liferation was measured from 72 hours post-puromycin selection onwards. Between 
72 hours and 168 hours post-puromycin selection, samples were collected to examine 
the level of knockdown by quantitative RT-PCR analysis.

Real time quantitative PCR (RT-qPCR) analysis
Prior to quantifying mRNA expression levels of potential genes of interest, RNA was 
extracted using the RNeasy mini kit (Qiagen) and converted into cDNA using the 
SensiFAST™ cDNA Synthesis Kit (Bioline) according to manufacturers’ instructions. 
Subsequently, expression levels were quantified by RT-PCR analysis and SYBR green 
incorporation (Biorad). All PCR primers used to amplify regions of the gene targets of 
interest, are provided in the Supplementary Table S5. Expression levels were deter-
mined relative to the expression level of the non-silencing control (non-Mammalian 
shRNA Control Plasmid DNA; NSC).

Cell viability measured by flow cytometry
The cell viability was assessed by measuring the amount of Propidium Iodide (PI; Sigma-
Aldrich) in cells using flow cytometry. PI is a nucleic acid stain that can enter in cells 
that or not viable allowing to discriminate viable from dead cells. Hence, viable cells 
(i.e., PI negative cells) were measured using the flow cytometer CytoFLEX LX (Beckman 
Coulter) followed by data analyses using the CytExpert software (Beckman Coulter). 

RESULTS

Identification of novel epigenetic regulatory genes that are essential to 
MLL-AF4+ ALL cells
To identify epigenetic regulatory genes that are essential for the leukemic cell growth 
and disease maintenance in MLL-rearranged ALL, we applied a CRISPR-Cas9 knockout 
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library screen targeting 446 genes encoding proteins with epigenetic functions (i.e., 
the human Epigenome) in the MLL-AF4+ ALL cell line model SEM. The experimental 
outline (Figure 1A) is based on the paper of Shalem et al., who applied a genome-wide 
CRISPR-Cas9 knockout library on human melanoma cells.23 An initial timepoint (Day 0) 
was taken after puromycin selection, to assess the library representation (Figure 1B). 
The presence of sequenced sgRNA reads at day 7 as well as day 14 after puromycin 
selection was compared to the baseline representation of sgRNAs in the SEM cells at 
day 0, using MAGeCK.25 Approximately 61% of the sequenced reads at baseline could 
be mapped to the original sgRNA library. The read counts for non-targeting sgRNA 
controls present in our epigenome sgRNA library showed an overall trend of increased 
presence at day 7 and 14 compared with day 0 (Figure S1A), indicating that the trans-
duction of non-targeting sgRNAs did not affect cells viability and proliferation. Read 
counts for the positive controls (i.e., sgRNAs directed against genes known to be essen-
tial to human cells in general) decreased over time (Figure S1B), indicating that sgRNAs 
essential to SEM cells are indeed lost at day 7 and day 14. Apart from the positive con-
trol sgRNAs, this approach identified sgRNAs directed against 38 unique genes in total 
that were significantly depleted at day 7 (Table S6; Figure 1C), and sgRNAs directed 
to a total of 18 genes significantly depleted at day 14 as compared to day 7 (Table S7; 
Figure 1D; cut-off p<0.0001 and FDR<0.25), suggesting that these genes are essential 
to the proliferation and/or viability of SEM cells. Among these identified ‘hits’ were sev-
eral genes known to be of importance to MLL-rearranged leukemias, including RUNX1, 
BRD4, PRMT1, KAT8, SMARCB1, ACTL6A, HDAC3, ASH2L, and PRMT5.26-33 For instance, 
RUNX1 is directly regulated by the MLL-AF4 fusion protein and has been shown to be 
required for leukemic growth of MLL-AF4+ ALL cells.26 BRD4 is required for progres-
sion of MLL-rearranged leukemia and inhibition of BRD4 leads to leukemia stem-cell 
depletion.27 Also, knockdown and/or inhibition of PRMT5 has shown to decrease the 
cell growth in MLL-rearranged acute leukemia.34,35 The identification of genes already 
known to be essential to MLL-rearranged acute leukemia cells clearly emphasizes the 
validity of our present sgRNA-mediated CRISPR-Cas9 library screen. To identify poten-
tial new candidate genes important for the cell viability of SEM cells, we performed 
a literature search on the 22 most significant hits at day 7 (cut-off p<0.00001), as the 
decrease in read counts was most substantial at this time point and apparently has 
a rapid impact on leukemic cell survival and/or proliferation. Newly identified genes 
(i.e., genes that have not been reported to be associated with MLL-rearranged acute 
leukemias in literature before) included RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A, 
ACTR6, BPTF, TAF1, YEATS4 and ZMYND8 (Figure 1C-D). 

Validation of novel candidate genes identified in the CRISPR-Cas9 
dropout screen on MLL-AF4+ ALL cells
To validate potential ‘hits’ as identified in our CRISPR-Cas9 epigenetic sgRNA library 
screen, we performed shRNA-mediated RNA interference to study the knockdown 
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effects of candidate genes potentially essential to SEM cells. For each gene, includ-
ing RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A, ACTR6, BPTF, TAF1, YEATS4, ZMYND8 
and our positive control PRMT5 (known to be essential to MLL-rearranged acute leu-
kemia), 2 to 5 distinct shRNAs were tested. Figure 2 shows data of 2 shRNAs per gene 
that induced the strongest knockdown (i.e., the lowest mRNA expression of the target 
gene) already on day 3. Gene expression was assessed at day 3 and day 7 post-puro-
mycin selection, relative to non-silencing control (NSC) shRNAs (Figure 2A). Effects of 
the knockdown on the number of viable cells was assessed from day 3 onwards (i.e., 
after puromycin selection was completed) using flow cytometry (Figure 2B). Both shR-
NAs targeting the positive control PRMT5 showed a decreased mRNA expression of 
>95% compared to NSC and the expression of PRMT5 after knockdown with shRNA 
#88 could not be measured at day 7 due to a complete eradication of leukemic cells 
(Figure 2). 

Figure 1. Identification of essential genes by an epigenetic CRISPR-Cas9 library screen in 
SEM cells. (A) Experimental outline of the transduction with the epigenetic CRISPR-Cas9 
library in SEM cells. (B) Distribution of sgRNA read counts at the initial timepoint of the 
screening. (C) Results of the dropout screening comparing day 7 with day 0. (D) Results of 
the dropout screening comparing day 14 with day 7. Genes are ranked by p-value. Newly 
identified genes are shown in the legend (blue scales), alongside with the negative con-
trols (red). 
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Figure 2. Effects on cell growth upon knockdown of epigenetic candidate genes in SEM. 
(A) mRNA expression levels of RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A and ACTR6 
in SEM after treatment with shRNA’s targeting these genes, measured at day 3 and 7 
post-puromycin selection. (B) Effects on the cell growth of SEM after treatment with 
2 different shRNAs against RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A, ACTR6, BPTF, 
TAF1, YEATS4, ZMYND8 and our positive control PRMT5. NSC represents an independent 
non-targeting control. Cell growth was measured 3 to 7 days after puromycin selection. 
ND indicates not determined.
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Figure 2. Continued
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For all of the selected candidate genes, at least one of the shRNAs decreased 
mRNA expression with at least 50% or more, and in all instances reductions in via-
ble leukemia cells were observed (Figure 2). For most of the target genes, the level of 
down-regulated mRNA expression seemed proportional to the reduction in viable leu-
kemic cells (e.g., HJURP and KDM2A), whereas for some genes (e.g., RUVBL1 and ACTR6) 
any decrease in mRNA expression appeared equally effective in diminishing the num-
ber of leukemic cells. Down-regulating RBBP4, CHD4 and TAF1, reduced cell growth 
substantially that for the shRNA showing the strongest knockdown on day 3, no cells 
were left to measure mRNA expression and cell viability on day 7 as cell death prob-
ably occurred. However, further investigation is required to identify whether there is 
a clear superiority for these genes. Nonetheless, all identified genes affected the cell 
growth of SEM. Taken together, these results demonstrate and confirm that potential 
‘hits’ that came forth from our CRISPR-Cas9 drop-out screen could be validated using 
shRNA-mediated RNA interference and may potentially provide novel insights into 
additional epigenetic vulnerabilities of MLL-rearranged ALL. 

DISCUSSION

MLL-rearranged infant acute lymphoblastic leukemia (ALL) represents an aggressive 
malignancy associated with a poor clinical outcome. This type of childhood leukemia 
appears to arise from a significantly altered epigenetic landscape driven by chimeric 
MLL fusion proteins. Not surprisingly, recent preclinical studies indicated that target-
ing various epigenetic mechanisms can be highly effective in specifically eliminating 
MLL-rearranged ALL cells. Although these studies certainly deepened our insights into 
the epigenetic regulation of this type of leukemia, additional and so far unknown epi-
genetic vulnerabilities may still exist. To explore this possibility, we employed an epi-
genetic CRISPR-Cas9 knock-out screen using a sgRNA library targeting 446 genes with 
known epigenetic functions (i.e., the human Epigenome) in a MLL-rearranged ALL cell 
line model.

Among others, our screen identified RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A, 
ACTR6, BPTF, TAF1, YEATS4 and ZMYND8 as potential epigenetic vulnerabilities, includ-
ing genes already known to be essential to MLL-rearranged acute leukemias. For 
instance, RUVBL1 and YEATS4 are both part of the NuA4 complex36,37, an epigenetic 
complex that was shown to activate HOXA9 and MEIS1 expression via acetylation of 
H2A, and thereby promoting the leukemogenic activity of the MLL-AF10 and MLL-ENL 
fusion proteins in acute myeloid leukemia (AML).38 Furthermore, others have shown 
that RUVBL1 is able to inhibit leukemic self-renewal and to cause cell cycle arrest in 
AML1-ETO-induced leukemia39, which seem to correspond with the stop in cell growth 
we have observed in SEM cells when inhibiting RUVBL1 using shRNA-mediated RNA 
interference. Interestingly, another of our identified candidate genes, i.e., TAF1 is also 
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required for leukemic self-renewal in AML1-ETO-driven leukemias, and inhibition of 
TAF1 was shown to lead to differentiation and apoptosis.40 In line with this, our study 
showed that SEM cells also did not survive shRNA-mediated knockdown of TAF1. 
Furthermore, our study also suggests a potential role for CHD4 in leukemic cell survival 
of MLL-rearranged ALL cells. In support, CHD4 has also been identified as required 
for cell growth in childhood AML, while not being required for the growth of nor-
mal hematopoietic cells, indicating a therapeutic window for targeting leukemic cells 
in children.41 Last, ZMYND8 has been shown to be required for the proliferation of 
AML cells and therefore may well be of importance for other subtypes of leukemia.42 
Among the identified candidate genes, small molecules targeting TAF1 and KDM2A 
are available. Hence, these targets could easily be further validated and translated into 
clinic if preclinically successful.

In this study, we showed that shRNA-mediated inhibition of our identified candi-
date genes by a CRISPR-Cas9 screen, impaired cell growth of SEM cells and thereby 
supports the validity of our CRISPR-Cas9 screen. However, to ensure the observed 
effect is due to the inhibition of our candidate genes, the validation needs to be 
expanded with proteomic analysis and in at least three independent biological rep-
licates. Furthermore, to identify whether the potential candidate genes are solely of 
importance to the sustainability of MLL-rearranged ALL, multiple cell lines need to be 
tested, including cell lines harboring other common MLL fusions, non MLL-rearranged 
ALL cell lines and non-leukemic cell lines. Nonetheless, our pilot CRISPR screen shows 
potential in finding novel therapeutic targets for MLL-rearranged ALL and justifies the 
required and substantial expansion of this pilot study for further investigation.  
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SUPPLEMENTARY TABLES 

Supplementary tables are available upon request.

SUPPLEMENTARY FIGURES

Figure S1. Positive and negative controls of the CRISPR-Cas9 library screening in SEM. 
Read counts of sgRNA controls that were present in the CRISPR-Cas9 library screening, 
measured at day 0, day 7 and day 14. Each line represents an sgRNA. (A) The non-target-
ing controls and (B) the cell-essential targeting controls.
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Figure S1. Continued

Figure S2. Candidate hits identified in the CRISPR-Cas9 library screening in SEM. The 
average of read counts of candidate genes RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A, 
ACTR6, BPTF, TAF1, YEATS4 and ZMYND8 identified in the CRISPR-Cas9 library screening 
are represented in black and grey lines, and measured at day 0, day 7 and day 14. The 
average of all negative controls are shown in blue and the positive controls in red. Each 
gene represents the average read count of all sgRNAs of the corresponding gene. 
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INTRODUCTION

The survival rates for children with acute leukemia have improved tremendously over 
the last decades, reaching an overall survival of ~90% for patients with pediatric acute 
lymphoblastic leukemia (ALL) and about 70% for patients with pediatric acute mye-
loid leukemia (AML). This has mainly been achieved due to improved supportive care, 
treatment stratification based on relapse risk, biological features of leukemic cells, and 
optimization of treatment regimens through international collaborations.1 Nowadays, 
we seem to have reached a plateau phase in improving the survival rate of pediatric 
acute leukemia, mainly due to the poor outcome of refractory/relapsed leukemia with 
low salvage rates. Further increasing the intensity of conventional chemotherapy is 
predicted to be associated with significant adverse effects.2 Therefore, novel and more 
effective therapeutic strategies are needed to push the clinical outcome upwards, 
especially for subtypes of childhood acute leukemia at high risk of relapse and therapy 
failure. For subtypes achieving good survival rates (i.e. a survival of ~90% or over), 
improving the quality of life becomes more important, for instance by introducing 
medication that remains as effective but has less toxicity.

The rapid evolution of genomic technologies over the past few decades have led 
to a better understanding in the biology of disease. This knowledge opened up new 
windows of opportunity for the development of innovative drugs. In the field of oncol-
ogy this led to enhanced efforts in personalized therapies, replacing a ‘one-size-fits-all’ 
treatment, and a move towards more targeted treatments that are effective in very 
specific subgroup of patients, or even a single patient. This is mainly to circumvent the 
general toxicity and side effects caused by the ‘one-size-fits-all’ treatment approach.3 
To date this brought us two new methods of therapies: targeted therapy and, more 
recently, immunotherapy (Box 1). Despite these advances in technology and ongoing 
research, anti-cancer drugs still have the highest attrition rate in the market, with only 
about 5% likelihood of approval, mainly due to the heterogeneous causes of disease.4 
These results highlight that improvements in the drug discovery and development 
process are urgently needed.

Traditional drug development usually relies on years of preclinical testing followed 
by clinical development steps and regulatory approval. Moreover, extensive clinical 
data in adults has long been required for drugs to transition into pediatric clinical 
investigation. This further prolonged the length of time required to bring new drugs 
to the clinic in pediatric oncology. Drug repurposing (also known as drug reposition-
ing), a strategy to identify new purposes for existing and already approved drugs, has 
become an attractive method in drug development. This strategy lowers the risk of 
failure in early-stage trials as the safety profile of these drugs are already well known. 
This also reduces the time frame and costs for drug development, because most of the 
preclinical testing, safety assessment and formulation development has already been 
established (unless going into a specific population such as children when they have 
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not been investigated before). Moreover, repurposed drugs may also shed light on 
the pathobiology of certain cancer types, identifying novel therapeutic targets and/
or pathways that can be further exploited.5 In other words, the mode of action of an 
existing and well characterized drug identified to be effective against a type of can-
cer for which the drug was not originally designed, may very well reveal an unknown 
vulnerability in the type of cancer under investigation. Successful examples of drug 
repurposing are summarized in the review of Pushpakom et al.5, who showed that for 
instance Raloxifene was originally indicated for osteoporosis, has been repurposed for 
the prevention of invasive breast cancer. Another interesting and ongoing approach 
of drug repurposing directly in clinic is the DRUP study.6 In this study patients with 
metastasized cancer without any further treatment options, are given a medicine 
that was originally indicated for another type of cancer. To date, this study resulted 
in a clinical benefit for some cases, e.g. those with microsatellite instable tumors.7 In 
this thesis, drug repurposing has set the basis, aiming to rapidly find new treatment 
options for children with high-risk types of acute leukemia. Specifically, we focused on 
several subtypes associated with a poor outcome, namely MLL-rearranged infant ALL, 
MLL-rearranged AML and NUP98-rearranged AML. 

P53 ACTIVITY AS THERAPEUTIC TARGET IN MLL-REARRANGED 
INFANT ALL

The INTERFANT-99 protocol has been the most effective treatment protocol for MLL-
rearranged infant ALL to date.8 Thereafter, efforts have been made in the INTERFANT-06 
protocol, but did not result in a significantly improved outcome for infant ALL com-
pared to the INTERFANT-99 protocol. Nonetheless, the 6-year EFS for MLL-rearranged 

Box 1 | Targeted therapy and immunotherapy in oncology

Targeted therapy: Treatment using drugs to modulate an aberrant protein or pathway that is 
essential for cancer subsistence. This method relies on pre-existing knowledge of the underlying 
biology of a certain type of cancer in order to precisely attack the certain type of cancer cell.3

Immunotherapy: Artificially stimulating the immune system to boost the host response to fight 
cancer cells. Treatment can occur via antibodies, cancer vaccines, counteracting the immune 
checkpoint blockades in some cases, or by adoptive T cell therapy (ACT). Bi-specific T-cell engag-
ers (BiTEs) are a class of artificial bispecific monoclonal antibodies that links a T-cell to a tumor 
cell. In case of therapeutic cancer vaccines, the cancer cell antigens are delivered into the human 
body and presented by antigen-presenting cells who primes immune responses specifically to a 
cancer cell, triggering elimination of the cancer cell. Checkpoint immunotherapy drugs block the 
checkpoint proteins that prevent the immune system from attacking the cancer cells. For ACT 
of tumor-infiltrating lymphocytes, activated T cells are extracted from cancer cells, expanded 
ex vivo, followed by infusion back into the patient. Another ACT approach, known as chimeric 
antigen receptor (CAR) T cell therapy, genetically modifies T cells to express receptors that not 
only recognizes cancer antigens but also adopts T cell activation, thereby killing the cancer cells.3
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infant ALL patients remains only 36,4% and therefore urgently requires new thera-
peutic strategies.9 In chapter 2 we performed a drug library screen on primary MLL-
rearranged infant ALL cells using a panel of 4000+ compounds, consisting of mostly 
Food and Drug Administration (FDA) approved and off-patent compounds. We report 
that the identified drugs effective against MLL-rearranged ALL cells, while having less 
toxicity on non-leukemic bone marrow cells, are directly or indirectly associated to p53 
activity. The most effective hits included SN-38 (the active metabolite of Irinotecan) 
and idasanutlin. We previously observed that irinotecan inhibits MLL-rearranged ALL 
very potently.10 Furthermore, our current preclinical study demonstrates that upreg-
ulating p53, for instance by idasanutlin, is highly effective against MLL-rearranged 
ALL carrying wildtype p53. In support, others report good efficacy of RG7112, another 
MDM2 inhibitor causing p53 upregulation, in patient-derived MLL-rearranged infant 
ALL xenografts.11 The transcription factor p53 plays an important role in the cell cycle 
and is known to function as a tumor suppressor. In >50% of human cancer types, p53 
is inactivated by mutations in the p53 gene.12 However, we and others confirmed that 
MLL-rearranged ALL has a very low mutation frequency, therefore the importance 
of p53 in this rare subtype of leukemia might have been underestimated. In fact, 
sequencing data report that p53 mutations only occur in ~4% of infant ALL patients. 
13,14 We and others have demonstrated that MDM2 inhibitors leading to upregulation 
of p53 activity, show preclinical efficacy in MLL-rearranged infant ALL cells carrying 
wildtype p53, warranting further clinical investigation.11 A second generation MDM2 
inhibitor idasanutlin (also known as RG7388), was developed to improve the potency 
and toxicity profile. Idasanutlin is currently under investigation in each combination 
with venetoclax or chemotherapy in pediatric and young adult patients with relapsed/
refractory acute leukemia and solid tumors (NCT04029688). Successful results could 
ease the transition towards implementing idasanutlin in the infant ALL treatment pro-
tocols. Note, these MDM2 inhibitors could possibly be ineffective when carrying a p53 
mutation, suggesting to screen for p53 mutations prior to treating MLL-rearranged 
infant ALL with MDM2 inhibitors and to investigate which p53 mutations are associ-
ated with insensitivity to MDM2 inhibitors. MLL-rearranged ALL cells carrying wildtype 
p53 show apoptosis when p53 is directly induced, which was not the case for MLL-
rearranged ALL cells carrying mutated p53 that we studied. Clearly, upregulating p53 
is effective against MLL-rearranged ALL carrying wildtype p53, and perhaps also some 
mutant forms, and serves as new potential target in the treatment of this disease.

NUCLEOSIDE ANALOGS IN MLL-REARRANGED INFANT ALL

Nucleoside analogs have been in clinical use for almost 50 years and are widely used in 
the treatment of cancer. The initial FDA approval of cytarabine (or Ara-C) for the treat-
ment of AML in 1969 led to the development and manufacturing of numerous additional 
nucleoside analogs.15 The relative success of the international collaborative INTERFANT 
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treatment protocol specifically designed for infants (i.e. children <1 year of age) with 
MLL-rearranged ALL, was mainly due to the implementation of both low-dose and high-
dose cytarabine throughout the entire 2-year treatment regimen.16 Thereafter, a few 
other nucleoside analogs have been identified to be effective against MLL-rearranged 
infant ALL in vitro, such as cladribine and clofarabine.17,18 Unfortunately, these analogs 
have not (at least to date) led to clinical applications in this patient group. In chapter 3 
we compiled the results of all nucleoside and nucleobase analogs present in our vari-
ous drug library screens, in search for additional nucleoside analogs effective against 
MLL-rearranged infant ALL. Subsequently, we successfully demonstrated the preclinical 
potential of the nucleoside analog drug gemcitabine to target MLL-rearranged infant ALL 
cells in vivo, using patient-derived xenograft mouse models, warranting further investiga-
tion in a clinical setting.19 Gemcitabine is a well-known drug in cancer therapy, approved 
for the treatment of non-small cell lung cancer, pancreatic, bladder and breast can-
cer.20 The extensive amount of data available on the clinical use of gemcitabine, such as 
mechanism of action, pharmacokinetic properties, clinical safety and tolerability, should 
result in less effort and time for successfully implementing gemcitabine as a valuable 
addition or alternative in the treatment of, initially for instance, refractory or relapsed 
MLL-rearranged infant ALL. Furthermore, like cytarabine, gemcitabine requires cellular 
uptake mainly mediated by nucleoside transporter hENT1, which is highly expressed on 
MLL-rearranged infant ALL cells.21,22 Yet, a preclinical study comparing cytarabine and 
gemcitabine reported that gemcitabine has greater membrane permeability, a higher 
enzyme affinity and a longer intracellular retention in tumor cells than cytarabine.23 
These benefits anticipate that replacing or combining cytarabine in the INTERFANT treat-
ment protocol with gemcitabine might be of interest, especially since we report that, 
despite their structural similarities, combining cytarabine and gemcitabine does not lead 
to antagonistic drug effects.19 In line with this, others reported increased in vivo efficacy 
of gemcitabine in combination with cytarabine in murine leukemia models when admin-
istered jointly.24 Overall, our drug repurposing strategy of nucleoside analogs identified 
gemcitabine as potential therapeutic drug, warranting further clinical evaluation in MLL-
rearranged infant ALL. Notably, gemcitabine has been investigated previously in children 
with ALL in a phase II study.25 Despite the low response rate, it is important to note that 
the patients treated in this phase II trial were heavily pretreated, rendering the leukemic 
cells more resistant to chemotherapy. Furthermore, no infants were included. Hence, to 
date we lack knowledge on the clinical potential of gemcitabine in MLL-rearranged infant 
ALL specifically.

PYRVINIUM PAMOATE IN MLL-REARRANGED AML 

Next, we continued our drug repurposing strategy as described for MLL-rearranged 
infant ALL in the previous paragraphs, on primary MLL-rearranged AML patient sam-
ples, as described in chapter 4. Among the identified top hits were several drugs that 
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were or are already being investigated in clinical trials, such as Panobinostat, borte-
zomib, and dinaciclib. Histone deacetylase (HDAC) inhibitors, such as Panobinostat, 
have extensively been investigated in hematological diseases, including AML. 
However, monotherapy with HDAC inhibitors in AML patients so far have shown lim-
ited effects in clinical trials. However, combination therapy including the HDAC inhib-
itor Pracinostat did show encouraging data, but still requires further investigation.26 
Bortezomib, a proteasome inhibitor, has been included in several clinical trials includ-
ing trials on AML patients.27 In particular, phase II study NCT00666588 involved chil-
dren with relapsed/refractory/secondary AML, but was terminated due to failure to 
reach the predetermined efficacy thresholds.28 In addition, a phase III study with borte-
zomib in patients younger than 30 years of age with de novo AML also did not improve 
the outcome (NCT01371981).29 CDK9 inhibitors, such as dinaciclib are currently under 
investigation in AML and other hematological diseases. To date, most CDK9 inhibitors, 
including Dinaciclib, lack efficacy and show adverse side effects, probably caused by 
the lack of selectivity.30 This observation is in agreement with our drug screen data, 
where Dinaciclib eliminates the AML cells nearly as much as the non-leukemic bone 
marrow cells. 

In contrast, in chapter 4 we report pyrvinium pamoate (pyrvinium) as an effec-
tive drug, providing a therapeutic window at a concentration of 1000 nM, at which 
essentially all MLL-rearranged AML cells were eliminated in vitro, while non-leukemic 
bone marrow cells were far less affected. Moreover, we demonstrated that pyrvinium 
is effective in vitro against various MLL-rearranged AML subtypes including those asso-
ciated with an extremely poor clinical outcome. Furthermore we showed that pyrvin-
ium does not antagonize with the chemotherapeutic drugs currently used in the treat-
ment of childhood AML. Pyrvinium is an FDA-approved drug, originally used to treat 
pinworms in humans.31 Over the past decade, a lot of preclinical data showed pyrvin-
ium to also possess anti-cancer activity.32 However, pyrvinium is administered orally 
and has a low bioavailability.33 This probably hampers the ‘simple’ repurposing of 
pyrvinium to an anti-leukemic therapeutic as systemic exposure is required. Currently 
pyrvinium analogs and nanoparticle drug delivery systems are being developed to 
improve the bioavailability.34,35 Given the urgency for new therapeutics to treat MLL-
rearranged AML and the remarkable specificity of pyrvinium towards MLL-rearranged 
AML cells, pyrvinium might be a promising therapeutic option that should be further 
investigated.

CHARACTERISTICS AND TREATMENT OF NUP98-REARRANGED AML

Pediatric AML is a rare and heterogeneous malignancy for which the prognosis is 
highly variable, depending on various factors such as recurrent cytogenetic and 
molecular aberrations. NUP98-rearrangements are frequently undetected by routine 
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karyotyping. Other technologies, such as FISH, RT-PCR and sequencing, revealed that 
NUP98-rearrangements occur in 3.8% of pediatric AML cases.36 In 2011 Hollink et al., 
reported that patients carrying NUP98-NSD1 rearrangements characterize a novel 
group in pediatric AML that is associated with a poor clinical outcome.37 Thereafter, 
NUP98-KDM5A was identified as novel recurrent translocation partner in acute mega-
karyoblastic leukemia (AMKL).38 Through international collaboration we were able to 
comprehensively study the clinical and biological characteristics of NUP98-KDM5A in 
pediatric AML, as described in chapter 5. NUP98-KDM5A occurs in 2% of pediatric AML 
cases and is not restricted to AMKL. Considering the poor outcome with a 5-year overall 
survival of 34.1%, NUP98-KDM5A+ AML deserves stratification into the high-risk group. 
Cluster analysis identified that NUP98-NSD1 AML clustered separately, while NUP98-
KDM5A AML clustered with NPM1-mutated cases and DEK-NUP214 cases. Gene expres-
sion analysis revealed 2176 differentially expressed genes in NUP98-KDM5A+ cases and 
2980 differentially expressed genes in NUP98-NSD1+ cases of which 810 were shared 
between the two groups.39 These different characteristics clearly hallmark that both 
NUP98-NSD1+ and NUP98-KDM5A+ cases are distinctive subgroups in pediatric AML. 

NSD1 and KDM5A rearrangements are the most common translocation partners 
of the NUP98 gene, both associated with a poor outcome. Clearly new therapeutic 
strategies are urgently needed. Hence, we continued our drug repurposing strategy 
in chapter 5 on NUP98-KDM5A+ and NUP98-NSD1+ AML samples. In general, NUP98-
rearranged AML samples showed resistance to most of the tested drugs. Nevertheless, 
targeting microtubules, PI3K, BRD4, CDK9, MEK and HSP90 showed in vitro efficacy 
against both tested NUP98-rearrangements, with NUP98-KDM5A+ AML being some-
what more sensitive to microtubule and PI3K inhibitors compared to NUP98-NSD1+ 
AML. The microtubule inhibitor vincristine has been used since the 1960s in the treat-
ment of pediatric ALL. The extensive data available of vincristine in pediatric leukemia 
should reduce the need for additional studies to investigate the toxicity profile and 
pharmacokinetic properties, subsequently expediting the transition to the implemen-
tation of vincristine in the treatment of this rare disease.40 PI3K inhibitors are still under 
investigation. To date, PI3K inhibitors in clinical trials revealed modest efficacy as mon-
otherapy in diverse cancer types, acquired resistance and tolerability possibly limited 
the efficacy. Hence, these inhibitors are more likely to be successful in combination 
therapy to minimize the risk of developing resistance.41 BRD4, a member of the BET 
protein family functioning as chromatin reader, has proven to be of importance for 
the sustainability of AML.42 Phase I results of the BET inhibitor OTX-015 on patients 
with leukemia demonstrated that patients achieve complete remission but eventu-
ally also relapsed.43 These results hold promise for current evaluated and improved 
BET inhibitors as well as combination therapy with BET inhibitors. CDK9 inhibitors, 
such as Dinaciclib are currently under investigation in AML and other hematologi-
cal diseases.30 Clinically successful CDK9 inhibitors effective against AML should be 
considered for use in children with relapsed/refractory NUP98-KDM5A+ and NUP98-
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NSD+ AML. Trametinib, a MEK inhibitor, has shown clinical response in RAS-mutant 
myeloid malignancies.44 Nonetheless, the clinical results of MEK inhibitors trametinib 
and Binimetinib, suggest using MEK inhibitors in combination therapy to improve 
response rate and duration in AML44,45 MEK inhibitors are generally favorable inhibi-
tors for combinatorial use in case (clonal) RAS mutations are present. Therefore, when 
considering using MEK inhibitors to treat NUP98-rearranged AML, patients should be 
sequenced for the presence of RAS mutations prior to using a MEK inhibitor. Whether 
there is an association between the NUP98 complex and the RAS pathway remains 
unknown. The SeluDex study is addressing this question (of RAS mutations and MEK 
inhibition) in relapsed/refractory ALL and combines dexamethasone with Selumetinib 
(NTC03705507). The HSP90 inhibitor Ganetespib demonstrated potency in early phase 
clinical trials in patients with solid malignancies and lung cancer.46,47 Furthermore, 
others demonstrated preclinical efficacy of Ganetespib with cytarabine in AML.48 
Although the clinical efficacy of Ganetespib in AML remains unknown, our data does 
provide rationale for in vivo assessment of Ganetespib in NUP98-KDM5A+ and NUP98-
NSD1+ AML. Overall, the six drug classes identified by our drug repurposing strategy, 
may provide a new window of therapeutic options for treatment of children carrying 
NUP98-KDM5A or NUP98-NSD1 AML. 

THE ‘REVOLUTIONIZING’ CRISPR-CAS9 SCREEN IN MLL-
REARRANGED ALL

The ‘clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9’ sys-
tem has become an exquisitely powerful method for efficient genome editing in 
many organisms. The CRISPR-Cas9 screening technology allows for genome-wide 
functional screening of biological processes. In addition, the method has shown to 
be of great value in the discovery of cancer drug targets, such as oncogenic drivers. 
Specifically, this revolutionary and robust genome-wide screening method enables a 
comprehensive gene identification that contribute to specific biological phenotypes 
and diseases.49 In chapter 6 we performed a CRISPR-Cas9 knockout screen on MLL-AF4 
ALL cells using an epigenetic CRISPR-Cas9 library. This valuable knowledge is most rel-
evant for better understanding of the biological processes in MLL-rearranged ALL and 
for the development of targeted therapies. Our screening identified a set of new can-
didate genes which could be essential for MLL-rearranged ALL cells, namely RUVBL1, 
RBBP4, TRIM28, CHD4, HJURP, KDM2A, ACTR6, BPTF, TAF1, YEATS4 and ZMYND8. Individual 
knockdown of these genes by shRNA showed a delay in leukemic cell growth, support-
ing our findings of the CRISPR-Cas9 screen. However, these preliminary results require 
further validation in a large panel of cell lines to identify whether these novel candi-
date genes have an essential role in the sustainability of MLL-rearranged ALL. Disease 
specific gene candidates could serve as potential and attractive drug targets. 
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CONCLUDING REMARKS

In this thesis, high-throughput drug library screening of >4000 (mostly FDA approved) 
compounds on various primary patients samples has successfully revealed new poten-
tial drugs and therapeutic targets for the treatment of children with high-risk acute 
leukemia. For most of the identified candidate drugs there is extensive data on safety 
and pharmacokinetics available, which should allow relatively easy translation into the 
clinic, reflecting one of the main benefits of drug repurposing. Potential drawbacks 
may come into play when the drug has not been studied in a specific population or 
when formulation issues prohibit such easy translation. 

Our in vitro high-throughput drug library screening has shown to be a powerful 
method for identifying effective drugs, even with limited numbers of samples, typi-
cally available for relatively rare malignancies. For instance, we showed that gemcit-
abine is highly effective, both in vitro and in in vivo patient-derived xenografts (PDX) 
mouse models, against MLL-rearranged infant ALL. As gemcitabine already is widely 
used in the treatment for other human diseases, it should be possible to readily imple-
ment this drug in current treatment protocols for MLL-rearranged ALL. Also, for NUP98-
rearranged AML we discovered six potential and well characterized drug classes to 
be effective in vitro, despite the limited availability of cell lines and/or primary patient 
samples representing this subgroup of AML patients, which is rare but associated 
with an exceedingly poor clinical outcome. Furthermore, this method also success-
fully provided new insights into promising molecular targets. For instance, we found 
that induced expression/activation of p53 in MLL-rearranged infant ALL immediately 
results in leukemic cell death in vitro. Hence, our drug repurposing strategy has demon-
strated to be an effective method for rapidly identifying novel therapeutic options in 
rare pediatric malignancies. Yet, the drug libraries used in our studies, including >4000 
compounds, still represents a relatively small collection of drugs, as drug collections 
applied by for example pharmaceutical companies typically represent a multitude of 
the number of compounds represented in our commercially acquired drug libraries. 
Therefore, expanding our drug libraries with considerable more compounds is likely 
to uncover even more potential drug candidates, and thereby increasing the chances 
of finding more effective cures. However, substantially increasing the number of com-
pounds to be tested in high-throughput drug screens, requires the availability of sig-
nificantly more leukemic cells per patient sample, which may be a limitation especially 
in case of rare leukemia subtypes. Alternatively, one might consider pooling multi-
ple patient samples with matching phenotypes, and subsequently test and consider 
various leukemic cell pools (each pool consisting of a different selection of patient 
samples) as ‘single samples’. Given our encouraging findings on a relatively modest 
collection of drugs and samples, centralizing high-throughput drug library screens 
and building a comprehensive database of drug responses would provide an attrac-
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tive source of potential therapeutic options, especially for difficult-to-treat and rare 
malignancies that are or have become refractory to currently established treatments. 
In fact, such a database (designated PharmacoDB) has already been set-up for a large 
panel of human cancer cell line models.50

Repurposed drugs have the benefit that they already have data available on safety 
and pharmacokinetics in humans. However, immediately applying a repurposed 
drug in clinic only based on in vitro data does come with a risk of failure, as the in 
vivo efficacy of the drug for its new purpose often remains unknown and does not 
always reflect the results obtained from in vitro cytotoxicity assays. For example, our 
repurposed candidate drug floxuridine appeared to be highly effective in vitro against 
MLL-rearranged ALL, but this was not observed in our in vivo PDX mouse models and 
therefore it seems unlikely that floxuridine would be effective in human patients. This 
discrepancy may be explained by the limitations of using primary acute leukemic cells, 
as these cells hardly proliferate in vitro and typically undergo spontaneous apoptosis 
after 4-5 days of culturing. Therefore, patient-derived acute leukemia samples in short-
term suspension cultures in vitro, do not fully recapitulate the aggressive proliferation 
rates within the human body. To more accurately resemble the situation in human 
patients, in vitro drug library screen strategies can be further expanded by for instance 
the introduction of a bone marrow stromal cell layer on which the leukemic cells are 
cultured. Such co-cultures do have the benefit that the possible influence of the bone 
marrow microenvironment on drug response is taken into account. Also, stimulated 
by these bone marrow stromal layers, for example by inducing cytokine production, 
some leukemic cells may to some extent be persuaded to undergo several cell divi-
sion, but this varies enormously between patient samples and still does not match the 
tremendous proliferation rates with which these malignancies aggressively propagate 
in vivo. Hence, in vitro high-throughput drug screens on primary patient cells certainly 
serves as an efficient method for rapidly finding potential candidate drugs, but should 
be followed-up by further validation experiments using PDX mouse models to confirm 
in vivo efficacy. Even so, there still remains the likelihood that certain drugs will fail in 
clinic, despite proven in vivo efficacy in PDX mouse models. However, using a drug 
repurposing strategy in combination with demonstrated effectiveness in PDX models 
might be one of the safest options to minimize the risk of failure of a drug to reach 
clinical application, because of the already available clinical data on safety, pharma-
codynamics, and possible side-effects in humans. For example, vincristine, which we 
have identified in our drug screen to be effective against primary NUP98-rearranged 
AML cells in vitro, has been clinically applied for decades in the treatment of pediat-
ric ALL, while its potential against (pediatric) AML cells largely remained unacknowl-
edged. Nonetheless, given our vast experience with the use of vincristine in childhood 
ALL patients, the implementation of this drug into the treatment of NUP98-rearranged 
AML, especially when the current treatment regimens are failing, should not be com-
plicated, even without the requirement of confirmative in vivo PDX data. 
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Targeted therapy is of great importance to further improve the outcome of pediat-
ric leukemia as well as minimizing side effects. In an attempt for MLL-rearranged leu-
kemia, DOT1L inhibitors unfortunately lack efficiency to date (NCT02141828). However, 
Menin inhibitors do seem to have (pre-)clinical activity against MLL-rearranged leuke-
mias (NCT04067336), even inducing complete remissions as single-agent, and hence 
might be a promising class of drugs for treatment of this rare subtype of leukemia.51 
Nonetheless, considering the heterogeneity of leukemia, a combination of therapies 
seems more rationale to completely eliminate the disease and avoid clonal outgrowth. 
More recently, immunotherapy is paving the way in cancer treatment, including leu-
kemia. For instance, blinatumomab, a bispecific T-cell engager (BiTE) antibody that 
allows for elimination of CD19-positive ALL cells, which has shown to be efficacious 
in children with relapsed/refractory B-cell ALL52, is currently being evaluated in infant 
ALL in a study sponsored by the Princess Máxima Center (trialregister.nl NTR6359). 
Also recently Inotuzumab ozogamicin (InO) has been evaluated in young children and 
infants with relapsed/refractory ALL, whereas seven out of 15 patients received a com-
plete remission. Further evaluation of InO in these subgroups is required to identify 
the effect on long-term overall survival.53 

Another example is the CD19 CAR-T cell treatment which has demonstrated to be 
effective against relapsed/refractory B-cell ALL. Some patients with MLL-rearranged 
ALL also achieved complete remission in the bone marrow when treated with CD19 
CAR-T cells. Unfortunately, 2 out of 7 of these MLL-rearranged ALL patients receiving 
CD19 CAR-T cell treatment developed AML due to a lineage switch, which can also be 
seen in bi-phenotypic leukemias as a result of selection pressure.54 

Taken together, efforts to develop novel targeted and, where possible, personalized 
therapies directed against highly characteristic genetic aberrations and/or specific 
drug(able) targets uniquely present in only the leukemic cell populations should 
not be abandoned. However, the identification of attractive therapeutic targets and 
the subsequent development (pre)clinical testing of such therapies represents an 
extremely time-consuming endeavor, at high-risk of eventually failing in pre-clinical 
or early clinical trials. Meanwhile, currently available treatment regimens for various 
high-risk subtypes of pediatric acute leukemia, including for instance MLL-rearranged 
ALL and AML, as well as NUP98-translocated AML, remain inadequate and largely 
unaltered. Therefore, swift identification of potent and already approved drugs using 
high-throughput drug screens that may more readily be applied into the clinic, could 
at least provide additional therapeutic alternatives, especially for patients who are or 
became refractory to conventional treatment protocols. As such, in vitro high-through-
put drug repurposing strategies may, albeit temporarily bridge the need for more ade-
quate treatment options, until more specific and elegant targeted therapies become 
available.        
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HEMATOPOËSE

Bloedcelvorming, oftewel hematopoëse, is het proces waarbij hematopoëtische 
stamcellen zich ontwikkelen tot rode bloedcellen, witte bloedcellen of bloedplaatjes. 
Hematopoëse vindt aanvankelijk tijdens de eerste fasen van de embryonale ontwik-
keling plaats in de foetale lever, waarna het na de geboorte overgaat naar het been-
merg, wat zich in de mergholte in de botten bevindt. Hematopoëtische stamcellen 
zijn zowel in staat om zich herhaaldelijk te delen (de zogenaamde zelf-vernieuwing) 
alsmede om zich te differentiëren (ook wel uitrijping genoemd). Hematopoëtische 
stamcellen kunnen zich, naar keuze, differentiëren in verschillende typen cellen: rode 
bloedcellen, witte bloedcellen en bloedplaatjes, afhankelijk van de behoeften van 
het lichaam. Deze uitgerijpte bloedcellen worden, wanneer ze volledig zijn uitgerijpt 
en een functie hebben verworven, afgegeven aan het bloed en zijn verantwoordelijk 
voor zuurstof transport van de longen naar andere weefsels, afvoer van koolstofdi-
oxide (de rode bloedcellen), afweer tegen ziekteverwekkers (de witte bloedcellen) 
en bloedstolling (de bloedplaatjes). Bloedcellen hebben een bepaalde levensduur en 
worden voortdurend vervangen door nieuwe cellen. Rode bloedcellen hebben een 
gemiddelde levensduur van 120 dagen, witte bloedcellen variërend van enkele uren 
tot jaren en bloedplaatjes gemiddeld tien dagen. Een mens maakt ruim 200 miljard 
bloedcellen per dag aan. De hematopoëtische stamcellen zorgen voor de in stand 
houding van dit complexe proces. Voor de gezondheid van de mens is het essentieel 
dat dit proces zonder problemen verloopt.

LEUKEMIE

De bloedcelvorming verloopt helaas niet altijd foutloos, waardoor bijvoorbeeld een 
leukemie kan ontstaan. Leukemie is een vorm van kanker gekarakteriseerd door een 
opeenhoping van afwijkende, onvolledig gerijpte (en daarom nog niet-functionele) 
bloedcellen in het beenmerg. Als gevolg van afwijkingen in het erfelijk materiaal 
(ofwel het DNA), beginnen deze onrijpe leukemiecellen zich ongecontroleerd en 
ongeremd te vermenigvuldigen, met als gevolg dat de hoeveelheid onrijpe bloedcel-
len zich op blijft hopen. Deze cellen verliezen tevens de mogelijkheid om verder uit te 
rijpen tot volwaardig functionerende bloedcellen. Deze ongeremde groei van leuke-
miecellen in het beenmerg leidt vervolgens tot een tekort aan ruimte in het beenmerg 
voor de vorming van de gezonde, functionele bloedcellen en bloedplaatjes. Dit heeft 
als gevolg dat patiënten met leukemie een verminderde weerstand hebben (wegens 
een tekort aan gezonde witte bloedcellen), bloedarmoede krijgen (wegens een tekort 
aan rode bloedcellen) en er gemakkelijk blauwe plekken en (onderhuidse) bloedinkjes 
ontstaan (wegens een tekort aan bloedplaatjes). Uiteindelijk zal er niet genoeg ruimte 
meer zijn in het beenmerg, en infiltreren de leukemie cellen via de bloedbaan, andere 
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weefsels en organen zoals de milt, de lever, en in sommige gevallen zelfs de testis of 
het centraal zenuwstelsel. Onbehandeld is leukemie een fatale ziekte. 

Leukemie onderscheidt zich in twee verschillende vormen: acuut of chronisch. 
Acute leukemie kenmerkt zich door een snelle ontwikkeling van onrijpe bloedcellen 
die niet verder uitrijpen (rijpings stop). Bij chronische leukemie rijpen de bloedcellen 
nog tot op zekere hoogte uit, maar kunnen de cellen niet goed functioneren en is een 
teveel van cellen in diverse rijpingsstadia. Daarbij wordt chronische leukemie geken-
merkt door een trager ziekteverloop waarbij het relatief lang kan duren voordat de 
patient er klachten van ondervindt optreden. Verder wordt leukemie onderverdeeld 
in lymfatische of myeloïde leukemie, afhankelijk welke type witte bloedcel de leuke-
mie veroorzaakt. Aan de hand van deze indeling zijn er vier hoofdsoorten leukemie, 
namelijk acute lymfatische leukemie (ALL), acute myeloïde leukemie (AML), chroni-
sche lymfatische leukemie (CLL) en chronische myeloïde leukemie (CML).

LEUKEMIE BIJ KINDEREN

Leukemie is de meest voorkomende vorm van kanker bij kinderen. Bij kinderen met 
leukemie is er vrijwel altijd sprake van de acute vorm, waarbij ALL de vorm is die het 
meest bij kinderen voorkomt, namelijk in 75-80% van de gevallen. AML komt in circa 
15-20% van de gevallen voor bij kinderen met leukemie, CML komt in circa 2% van de 
gevallen voor en CLL komt niet voor bij kinderen. Per jaar krijgen in Nederland onge-
veer 125 kinderen ALL, 20-25 kinderen AML en 2-3 kinderen CML. Het overlevingsper-
centage van kinderen met leukemie is over de laatste decennia sterk toegenomen. 
Tegenwoordig hebben kinderen met ALL hebben een genezingskans van ~90%, kin-
deren met AML een genezingskans van ~70% en kinderen met CML een vijfjaarsover-
leving van 60-80%.

De behandeling van kinderen met ALL bestaat voornamelijk uit chemotherapie 
met verschillende medicijnen gericht tegen de leukemiecellen, zoals prednison, vin-
cristine, anthracyclines, MTX, 6-mercaptopurine en asparaginase. De behandeling van 
kinderen met ALL duurt vrij lang, meestal 2-3 jaar in totaal, waarbij de eerste paar 
maanden van de therapie het meest intensief is. De behandeling van kinderen met 
AML bestaat ook uit chemotherapie, maar deze behandeling maakt wel gebruik van 
andere chemotherapeutica dan de behandeling van ALL, namelijk cytarabine, dau-
norubicine en Etoposide. De behandeling van AML is korter, circa een half jaar, en 
omvat minder chemotherapeutische middelen maar is wel intensiever dan behan-
deling van ALL. De behandeling van CML bestaat uit het toedienen van Imatinib of 
andere tyrosinekinase remmers, zelden in combinatie met chemotherapie. In som-
mige gevallen is er voor de behandeling van leukemie ook een beenmergtransplanta-
tie nodig en tegenwoordig komen er ook steeds meer CAR T-cel immuuntherapieën.
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Dankzij de huidige therapie zijn er inmiddels veel kinderen met leukemie genezen. 
Echter zijn er nog altijd patiënten waarbij de huidige therapie faalt, de zogenaamde 
hoog-risico groepen. Voor het bereiken van een 100% genezingskans voor alle kinde-
ren met leukemie, zijn er dus juist voor kinderen die tot een hoog-risico groep beho-
ren, betere behandelingen dringend nodig.

DE ONTWIKKELING VAN GENEESMIDDELEN

Het ontwikkelen van een nieuw geneesmiddel is een lang, kostbaar en risicovol pro-
ces. De huidige ontwikkeling van een nieuw medicijn begint met wetenschappelijk 
onderzoek, waarbij er gezocht wordt naar de oorzaak van het ziektebeeld. De bevin-
dingen van dergelijk onderzoek is vaak een aangrijpingspunt voor de ontwikkeling 
van nieuwe geneesmiddelen om zo de ziekte gericht tegen te kunnen gaan, en de 
‘boosdoener’ te kunnen neutraliseren. Indien het doelwit geïdentificeerd is, worden 
er diverse potentiële medicijnen gemaakt om de interactie met een specifieke eiwit 
of molecuul (het doelwit) aan te gaan en te beïnvloeden. Een eiwit wordt vaak als 
doelwit gekozen, omdat veranderingen die optreden in het DNA leiden tot de aan-
maak van een eiwit dat niet meer (goed) werkt of juist ten onrechte overactief is. 
Soms worden er meer dan honderdduizenden mogelijke medicijnen gescreend om 
na te gaan of deze voldoende actief zijn tegen het gewenste eiwit. Veelbelovende 
medicijnen worden verder getest door middel van verschillende laboratorium experi-
menten en vervolgens, bij geschiktheid, getest in diermodellen om de effectiviteit en 
veiligheid van deze medicijnen goed te kunnen beoordelen. Indien deze preklinische 
resultaten veelbelovend zijn, worden klinische studies geïnitieerd, waarbij de beste 
medicijnen voorzichtig getest zullen worden bij patiënten. Deze studies beginnen bij 
een fase I studie, waarbij het kandidaat-medicijn voor het eerst op een klein aantal 
patiënten wordt getest, doorgaans eerst bij volwassenen. In de fase I studie wordt 
onderzocht wat een veilige dosering is van het medicijn, hoe het medicijn moet wor-
den toegediend en hoe vaak het medicijn gegeven moet worden. In fase II wordt het 
middel bij een concentratie die verdraagzaam is, zoals uitgezocht in de fase I studie, 
getest op meestal een groep van 30-50 patiënten met een bepaald ziektebeeld. In de 
fase II studie wordt er verder onderzoek gedaan naar de veiligheid van het medicijn 
evenals de werkzaamheid. In fase III wordt het middel op grote groepen patiënten 
getest om onder andere gegevens te verzamelen over de veiligheid en werkzaamheid 
van het middel, meestal ten opzichte van een beschikbare standaardbehandeling 
of een placebo. De informatie van de studie wordt ter beoordeling ingediend bij de 
Europese geneesmiddelenautoriteit European Medicines Agency of de Amerikaanse 
geneesmiddelenautoriteit Food and Drug Administration (FDA). Tevens is voor de 
goedkeuring van nieuwe medicijnen bestemd voor kinderen ook een ‘pediatrisch 
onderzoeksplan’ (PIP) benodigd. De PIP is een ontwikkelingsplan die ervoor zorgt dat 
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de benodigde gegevens worden verkregen via onderzoeken met kinderen, om de 
toelating van een geneesmiddel voor kinderen te ondersteunen. Indien goedkeuring 
plaatsvindt, mag het middel gebruikt worden voor het behandelen van patiënten. 
Voor dit alles, kan de periode van preklinisch onderzoek tot aan de goedkeuring van 
een medicijn gemakkelijk 10-15 jaar in beslag nemen. Vervolgens zal er zelfs na goed-
keuring onderzoek aan het medicijn blijven plaatsvinden om eventuele lange-termijn 
bijwerkingen vast te stellen, dit wordt vaak fase IV genoemd.

HERGEBRUIK VAN GENEESMIDDELEN VOOR SUBGROEPEN BINNEN 
ACUTE LEUKEMIE GEASSOCIEERD MET EEN SLECHTE PROGNOSE

De toegenomen genezingskansen bij kinderen met leukemie over de laatste decen-
nia zijn voornamelijk bereikt door meer wetenschappelijke kennis over leukemie, lei-
dend tot een verbeterde identificatie van risicofactoren voor een slechte prognose, 
en een optimalisatie van de behandelregimes. De snelle vooruitgang in wetenschap 
en technologie heeft in de laatste jaren geleidt tot de ontwikkeling van nieuwe medi-
cijnen o.a. doelgerichte therapie (‘targeted therapy’) en immunotherapie. Echter is 
de ontwikkeling van nieuwe medicijnen een jarenlang proces en slechts ~5% van de 
nieuwe medicijnen bestemd voor oncologische indicatie bereikt daadwerkelijk een 
goedkeuring. De oorzaak van dit hoge uitvalpercentage is voornamelijk te wijten aan 
de heterogeniteit van kanker (elk patiënt is uniek) en de toxische of anderzijds schade-
lijke bijwerkingen van een medicijn, of onvoldoende werkzaamheid. Indien dezelfde 
ziekte voorkomt bij volwassenen is er tevens voor de toepassing van nieuwe medi-
cijnen in kinderen uitgebreide data nodig aangaande de werking van het medicijn in 
volwassenen. Dit betekent dat de toepassing van nieuwe medicijnen voor kinderen 
met leukemie doorgaans nog meer tijd vereist. Voor het bereiken van een 100% gene-
zingskans voor alle kinderen met leukemie is het van belang dat er nog meer inzicht 
verkregen wordt in deze ziekte en specifiek aandacht wordt gegeven aan de groepen 
leukemiepatiënten die tot op heden geassocieerd worden met een slechte prognose. 
Voor deze groepen leukemiepatiënten is de huidige behandeling duidelijk niet vol-
doende. Gezien het tijdrovende proces voor de ontwikkeling van nieuwe medicijnen 
en de urgentie voor nieuwe behandelingsstrategieën voor kinderen met leukemie die 
geassocieerd zijn met een slechte prognose, hebben we in dit proefschrift gekozen 
voor een herprofilering strategie. De herprofilering (of herpositionering) van medi-
cijnen is het herbestemmen van bestaande goedgekeurde geneesmiddelen voor de 
behandeling van een andere ziekte dan waarvoor het oorspronkelijk was ontwikkeld. 
Het voordeel van deze strategie is dat er reeds veel data (o.a. dosering, eventuele 
bijwerkingen, combinatie therapie en het werkingsmechanisme) over het medicijn 
bestaan, waardoor er minder tijdrovende stappen in het klinische onderzoek noodza-
kelijk zijn. Dit resulteert in het verminderen van tijd en kosten om een dergelijk medi-
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cijn als nieuwe toepassing in de kliniek te implementeren, en verhoogd de kans dat 
het medicijn succesvol kan worden toegepast.

In hoofdstuk 2 hebben we ons gericht op zuigelingen (kinderen <1 jaar) met ALL. 
Ruim 80% van deze zuigelingen hebben een afwijking in het zogenaamde MLL gen 
(ook wel bekend als het KMT2A gen). Het MLL gen is normaal gesproken betrokken bij 
het reguleren van bloedaanmaak. Bij zuigelingen met een afwijking in het MLL gen, 
breekt het gen als het ware in twee stukken en plakt er één van de twee stukken van 
het MLL gen aan een ander gebroken gen, wat ook wel een MLL-herschikking wordt 
genoemd. Een MLL-herschikking heeft als gevolg dat er een ander eiwit ontstaat dan 
in de oorspronkelijke situatie. Deze ‘fusie-eiwitten’ geven andere signalen uit aan 
de cel met als gevolg dat er veranderingen optreden in deze cellen, leidend tot een 
toegenomen celdeling en celoverleving. Juist omdat het MLL gen normaliter een rol 
speelt bij de bloedvorming, is het niet verwonderlijk dat afwijkingen in dit gen leiden 
tot bijvoorbeeld leukemie. MLL-herschikkingen komen het meest voor bij zuigelingen 
met ALL. Zuigelingen met een MLL-herschikking karakteriseren tevens een unieke 
groep binnen de pediatrische ALL en hebben een slechte overlevingskans van circa 
30-40%. In hoofdstuk 2 hebben we een herprofilering strategie beschreven, waarbij 
meer dan 4000 (voornamelijk reeds goedgekeurde) medicijnen getest zijn op geïso-
leerde leukemiecellen afkomstig van zuigelingen met MLL-herschikte ALL. De geteste 
medicijnen zijn dus al eerder goedgekeurd voor de behandeling van andere ziekten, 
maar zijn in de meeste gevallen niet per se ontwikkeld als medicijnen tegen acute 
leukemie. Na de screening hebben we de medicijnen die een effect lieten zien op de 
leukemie cellen, ook getest op ‘gezonde’ bloedcellen uit het beenmerg: cellen afkom-
stig van ‘patiënten’ die na diagnose toch geen leukemie bleken te hebben of reeds in 
remissie waren en dus niet langer leukemiecellen in het beenmerg vertoonden. Het 
doel hiervan is dat we het liefst geneesmiddelen gebruiken die alleen schadelijk zijn 
voor de leukemie cellen en de gezonde cellen in het beenmerg zoveel mogelijk intact 
laten. Uit deze medicijnen screen vonden we een keur aan kandidaat-medicijnen die 
effectief de MLL-herschikte ALL cellen elimineerden, waarbij gezonde bloedcellen 
veelal gespaard bleven. Opmerkelijk was dat vrijwel al deze medicijnen soms direct, 
maar meestal indirect het zogenaamde p53 eiwit activeerden. Eiwitten bestaan uit 
ketens van aminozuren en worden o.a. gebruikt als bouwstof voor het lichaam. De 
associatie met p53 was een belangrijke bevinding omdat zowel uit eerder gepubli-
ceerd onderzoek door andere onderzoekers, alsmede door de door ons uitgevoerde 
data analyses, is gebleken dat het inactiveren van p53 belangrijk is voor de overleving 
van MLL-herschikte ALL cellen. Zo hebben wij met behulp van specifieke laboratorium 
technieken aangetoond dat het geforceerd activeren van p53 leidt tot celdood van 
MLL-herschikte ALL cellen. Tezamen lieten de resultaten dus zien dat het activeren van 
p53 een belangrijke sleutel is tot het succesvol elimineren van MLL-herschikte ALL cel-
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len, en dat verscheidene medicijnen die in staat zijn dit te bewerkstelligen van groot 
belang kunnen zijn voor een betere behandeling van deze vorm van leukemie. 

Behandelingen bij zuigelingen met ALL falen in ruim 50% van de gevallen, voorna-
melijk door ongevoeligheid tegen chemotherapie. Een opmerkelijke bevinding was 
dat cellen van zuigelingen met ALL wel heel gevoelig waren voor wordt het medi-
cijn cytarabine (ook wel Ara-C genoemd). Deze preklinische bevinding werd daarna 
getest in klinisch onderzoek en wordt tot op heden gebruikt als chemotherapeutisch 
medicijn in de behandeling van zuigelingen met ALL. Het zogenaamde INTERFANT-99 
behandelprotocol specifiek ontworpen voor zuigelingen met ALL, waarin cytarabine 
voor het eerst geïmplementeerd werd, leidde tot een significante verbetering in de 
overlevingskans van zuigelingen met ALL. Cytarabine behoort tot een klasse genees-
middelen die we ook wel nucleoside analogen noemen. Na opname van cytarabine 
in de cel via het ENT1 transporteiwit in de celmembraan, wordt cytarabine geacti-
veerd en komt in het DNA van de leukemiecel terecht waarna het voorkomt dat de 
leukemiecel zich verder nog kan delen, met celdood tot gevolg. Opmerkelijk was dat 
cellen van zuigelingen met ALL veel meer ENT1 transporteiwit in hun celmembraan 
hebben dan het geval is bij andere typen leukemie. Hierdoor komt dit medicijn dus 
veel gemakkelijker in de leukemiecellen van zuigelingen met ALL, wat kan verklaren 
waarom zuigelingen met ALL zoveel beter reageren op cytarabine. Echter, ondanks 
het verbeterde behandelprotocol voor zuigelingen met ALL zijn de overlevingskansen 
nog altijd onvoldoende .

Met de opmerkelijke gevoeligheid van MLL-herschikte ALL cellen van zuigelingen 
voor de nucleoside analoog cytarabine als voorbeeld, hebben wij ons in hoofdstuk 3 
afgevraagd of wellicht andere nucleoside analoog medicijnen eveneens goed zou-
den kunnen werken tegen deze vorm van leukemie. Om dit te onderzoeken hebben 
we alle data aangaande nucleoside analogen uit onze geneesmiddelen screening 
(zie hoofdstuk 2) gebundeld en de resultaten geanalyseerd. Hierbij hebben we twee 
‘nieuwe’ kandidaat-medicijnen gevonden, te weten floxuridine en gemcitabine, 
welke beiden zeer effectief bleken tegen geïsoleerde cellen van zuigelingen met 
MLL-herschikte ALL. Net als cytarabine gebruiken ook floxuridine en gemcitabine het 
ENT1 transporteiwit om de celmembraan te passeren om zo hun anti-leukemie effec-
ten uit te oefenen in de leukemiecellen. Om vervolgens aan te tonen dat deze medi-
cijnen niet alleen in staat zijn geïsoleerde MLL-herschikte ALL cellen te doden in een 
kweekflesje in het laboratorium, maar ook in een lichaam de leukemiecellen weten 
te vinden en te elimineren, hebben we gebruik gemaakt van muismodellen. In deze 
modellen worden er menselijke MLL-herschikte ALL cellen ingespoten in muizen (met 
verminderde weerstand), waarop deze muizen de menselijke leukemie ontwikkelen. 
Wanneer de leukemie zich in de muizen heeft ontwikkeld, kunnen medicijnen worden 
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toegediend om te onderzoeken of deze medicijnen effect hebben op de leukemie in 
de muis. Helaas bleek uit de muismodellen dat floxuridine, zelfs bij zeer hoge dose-
ringen, niet voldoende effectief was. Mogelijk was floxuridine niet voldoende effec-
tief wegens zijn korte halfwaardetijd, dit is de snelheid waarmee een in het lichaam 
werkzame stof verdwenen is. In dit geval zou de werkzame stof van floxuridine in het 
muismodel te snel verdwenen kunnen zijn. Gemcitabine daarentegen, bleek in de 
muizen een significante vermindering van de leukemiecellen te induceren, en leidde 
tot een significante verlenging in levensduur van de met gemcitabine behandelde 
muizen. Daarnaast hebben we aangetoond dat gemcitabine de effecten van de hui-
dige chemotherapie versterkt. Zelfs al gebruiken zowel cytarabine als gemcitabine 
hetzelfde ENT1 transporteiwit om in de leukemiecel te raken, bleken deze medicij-
nen geen competitie te vertonen en elkaars werking niet te belemmeren, mogelijk 
omdat er voldoende ENT1 aanwezig is in deze cellen. Dit suggereert dat gemcitabine 
toegediend zou kunnen worden in combinatie met de huidige chemotherapie, en zo 
een voordelig effect op de behandeling van MLL-herschikte ALL bij zuigelingen zou 
kunnen hebben. Gemcitabine is al wel eerder getest in een klinische trial bij kinderen 
boven de 1 jaar met ALL, maar helaas had dit bij de meeste kinderen weinig effect op 
de ziekte. Echter waren dit wel patiënten die al eerder een behandeling hebben gehad 
waarbij de leukemie was teruggekeerd en daarom kunnen zij al ongevoelig zijn voor 
chemotherapie, inclusief gemcitabine. Daarbij zijn zuigelingen met ALL biologisch en 
klinisch gezien een unieke groep binnen de ALL en kan gemcitabine dus zeker nog 
een goede optie zijn voor dit type ALL. 

MLL-herschikkingen komen niet alleen voor bij zuigelingen met ALL, maar worden ook 
gevonden bij jonge kinderen met AML, en ook bij deze kinderen is de aanwezigheid 
van een MLL herschikking vaak geassocieerd met een slechtere prognose. Hoewel de 
behandeling van MLL-herschikte ALL en MLL-herschikte AML beduidend van elkaar 
verschillen, is het ook in het geval van MLL-herschikte AML zo dat de huidige behan-
delmethoden niet toereikend zijn, en is ook dit type pediatrische AML een hoog-risico 
vorm van leukemie waar dringend betere medicijnen voor gevonden moeten worden. 
Daarom hebben we in hoofdstuk 4 voor kinderen met MLL-herschikte AML dezelfde 
herprofilering strategie toegepast als bij zuigelingen met MLL-herschikte ALL (zoals 
beschreven in hoofdstuk 2). Uit deze medicijn screening vonden we wederom ver-
scheidene medicijnen die effectief bleken tegen MLL-herschikte AML. Echter, voor veel 
van deze effectieve medicijnen was reeds bekend dat zij gunstige antileukemische 
effecten bezitten tegen MLL-herschikte AML. Toch vonden we toch een kandidaat-me-
dicijn, namelijk Pyrvinium pamoate (Pyrvinium), waarvoor dit nog niet bekend was. 
Pyrvinium was oorspronkelijk ontwikkeld als een anti-parasitair medicijn tegen pin-
wormen, maar bleek hier eveneens antileukemische effecten te bezitten tegen geïso-
leerde MLL-herschikte AML cellen, waarbij gezonde cellen uit het beenmerg deels 
onaangetast bleven. Uit verder onderzoek bleek dat Pyrvinium zich in MLL-herschikte 
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AML cellen ophoopt in de zogenaamde mitochondriën (ofwel de “energie fabriekjes” 
in onze cellen) en van daaruit de leukemiecellen aanvalt. Ook bleek Pyrvinium geen 
nadelig invloed te hebben op de werking van chemotherapeutische medicijnen in de 
reeds bestaande behandeling van AML, en lijkt het er dus op dat dit medicijn zonder 
ogenschijnlijke risico’s kan worden toegevoegd aan de huidige behandeling, zeker 
ook omdat Pyrvinium een FDA goedgekeurd medicijn is. Echter, omdat Pyrvinium van 
origine een anti-parasitair middel is, wordt dit medicijn oraal toegediend. Het nadeel 
van de orale toediening van Pyrvinium is dat de absorptie via het maagdarmstelsel 
naar het bloed zeer laag is en inefficiënt verloopt. Dit betekent dat bij een orale toe-
diening er maar heel weinig pyrvinium in de bloedbaan terecht zal komen, hetgeen 
uiteraard niet gunstig is bij de behandeling van een bloedziekte zoals leukemie. Een 
andere wijze van toediening is waarschijnlijk nodig voor het bereiken van voldoende 
effectiviteit in het bloed en beenmerg. Momenteel wordt er daarom ook onderzoek 
gedaan naar het verbeteren van de absorptie en/of alternatieve toedieningsmetho-
den. Wanneer dit onderzoek succesvol is, zou Pyrvinium een interessant nieuw kandi-
daat-medicijn kunnen worden in de behandeling van MLL-herschikte AML. Echter, dit 
zal dan eerst verder preklinisch onderzocht moet worden aan de hand van muismo-
dellen zoals bijvoorbeeld beschreven voor gemcitabine in hoofdstuk 3.

De vooruitgang in de wetenschap en technologie door de jaren heen, heeft geleid tot 
de ontwikkeling van geavanceerde laboratorium technieken welke meer en betere 
inzichten verschaffen in mogelijke onderliggende genetische afwijkingen die bepa-
lend zijn voor bepaalde ziektebeelden en prognose. Zo is met behulp van dergelijke 
nieuwe technieken recent een nieuwe genetische afwijking, de zogenaamde NUP98-
NSD1 herschikking, gevonden in de leukemiecellen van een kleine maar specifieke 
groep kinderen met AML. Deze NUP98-NSD1 afwijking bleek sterk geassocieerd te 
zijn met een slechte prognose, namelijk een overlevingskans van minder dan 10%. 
Vervolgens zijn er nog meer herschikkingen gevonden waarbij telkens het NUP98 gen 
betrokken was, waaronder NUP98-KDM5A (ofwel NUP98-JARID1A) in acute megakaryo-
blasten leukemie (een specifieke vorm van AML bij kinderen). In hoofdstuk 5 laten we 
zien dat NUP98-KDM5A niet exclusief voor bleek te komen in acute megakaryoblasten 
leukemie, maar ook voorkomt in alle andere subtypen van pediatrische AML. NUP98-
herschikkingen komen slechts in 3.8% voor van alle kinderen met AML, daarom zijn 
we een internationale samenwerking gestart met meerdere instituten, en hebben 
zo kunnen constateren dat NUP98-KDM5A in kinderen met AML, net als NUP98-NSD1, 
geassocieerd is met een slechte prognose waarbij de overlevingskans slechts 34.1% is. 
Hoewel er sporadisch nog andere NUP98 herschikkingen zijn gevonden, zijn NUP98-
KDM5A en NUP98-NSD1 de meest voorkomende NUP98-herschikkingen bij kinderen 
met AML. Van deze herschikkingen hebben we in hoofdstuk 5 de biologische karak-
teristieken in kaart gebracht, welke behoorlijk bleken te verschillen ten opzichte van 
andere vormen van pediatrische AML. Dit suggereert sterk dat kinderen met AML 
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met een NUP98-herschikking een aparte subtype van AML vormen, welke, gezien de 
slechte prognose, gerust gezien kan worden als een hoog-risico vorm van AML. We 
hebben daarom in hoofdstuk 5 eveneens geneesmiddelen screening toegepast op 
geïsoleerde primaire patiënten cellen van AML patiënten met een NUP98-KDM5A en 
een NUP98-NSD1 herschikking. Hieruit hebben we een zestal medicijnklassen gevon-
den die tegen NUP98-herschikte AML cellen mogelijk effectief bleken te zijn. Deze 
medicijn-kandidaten kunnen goede opties zijn voor vernieuwde en betere behandel-
strategieën voor deze kinderen, en zullen nu preklinisch verder onderzocht moeten 
worden. Een voorbeeld van een dergelijk medicijn is vincristine. Vincristine wordt 
reeds decennia toegediend aan kinderen met ALL, maar was tot voor kort nooit in ver-
band gebracht als mogelijke optie voor de behandeling van AML. Gezien de enorme 
hoeveelheid beschikbare (pre)klinische data en ervaringen voor vincristine, zou een 
klinische toepassing voor NUP98-geschikte AML bijzonder snel gerealiseerd moeten 
kunnen worden.
 
In 2012 is de ontwikkeling en toepassing van een zeer belangrijke nieuwe technologie 
in het laboratorium, de zogenaamde CRISPR-Cas9 technologie beschreven, waarvoor 
de grondleggers van deze techniek, Jennifer Doudna en Emmanuelle Charpentier in 
2020 de Nobelprijs voor de Scheikunde in ontvangst mochten nemen. De CRISPR-Cas9 
methode maakt het mogelijk om het erfelijk materiaal (het DNA) van cellen of organis-
men zeer gericht te veranderen. In hoofdstuk 6 hebben we deze methode gebruikt 
om bepaalde genen uit te schakelen om zo te onderzoeken of deze genen van belang 
zijn voor de overleving van de MLL-herschikte ALL cellen. We hebben er daarbij voor 
gekozen om ons te richten op een groep van ruim 400 specifieke genen met een type 
functie waarvoor sterke aanwijzingen bestaan dat MLL-herschikte ALL cellen daar 
relatief vaak afhankelijk van zijn. Zo hebben we middels een zogenaamde CRISPR-
Cas9 library screen, één voor één elk van deze ruim 400 genen uitgeschakeld in MLL-
herschikte ALL cellen, en vervolgens voor elk gen bekeken of het inactiveren ervan 
al dan niet zou leiden tot de celdood van de leukemiecellen. Wanneer het uitzetten 
van een bepaald gen leidt tot het afsterven van de leukemiecel, is dat gen dus essen-
tieel voor de leukemie. Dergelijke essentiële genen zijn vanzelfsprekend uitstekende 
aanknopingspunten voor nieuw te ontwikkelen medicijnen en behandelmethoden. 
De resultaten van onze CRISPR-Cas9 library screen leverde een aantal genen op waar-
voor we al wisten dat deze genen essentieel waren voor MLL-herschikte ALL. Dit liet 
daarom zien dat de door ons gekozen strategie uitstekend in staat was om dergelijke 
genen op te sporen. Interessant genoeg vonden we tevens een aantal genen waar-
voor het vooralsnog niet bekend was dat ze essentieel waren voor MLL-herschikte ALL, 
waaronder RUVBL1, RBBP4, TRIM28, CHD4, HJURP, KDM2A, ACTR6, BPTF, TAF1, YEATS4 en 
ZMYND8. Momenteel wordt verder onderzocht of deze genen specifiek essentieel zijn 
in MLL-herschikte ALL cellen, of wellicht ook in andere vormen van leukemie en/of 
in gezonde hematopoëtische stamcellen. Wanneer de genen die het meest specifiek 
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essentieel zijn voor MLL-herschikte ALL zijn geïdentificeerd, zal onderzocht gaan wor-
den met welke medicijnen deze genen het meest efficiënt te remmen/inactiveren zijn, 
teneinde nieuwe en betere behandelstrategieën te ontwikkelen. 

Concluderend hebben we in dit proefschrift laten zien dat het herprofileren van 
geneesmiddelen een nuttige strategie is voor het identificeren van nieuwe behande-
lopties voor hoog-risico vormen van leukemie bij kinderen, waarbij we diverse nieuwe 
potentiële kandidaat-medicijnen en aanknopingspunten hebben gevonden. Of de 
door ons gekozen CRISPR-Cas9 methode zal leiden tot de ontwikkeling van nieuwe 
therapeutische mogelijkheden voor hoog-risico leukemie patiënten, zal nog moeten 
blijken uit verder onderzoek, ofschoon de eerste resultaten reeds veelbelovend en 
aanmoedigend zijn.
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