Molecular and clinical dissection of
Infant acute lymphoblastic leukemia

MariekeH. van der Linden



ISBN97894-9218267-8
Author: Marieke H. van der Linden
Printing:NetzoDruk

The work described in this thesis was performed at the Department of Pediatric
Oncology/Hematology of the Erasmus MIQ LIKA | / KAt RNBYy Qa | 2 aLJ(
Netherlands. The studies described in this thesis were financially supported by grants from

the KiKa (Stichting KinderenKankervrij; project nr. 18)

We gratefully acknowledgdélbert SchweitzeZiekenhuis Amphia Ziekenhuiand MRE

Hollandfor providing financial support for the printing of this thesis.

MRC\-I-I&}@d/ K ika
Albert ({rr

Schweitzer Amphia Ziekenhuis

ziekenhuis

kinderenkankervrij

Copyright © 2015, Marieke van der Linden, Rotterdam, The Netherlands.

No part of the material ptected by this copyright notice may be reproduced, stored in a
retrieval system or transmitted in any form or by any means, without prior written
permission of the author or, when appropriate, from the publishers of the papers included
in this book.



Moleculaire en klinische ontleding van
acute lymfoblastische zuigelingenleukemie

Molecular and clinical dissection of

infant acute lymphoblastic leukemia

Proefschrift

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

op gezag van deector magnificus
prof.dr. H.A.P. Pols

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

20 januari 2016
om

13.30 uur

Marieke Hendrika van der Linden

geboren te Dordrecht

Erasmus University Rotterdam



Promotiecommissie:

Promotor: Prof.dr. R. Pieters

Overige leden: Prof.dr. J.J.M. van Dongen
Prof.dr. C.W. Burger
Dr. M.B. Bierings

Copromotor: Dr. R.W. Stam



CONTENTS

Chapter 1 General introduction 7
Chapter2 Diagnosis and management of neonatal leukemia 19
Chapter 3 Outcome of congenital ALL treated on the Interf@ 41
protocol
Chapter 4 Gene expression profiling based dissection of MLL 63
translocated and MLL germline acute lymphoblastic leuker
in infants
Chapter 5 Molecular genetic characterization of infant acute 99

lymphoblastideukemia carrying wikdype MLL genes

Chapter 6 Identification of genes transcriptionally responsive to the lo 125

of MLL fusions in Mkdearranged ALL

Chapter 7 MLL fusion driven activation of CDK6 potentiates proliferati 157
in MLLrearranged infant ALL

Chapter 8 EID1 plays a critical roletime growth of MLkrearranged ALL 195

Chapter 9 General discussion 221
Chapter 10 Nederlandse samenvatting 237
List of publications 245
Curriculum vitae 247
PhD portfolio 249
Dankwoord 251
Appendices Supplemental material chapter 4 257
Supplemental material chaptér 281
Supplemental material chaptér 293

Supplemental material chapté& 323






]

_ I
| 11 Bl | ] ENEEEEE IEEEEEN EEEEN i NEN EN
R £ i i
| s driis adiilah indiiaseat HEmead
} ANEN EEEE ) Irl | | HEEN |
T | uhgs ae NEEENEE m
] N I
| T i an Eente
-__|r- EEEEN |“| ] ] ] NRRNEN-EnRREREE ml
| T SRELEREA, CRite feiERdpisRdeieRidiRa s CantRugiinned oy
_ [ 1 I_ [ | -Hﬂﬂmm O
NECNENNE | SUARRCEREN SwEE:EE o n

fr—f

1






Introduction 9

LEUKEMIA
1

Blood cell formation takes place in the bone marrow (hematopoiesis). Leukemia is
cancer of the blood characterized by an abnormal growth of immature white
blood cells in the bone marrow. Based on two characteristics, i.e. growth rate and
immunophenotype, dukemia can be divided into several subtypes. fgastving,

or acute leukemia, is the most common form of leukemia in children, whereas
slowgrowing, orchronicleukemia, is typically diagnosed in adults. Depending on
the type of white blood cell that wasubjected to malignant transformation, we
distinguish betweenlymphocyticand myeloid leukemia. Lymphocytic leukemia
arises in a type of white blood cell from which the lymphocytes are formed, while
myeloid leukemia arises in white blood cells that developo neutrophils,
eosinophils, basophils, or macrophages. Due to the uncontrolled proliferation of
the nonfunctional immature leukemic white blood cells (or blasts), the bone
marrow becomes overgrown and the formation of healthy blood cells is strongly
inhibited. In turn, the lack of healthy blood cells cause a substantial part of the
symptoms that are associated with leukemia, including anemia, frequent
infections and fevers, and bleedings or bruising. The-fooctional leukemic
blasts are released intthe peripheral blood, from where they rapidly invade
other organs such as the spleen, the liver, and occasionally the central nervous

system. When left untreated, leukemia is typically fatal within weeks or months.
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INFANT ACUTE LYMPHOBLASTIC LEUKEMIA

Acute lymphoblastic leukemia (ALL) in infants (i.e. children below the age of 1
year) is rare, accounting for about 4% of all pediatric ALL cases. Compared with
older children with ALL, infant ALL possesses unique clinical and biological
features. The mjarity (~80%) of the infants diagnosed with ALL carry leukemia
specific chromosomal translocations involving Mxed Lineage Leukem{dLL)
gene.>? As a result of such translocations, theé¥minal portion of theMLLgene
becomes fusedo the Gterminal region of oneof its many translocation partner
genes (Figure 1§.The hereby generated chimeric fusion genes are translated into
MLL fusion proteins with pinounced transforming capacitylo date over 70

partners have been identified.

normal chromosomal
chromosomes dout;le slt(rand translocation
rea
4 11 t(4;11)(921;923)
2;1 = — —>
AF4-MLL
MLL-AF4
Ic\;ﬂzLaL H
)

"

Figure 1.MLL translocation Schematic representation of chromosomal translocation
t(4;11)(g21,;923), fusing the-Mrminal region of theMLLgene on chromosome 11 to the

Gterminal region of theAF4gene on chromosome 4, and vice versa.
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The most recurrentMLL translocations found among infant ALL patients are

t(4:11), t(11;19), and t(9;1D)°, giving rise to the fusion proteins MAE4, MLL

1

ENL, and MLAF9, respectidg (Figure 2). Infant ALL patients without a
rearrangement of theMLLgene, are generally referred to as wilghe MLLinfant

ALL patients oMLLgermline infant ALL patients.

Infant ALL MLL:rearranged infant ALL
by MLLstatus by fusion partner

unknown
MLL status
18%

MLL-AF4

53%

Figure 2. Frequencies diLLrearrangements and wiledype MLLin infant ALL Frequency
of wild-type MLLand MLL rearrangement in infant ALL (left) and frequencies of fusion

partner inMLL-rearranged infant ALL (right) according to the Interifaﬁtstudy.6

While in the last decades evefree survival (EFS) chances for pediatric ALL
patients have increased dramatically, nowadays exceeding ‘8@#taining
successful treatment results in infant ALL remains a major challenge. Although
morphological complete remission is achieved in approximately 95% of the infant

ALL patients®° overall outcome in infant ALL is very poor due to an exceptionally
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high relapse rate. To date, EFS rates Ntrl-rearranged infant ALL approach
50%?° Apart from the presence of aMLLtranslocation (Figure 3), age <6 months,
very high white blood cell counts at diagnosis, and a poor response to prednisone
are the most important factors predicting a poor come in infant ALL®
Furthermore, minimal residual disease is an independent prognostic factor in
infant ALL. Moreover, MDRD can be used for treatment inteigenin infant
ALLY Neonatal leukemia (age <1 month) is very rare and generally assumed to be
fatal. Except for case reports, there is no psied data available concerning

these neonates.

10

.8
08 wild-type MLL
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EFS

other MLL rearrangements
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Figure 3. Clinical outcome of infant ALEventfree survival of infant ALL patients

according to the status dflLLgeneandtype of MLL translocation.
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TOWARDS TARGETED THERAPY IN INFANT ALL
1

Several studies demonstrated th@diLL-rearranged ALL is characterized by a
unique gene expression profité.*? Recently our laboratory publishedigh-
resolution gene expression profiling data showing that, apart from a fundamental
signature shared by aMLL-rearranged infant ALL samples, each typeMifL
translocation is associated with a translocatigpecific gene expression signature
as well. Frethermore, it was demonstrated that wiltype MLLinfant ALL specifies

a gene expression pattern that is different from bd#il-rearranged infant ALL
and pediatric (nofinfant) precursorBCPALL'® Although the large majority of
patients achieves complete remission, approximately 63% relapses in the first
year after achieving contgte remission. More effective therapeutic strategies are
therefore needed to improve prognosis. The unique gene expression profiles
associated withMLL-rearranged infant ALL hold the potential to reveal novel

genetic characteristics that may serve as Hygzutic targets.
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OUTLINE OF THIS THESIS

Chapter 2is a review describing leukemia in neonates (infanis month),
including neonatal acute myeloid leukemia (AML) and ALL. It covers biological and
clinical aspects of this subgroup of infant leukemia patients and discusses future
perspectives.

Neonatalcor congenitat ALL is rare and assumed inevitably fakalt no series
have been published on neonatal ALL except for case refh@pter 3reports

the clinical features and outcome of neonatal ALL uniformly treated with curative
intent according to the Interfar®9 protocol.

Infant ALL patients that do ndtarbor a rearrangement of th&iLLgene (wild

type MLLinfant ALL patients), carry a gene expression pattern that is different
from both MLL-rearranged infant ALL and pediatric precurd®CPALL These
gene expression profiles are describedcimapter 4 and are the foundation of
research described in the following chapters.

Chapter 5addresses the thus far underreported group of wijghe MLLinfant ALL
patients. Although this group of patients generally does better thdhl-
rearranged infant ALL patients tarms of survival, their prognosis is still worse
compared with nornfant pediatric BCPALL patients. In order to find new
openings for treatment optimization, in this chapter we clinically and molecularly
characterize this wildype MLLinfant ALL patiet group.

In order to facilitate the discovery of therapeutic targetdMihL-rearranged infant
ALL, inchapter 6we report on gene expression profiling after repression of the
MLL fusion protein. Herewith we identify genes readily responsive to the foss o
the MLL fusion with the aim of discovering new therapeutic targetdMirl-

rearranged infant ALL.
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One of the genes responsive to the loss of the MLL fusion, and a gene recently,
identified to be transcriptionally driven by MLL fusion proteins is cydjmendent
kinase 6 CDK®. Inchapter 7we validateCDK@as a direct target of the MEAF4 l
fusion protein and assess its role in the proliferative advantadgdldfrearranged
leukemia cells. We initiate investigation of the role of Cidfdhitor PD0332991

as a new treatment agent iNlLL-rearranged ALL.

Differential gene expression analysis between infant ALL patients and pediatric
(norrinfant) BCPALLpatients reveal€ElDlas specifically expressed in infant ALL
which is discussed ithapter 8 To asses$e potential of this gene as therapeutic
target, we use lentiviral knockdown experiments to determine the consequences
of loss ofEID1on the growth and survival dfiLL-rearranged leukemia cells.

Chapter 9summarizes this thesis and comprises a gehéiscussion and this

thesis concludes with& dzil OK & dzY Y| NB A vhafdter ®Y | y Q& SN
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SUMMARY

Leukemian neonates (infants <1 month) is rare, whereby neonatal acute myeloid
leukemia (AML) is more frequent than neonatal acute lymphoblastickemia

(ALL). High mortality rates are observed, though AML has a better prognosis than 2
ALL. Neonatdeukemiais typically presented with hepatosplenomegdbukemia

cutis and/or hyperleucocytosis. Congenital infections should be ruled out before
diagnosis. Rarrangement of theMLLgene is the most frequently occurring
genetic aberration. Treatment includes intensive malgent chemotherapy,

usually with ageelated dose adjustments next to supportive care. Treatment
intensification for ALL could be indicatedthe future as the dismal prognosis is

subject to high relapse rates in ALL.
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INTRODUCTION

Neonatalg or congenitalg leukemiais diagnosed in the first 30 days after birth.
Estimated incidence of neonat&ukemiaranges from 1 to 5 per million live
births.?Less than 1% of all childhodeLikemiais diagnosed in neonate5Two
publications reviewing 117 patients and 145 patients respectively described a
higher reported frequency of acute myeldigukemia(AML)(56¢64%) than acute
lymphoblastic leukemia (ALL) (2438%), plus a few cases of biphenotypic
leukemia **

Aside from trisomy 21, the most frequently occurring chromosomal aberration in
both neonatal AML and ALL is a translocation involving the mixedgéne
leukemia(MLL gene, located on chromosomal band 11923. HerebyMhé&gene
breaks and fuses to one of its many translocation partners, forming a new fusion
product. In normal embryogenedidLLregulates gene expression in an epigenetic
manner and isequired for adequate numbers ofematopoietic progenitors and
their proper differentiation’ In MLL-rearranged leukemia this program is
deregulated, leading to an aberrant gene expression with upregulation of multiple
oncogenes® In earlier reports a fregency ofMLLrearrangements in neonatal
leukemiahas been described of 865%,>* but a more recent report in neonatal
ALL describes a frequencyME Lrearrangements of up to 93%Very likely this
difference is due to refinement of the technique imliscoveringvLL
rearrangements over the last decades, like timroduction of the splisignal
FISH methodologiacilitating the identificationof known and new translocations
involvingMLL Further, acute megakaryotieukemia(AMKL) (FAB M7) in nen
Down patients is strongly associated with t(1;22)(p13;q18)ming the fusion
gene RBM1BJKL1. This rearrangement is present in about 70% of all infant AMKL
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patients ®°and was reported in eight out of 13 ndbown AMKL patients

reviewed by Isaacs.

ETIOLOGY 2

Theetiologyof infant (<1 year of agé¢ukemiarather than neonataleukemiahas
been studied. As the definition of congenitalkemiais arbitrary and due to the
high incidence oMLLrearrangements in both congenital and infdaukemia the
etiologyof these two groups will largely overlamd will here be discussed as one
group.

The etiology of MLL:-rearranged infaneukemiahas been studied in depth over
the last decades. The observation of infant twins with concordankemiawho
each share clonaLLrearrangements in their leukemic cels provides
unequivocal evidence that the leukemogenic event originates in ufdio.the
same context it was demonstrated thitl l-AF4genomic fusion sequences are
already present in the neonatal blood spots of Guthrie cards of infants later
diagnosed th ALL, providing more profound evidence for prenatal initiation of
the diseasé! Associations between developing infatgukemia and maternal
exposure to multiple toxins have been extensively explored, and demonstrated
increased risk after maternal marana use and alcohol consumption, but not for
instance cigarette smoking****The observation that the topoisomerase
inhibitor etoposide causes therapglatedMLLrearranged AMt‘led to
epidemiological and experimental studies of related dietarynpounds called

(bio)flavonoids. Flavonoids, present in citrus fruit, wine, tea and dark chocolate,
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have been demonstrated witro to induce doublestrand breaks of thdLLgene.

A maternal diet high in flavonoids is therefore suspected to increase tkeofis
MLL-rearranged infantleukemia Definite evidence for this hypothesis has not
been provided, possibly due to the complexity of dietary research and the low

incidence oMLL-rearranged infanteukemia>*’

SIGNS AND SYMPTOMS

Clinical signs of neonatidukemiavary a great deal among patients.

Characteristic clinical manifestations

Hepatosplenomegaly, a very frequently occurring symptom, can be found in
around 80% of the patient3!® Enlargement of the liver is found moréten than

an enlarged spleen. Enlarged lymph nodes are found in only one out of four
patients.?

Leukemiacutis, which is described in around 60% of all patietft§®are specific
cutaneousleukemicinfiltrates and usually appear as firm blue, red, or purple
nodules in ayeneralizedlistribution. *° Leukemiacutis is reported to be the initial
presenting sign in about half of the neonatal cadélt is a cause of the scalled
Wof dzSOSNNBe Xa@zFTAY 0

The third clinical featurehyperleucocytosisis present in the majority of the
patients. Fortyseven out of 55 (85%) ALL patients and 37 out of 72 (49%) of the
AML patients had a white blood cell (WBC) count =509/l from the neonatal
leukemia m@tient group reviewed by Isaac4 contrast, infant AMKL patients

with t(1;22) were described with a decreased leukocyte number, anemia and
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thrombocytopenia® A severe complication diiyperleucocytosiss the leucostasis
syndrome, in which white cell gpgs are formed in the microvasculature, leading

to cardiac failure and respiratory and neurological problems. Neurological
symptoms in the neonate as part of the leucostasis syndrome can be in the form
of somnolence and coma, papilloedema, retinal veintetision and retinal
haemorrhage?®?*A respiratory leucostasis manifests itself usually in the form of
unspecific symptoms such as tachypnoea, dyspnoea, hypoxia, pulmonary

infiltrates or respiratory failure.

Secondary clinical manifestations

Extramedullary infiltration of théeukemiaand overgrowth of the bone marrow
leading to anaemia, thrombocytopenia and/or neutropenia may cause various
secondary clinical manifestations, e.g. increased bleeding tendency, infections and
failure to thrive.

Diverse neurological findings such as cranial nerve palsies, seizures, and
papilloedema are likely caused by infiltration into the central nervous system,
which is present in more than a third of the patients. Mening&alkemic
infiltration is indicated bya bulging fontanel Neurological findings may
alternatively be explained by intracranial bleeding due to the thrombocytopenia,
possibly also leading to a bulgifigntanel, and secondary to infarction in the
presence of leucostasis. Respiratory signs awshpgoms may be caused by
thrombocytopenia due to pulmonary hemorrhage, but can also be explained by
leukemic infiltration leading to atelectasis or pneumonia due to neutropenia.
Besides pneumonia, diverse infectious problems including sepsis occur in these
neonates. Cardiac failure and nammune hydrops in the newborn have been

described due to severe anaemfaAnaemia and thrombocytopenia can further
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induce diverse signs such as pallor, failure to thrive, lethargy, melena, and

bleeding tendencies.

Sigrs in utero

In-utero hepatosplenomegaly, hydrops and polyhydramnios can be detected by
ultrasound. Fetoscopy and umbilical blood sampling can then establish the
diagnosis ofleukemia When theleukemialeads to stillbirth, the placenta is
enlarged andeukemiccells can be found in the extramedullary organs at autopsy.
Isaac8described five stillbirths among 145 diagnoses of neonlatatemia but

the incidence should likely be estimated higher due to underreporting of stillbirth.

CYTOGENETICS

ALL

Morphologically three out of four patients with neonatal ALL have an immature B
cell phenotype without CD10 expression and with CD19 posifivifl-Cell acute
leukemiawas described in only one case repditTypical for neonatal (and
infant) ALL is the coexression of myeloighssociated antigens (e.g. CD33),
suggesting origin in a stem cell not fully committed to the lymphoid
differentiation. #*° A phenotypic switch from lymphoid to myeloid lineage (and
vice versa) at relapse has been described repeaté@Ten out of 145 reviewed
neonatalleukemiapatients were described as biphenotygitn the great majority

of these ALL patients t(4;11)(g21;923) or t(11;19)(g23;p13) can be detected in the

leukemicblasts.
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AML

Around half of the reported neonatal AMpatients have a monoblastieukemia

(FAB M5) which is therefore the most common form of myeleidkemiain
neonates. A myelomonocytic form (FAB M4) is present in around one out of five 2
neonates presenting with AMiMonoblastic and myelomonocytieukemias are

typified by positivity for CD13, CD14, CD15 and CD33. The most common
chromosomal aberrations present in neonatal AML are t(11;19)(g23;p13) and
1(9;11)(p21;923). In the great majority of the AMKL (FAB M7}Down neonates
1(1;22)(p13;q13) is prest.

DIFFERENTIAL DIAGNOSIS

A true leukemiain neonates has to be distinguished both from other conditions
such as transient myeloproliferative disorder (TMD); congenital infections,
hypoxia, and haemolytic disease causing a leukaemoid reaction; and other
congenital neoplasms such as neuroblastoma.

Although rare, several case reports have been published describing TMD-in non
Down neonates®*’A true differentiation from TMD can only be made in
retrospect as, by definition, TMD remits spontaneously, generally in the first
months of life. TMD usulgl shows characteristics of megakaryocytic
differentiation under the light microscope and by flow cytometry. TMD is
frequently presented by pronounced organomegaly. In TMD patients (including

patients with trisomy 21) 26B0% develop into fulblown leukema within three
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years and this is typically of the acute megakaryocytic phenotype {\Mii)h a
specific genetic abnormality (GATAL mutation).

A leukaemoid reaction is seen in the presence of congenital infections due to
cytomegalovirus, syphilis, toxoplimosis, rubella, listeria monocytogenes, herpes,
and sepsi® but also after haemolytic disease and (biréated) hypoxia. A
leukaemoid reaction presents itsedflike leukemiag with hyperleucocytosis and
circulating blasts. Also hepatosplenomegaly and skin nodules (blueberry muffin
baby) due to extramedullary haematopoiesis in the neonate is frequent with a
leukaemoid reaction. However, the peripheral blood does not show the
monoclonal cell population as is seen in a tteekemia Further, in a leukaemoid
reaction the bone marrow aspirate usually shows an increase of immature
myeloid cells at different maturation stages and not the monocldeakemic
population. Congenital fections usually come with intrauterine growth
retardation and/or microcephaly and should be ruled out through serological
tests.>

Other congenital neoplasms such as disseminated neuroblastoma and Langerhans
histiocytosis can resemble congenitalkemia Disseminated neuroblastoma can
also present itself with hepatosplenomegaly and a blueberry muffin appearance.
The bone marrow aspirate, however, will show no hyperleucocytosis and cell
counts in peripheral blood are usually within normal ranges. A blughbmauffin
appearance has a number of other differential diagnoses such as
rhabdomyosarcoma and also Langerhans histiocytosis. Certain congenital
infections and haemolytic disease can cause the dermal erythropoiesis underlying
this particular appearance dfhe skin. A definite diagnosis can be made by

performing a skin biopsy.
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DIAGNOSIS

As soon adeukemiain the neonate is suspected, immediate referral to a
paediatric oncologist/haematologist is required. Differential diagnoses such as
congenitalinfections and haemolytic disease should be ruled out. A complete 2
blood cell count including WBC differential count is required. Definite diagnosis
can be made based on peripheral blood smear and bone marrow aspirate.
Additionally laboratory assessment isieeded to perform morphology,
immunophenotyping and genotyping for full diagnosis and stratification of the

leukemia(Box J.

Complete blood cell count
Peripheral blood smear

Bone marrow aspirate with morphology, immunophenotyping and genotyping

Box 1. Key diagnostic tests for diagnosing leukemia

TREATMENT AND PROGNOSIS

When the diagnosisleukemia is established, an intensive muégent
chemotherapeutic regimen should be started. There is no specific treatment
protocol for the treatment of either neonatal ALL or neonatal AML. Neonatal ALL
patients are usually treated as infant ALL patients wittcheemotherapeutic

regimen based on ALL principles combined with elements of AML treatment.
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Treatment protocols include steroids, vincristine]-asparaginase, -6
mercaptopurine and methotrexate together with anthracyclines and cytarabine.
Neonatal AML patierst are treated similarly to older AML patients with a
chemotherapeutic regimen mainly based on cytarabine and anthracyclines. An
overall survival of <10% is estimated for neonatal ALL from case reports published
from 1970 to 20033“In the more recent Irdrfant-99 study, 30 neonatal ALL
patients were treated with a hybrid regimen combining ALL treatment with
elements designed for treatment of AML, resulting in 17% 4@mm survival.’
Relapse in neonatal ALL is particularly high; although in the Integfastudy 87%

of neonates achieved a morphological complete remission, 73% of the patients
relapsed’

There is no report of neonatal AML patients treated on a uniform protocol but the
survival is estimated at about 25%Relapse rate in AML was estiradtat about
50%?3 These numbers may be better nowadays as these case reports date back as
far as the 1970s and the outcome of infant AML has improved considerably with
intensive chemotherapy including repeated cycles of figke cytarabine and
anthracyclhes. “***After agerelated dosage adjustments, toxicities are
considered manageable in neonates for AML and ALL.

Next to chemotherapy, haematopoietic stem cell transplantation (HSCT) might be
an additional treatment option. In paediatric AML it wescently shown that
patients withoutMLLrearrangements did not benefit from transplantatioff,
Concerning the role of HSCT in the managememldtrearranged infant AML,
contradictory results have been published; it was suggested that improved
survivalrates were achieved allocated to allogeneic stem cell transplantation in
the AML-BFM 98 study?* whereas Balgobind etl. ** in a much larger cohort

showed that patients wittMLL-rearranged AML did not benefit from allogenic
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HSCT. In infant ALL, HSCT measrted to be a valuable option only in a small,
group; namelyMLL-rearranged ALL patients aged <6 months, either with poor
response to steroids at day 8 or with leucocytes >800%1. ** In infant ALL
overall no added value of HSCT compared with chbperapy alone has been

shown.*>* 2

SUPPORTIVE CARE

During the initial period after diagnosis tHukemia conservative measures are
indicated such as correction of the electrolyte balance, hydration control,
treatment of hyperuricaemia and coagulation imbalances in order to prevent
serious complications. A more ambiguous topic in the initial supportive cfre
leukemia is rapid cytoreduction in order to prevent leucostasis syndrome.
Whereas many practitioners order leukapheresis or exchange transfusion when
WBC reaches 30010%I, the actual therapeutic benefit of leukapheresis and
exchange transfusion is known.***! Besides WBC the clinical condition of the
patient is important role in the decisiemaking for supportive care of the

neonate withleukemia

FUTURE PERSPECTIVES

The low survival rates for both neonatal ALL and AML warrant a decisive

approat. Understandably there is a hesitation to treat these vulnerable patients,
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but above all it is important to achieve and maintain complete remission for these
neonates. New treatment strategies are urgently needed in order to increase
current survival rate of neonatalleukemia Data from the Interfan®9 study
implied not that induction failure is causing the dismal prognosis of neonatal ALL
but rather that the relapse rate is very higfthis advocates an early
intensification of treatment. One possibletrategy for intensification is
reconsidering the dose reductions that are now common practice in the
treatment of neonates due to fear of severe toxicity. Possibly these dose
reductions contribute to the higher relapse rate in these young children, as the
strongest predictor of relapse in patients with ALL is the administered treatment
itself>* The limited number of pharmacokinetic studies in this population
represent a challenge. Both the Interfad® study (infant ALLand the AMEBFM
98/-2004" appliedagerelated dose reductions and reported no excessive toxicity

in neonates, which may allow dose intensification.
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ABSTRACT

Acute lymphoblastic leukemia (ALL) diagnosed in the first month of life (congenital
ALL) is very rare. Although congenital ALL is often assumed to be fatal, no studies
have been published on outcome except for case reports. The present study
reports the oudcome of thirty patients with congenital ALL treated with the
uniform Interfant99 protocol, a hybrid regimen combining Atdéatment with
elements designed for treatment of acute myeloid leukemia. Congenital ALL was 3
characterizedby a higher WB€ount anda strong trend for higher incidence of
MLLrearrangements and CDitegative Blineage ALL compared to older infants.
Induction failure rate was 13% and not significantly different from that in older
infants (7%, p=0.14) but relapse rate was significanifjher in congenital ALL
patients (2year cumulative incidence (SE) was 60.0 (9.3) vs 34.2 (2.3), p<0.001).
Twoyear EFS and survival of congenital ALL patients treated with this protocol
was 20% (SE 9.1). Early death in CR and treatment delays duectty taeire not
different. The survival of 17% after last follays, combined with a toxicity profile
comparable to that in older infants, justifies treating congenital ALL with curative

intent.



44

INTRODUCTION

Acute lymphoblastic leukemia (ALL) in infafutp to 1 year of age) is known to be
biologically different from ALL in older children diagnosed with ALL. ALL in infants
is more often associated with a higher tumor load at diagridsis rearrangement

in the mixed lineage leukemia (MLL) gene and vemature Bcell phenotype
(pro-B ALL) without CDiéxpression® Infant ALL cells are more resistant to
several standard chemotherapeutic agetftand the disease is alstharacterized

by a poorer prognosis compared to older childref.

Congenital ALis diagnosed at birth or within the first month of life and is very
rare. Although it is assumed to be inevitably fatal and toxicity of the
chemotherapeutic agents in these very young infants is unclear, to the best of our
knowledge no series have been pished on congenital ALL except for case
reports. Bresters et &l reviewed 24 patients with congenital ALL diagnosed over
25 years of time that were described in case reports: all patients died.

We recently reported the results of a large internationalll@borative trial,
Interfant-99, in infants younger than 1 year with AflHere we detail the
outcome and characteristics of thirty patients with congenital ALL who received

uniform therapy with curative intent.
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The hterfant-99 trial design, the inclusion criteria and recruitment methods have

been published earliel Individual study groups obtained ethics approval from

their own institutions. Of the 518 infants diagnosed with ALL, which account for

approximately 3% f the ALL population, 35 patients were younger than 1 month
O2Yy FANNAY 3

00X on

thousand with ALL). The present study reports on thirty cases were treated with

RI&aovs

Interfant-99 (Figure 1).
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Procedures

Enrolled patients were stratified into standarigk and higkrisk groups on the

basis of their response to one week of daily systemic prednisone (at a dose of 60
mg/m® and one intrathecal dose of methotrexatPatients were classified as
standard risk if their peripheral blood blast count was less than 1000 cells per pl at
day 8 and high risk if the blast count was equal to or greater than 1000 gér pl.
Patients were tested for MLL gene rearrangement withtsgjnal fluorescent in

situ hybridisation (FISH), polymerase chain reaction (PCR), or both. Absence of
MLL rearrangement was defined as a negative split signal for FISH.

The Interfant99 treatment was a hybrid regimen combining standard ALL
treatment with elements designed for treatment of acute myeloid leukemia. The
protocol consisted of multiagent phases of induction and consolidation
chemotherapy, followed by maintenance treatment with antimetabolit®Boses
GSNE | R2dza i SR I OO02 NiReisyad of dazh tredtment fhade:a Q |
children younger than 6 months were given tthords of the full dose and
children of 6 to 12 months received thrdeurths of the full dose. Total treatment
duration was 104 weeks.

The induction phase consisted of astlard fourdrug induction: dexamethasone,
vincristine, daunorubicin,-asparaginase (E. Coli) with the addition of {dese
cytarabine®® The MARAM phase was a consolidation cotirget included high
dose cytarabine and higthose methotrexate. OCTADD sva reinduction block
derived from the consolidation phase of the BeffirankfurtMunster (BFM) trials
for treatment of acute myeloid leukemiy except that prednisone was replaced
by dexamethasone. Standarzk patients were given a maintenance phade o
oral 6mercaptopurine and methotrexate, combined with pulses of

dexamethasone and vincristine and intrathecal methotrexate with steroid in the
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first three cycles. Highisk patients were given standard maintenance therapy
intensified with pulses of cytabine and etoposide in the first three cycles.
Patients were randomly assigned to receiving an extra late intensification
(VIMARAM) phase (similar to the MARAM maintenance block but with the
addition of vincristine)/ In case of availability of a suitabldonor, highrisk

patients were eligible for allogenic bone marrow transplantation. Only one
congenital ALL patient underwent a bone marrow transplantation instead of
maintenance therapy. For more details on the treatment protocol see Pieters et 3
al, 2007%

Statistical Analysis

The Interfant99 trial database was used for analysis. The Fisher exact test was
applied to investigate the association between age group (congenitabatidnts
OSNRdza 2t RSNJ Ay Flydao | yR atefiiKductidh G A Sy (
failures. The Wilcoxon test was used to compare durations of treatment phases
between age groups. Endpoints were early death (during induction); resistance to
induction {.e., no complete remission (CR) at the end of the induction phase);
relapse; death in CR; and second malignancy. Outcome measures werdregent
survival (EFS), defined as the time from diagnosis to any one of the endpoints and
survival, defined as time to death from any cause. Time was censored at the latest
follow-up awailable, if no events were recorded. Follap was updated at
December 2007. EFS and survival curves were computed with the Kdeian
estimator and their standard error (SE) with the Greenwood formula. Thealug

test was used for univariate comparisa A onestep Cox model was applied to
estimate the hazard of relapse for congenital ALL as compared to older infants,

adjusting for relevant factors. The probabilities of relapse and death in CR were
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estimated by applying the cumulative incidence estiaratvhich accounts for
competing risks, and were compared according to Gtajll tests were twe

sided. SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA), SAS 8.2 package
(SAS Institute, Cary, NC, USA) and R statistical software (http://www.R

project.org) were used for data analysis.
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RESULTS

Patient characteristics

35 Congenital ALL patients were eligible to enter the Interfhiprotocol. Five
patients did not enter due to various reasons (see figure 1), whom all died
respectively at theday of diagnosis, two days after diagnosis, one month after
diagnosis (two patients), and one patient who was treated died five months after
diagnosis (two weeks after relapse). Table 1 shows the distribution of relevant 3
characteristics in thirty patientsvith congenital ALL and in the remaining 452
infants treated with Interfart99. The percentage of patients with a poor response

to prednisone was not significantly different between the congenital ALL group
(39%) and the older infants agedl2 months (30%(p=0.29). Also sex and GNS
involvement did not differ between these two groups (p=0.71 and p=0.48,
respectively). Congenital ALL cases more often presented with a high white blood
cell (WBC) count (p=0.01): only 23% had a WBC count at diagnosis < %00 x10
compared to 46% in the group agedl2 months. There was a trend towards a
higher incidence of a CDiggative, Blineage immunophenotype in the
congenital ALL group (76%) compared to the older patients (62%) (p=0.09) and for
a higher incidence (p=0.09) of Mtdarrangement in congenital ALL (93%) versus
older patients (78%). Thdistribution of the different MLL fusion partners did not
differ (p=0.53). In both age groups, t(4;11) was the most common type of
translocation (congenital ALL 48% 53% in older patients). A t(11;19) was found

in 32% of congenital ALL patients, whiles was seen in 19% of older infants.
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Enrolled ZX Standard Highrrisk
patients risk patients  patients
Age at diagnosis, months 0-1 1-12 01 112 0-1 1-12
Total patients 30 452 17 307 12 139
Female sex 17 234 0.71 10 161 6 71
(57%) (52%) (59%) (52%) (50%) (49%)
WBC count (cells per L) 0.01
Less than 100x£0 7 204 7 167 0 35
(23%) (46%) (41%) (55%) (25%)
100-300x14 16 123 9 91 6 32
(53%) (27%) (53%) (30%) (50%) (23%)
> 300x10 7 121 1 48 6 72
(23%) (27%) (6%) (16%) (50%) (52%)
Not known 0 4 0 1 9 0
Immunophenotype 0.09
B-lineage: CD10 positive 22 251 14 168 7 80
(76%) (62%) (88%) (61%) (58%) (63%)
B-lineage: CD16@egative 6 133 2 103 4 29
(21%) (33%) (13%) (37%) (33%) (23%)
B-lineage: CD10 unknowi 1 37 1 25 0 12
Other 0 21 0 5 0 16
(5%) (2%) (11%)
AUL 1 2 0 1 1 1
(3%)  (0%) (0%) (8%) (1%)
Not known 0 8 0 5 0 1
11923 abnormalities nonomh
Not (fully) known 3 83 0 51 3 20
MLL germline 2 80 1 59 1 21
(7%) (22%) (6%) (24%) (11%) (18%)
MLL rearrangement 25 289 16 187 8 98
(93%) (78%) (94%) (76%) (89%) (82%)
t(4;11) 12 154 8 101 3 50
(48%) (53%) (50%) (54%) (38%) (51%)
t(9;11) 1 34 1 25 0 8
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(4%) (12%) (6%) (13%) (8%)
t(11;19) 8 56 5 34 3 22
(32%) (19%) (31%) (18%) (38%) (22%)
Ol KSNJ Fdzaxz 2 23 2 12 0 11
(8%) (8%) (13% (6%) (11%)
Fusion partner unknown 2 22 0 15 2 7
(8%) (8%) (8%) (25%) (7%)
CNS involvement 0.48
Yes 3 41 1 25 1 14
(10%) (11%) (8%) (9%) (13%) (12%)
No 18 347 11 244 7 102 3
(90%) (89%) (92%) (91%) (88%) (88%)
Not evaluable or not 9 64 5 38 4 31
Known
In vivoprednisone response 0.29
Good response 17 301 16 300 1 1
(61%) (70%) (8%) (1%)
Poor response 11 127 0 0 11 127
(39%) (30%) (92%) (99%)
Not evaluable 0 6 0 2 0 4
Not known 2 18 1 5 0 7

Table 1. Patient characteristics by age group and risk grofb.data are number (%).
Percentages calculated as proportion of the known and evaluable data. AUL = acute
undifferentiated leukemia. MLL = mixed lineage leukemia. CNS = central nervous system.

A Comparison (Fisher exact test) between congenital ALLmiatand ALL patients aged 1

M H Y 2 vy (i Kalu® fotassadiation between age group and presence of MLL
rearrangement. For MLL rearranged patients, distribution of translocation did not differ
AAAYAFAOLYGE@ OLI ndpod 0Si6SEyhe MA JenadiblP dzLIa ¢
defined, but differs from that in t(4;11), t(9;11) or t(11;19).
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Outcome

Outcomes are described for 482 enrolled patients overall (thirty with congenital
ALL, see Table 2), with a median foHopv time from diagnosis of 58 months
(range 1102). Nine patients were diagnosed at the age ef @ays and 21
patients at the age of-80 days. One congenital ALL patient (diagnhosed at the age
of 24 days) and two older patients died during the first week of prednisone
treatment (and could terefore not be further stratified in the standardr high

risk group). Two out of thirty congenital ALL patients (7%, diagnosed both at the
age of 07 days) died during the induction phase whereas sixteen of 452 (4%)
older patients died during inductiorDne congenital ALL patient did not achieve
CR at the end of induction and died thereafter (age at diagnosis 0 days), while
eleven patients were resistant among the older infants (eight died). The induction
failure rate in congenital cases (13%) was nonifitantly different from that in

older patients (7%, p=0.14).

Nineteen out of 26 (73%) congenital ALL patients had a relapse after achieving CR,
while relapses in the infants of-12 months were 176/423 (42%) (p<0.001). All
relapses in congenital ALL patits presented in the bone marrow and none were
detected in the CNS. Ten relapses occurred within 6 months from CR, six between
7 and 12 months, and the remaining three after one year (of whom only one after
the end of therapy, at 2.6 years). All relapspdtients died. The cumulative
incidence (SE) of relapse in the congenital ALL patients was 60.0 (9.3) at two
years, while the corresponding figure for older infants with ALL was 34.2 (2.3)
(p<0.001). Results of the multivariable Cox model indicate thapgewital ALL
cases had a significantly higher risk of relapse than older infants (hazard ratio 2.4,

95% CI 1.8.9, p<0.001), even after adjusting for known prognostic factors (WBC
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Enrolled p Standard High-risk
patients risk patients  patients
Age at diagnosis, months  0-1 1-12 0-1 1-12 0-1 1-12
Total patients 30 452 17 309 12 139
No CR 4 29 0.148 2 10 1 17
(13%) (7%) (12%) (3%) (8%) (12%)
Deaths in prephase 1 2 0 0 0 0
(3%)  (3%)
Deaths in induction 2 16 1 8 1 8
(7%)  (4%) (6%) (3%) (8%) (6%)
Resistants 1 11 1 2 0 9 3
(3%)  (2%) (6%)  (1%) (6%)
CR 26 423 15 299 11 122
(87%) (93%) (88%) (97%) (92%) (88%)
Relapses 19 176 <0.001 10 102 9 72
(73%) (42%) (67%) (33%) (75%) (51%)
Bonemarrow 18 124 10 67 8 56
(95%) (70%) (100%) (66%) (89%) (76%)
Bone marrow+ testis 1 1 10 67 8 56
(5%) (1%) (100%) (66%) (89%) (76%)
Other 0 50 0 34 0 16
(13%) (15%) (10%)
SMN 0 1 0 1 0 0
(0%) (0%)
Alive in CR 5 223 3 180 2 43
(17%) (54%) (18%) (63%) (17%) (36%)
Deaths in CR 2 23 0.7 2 16 0 7
(8%) (9%) (40%) (5%) (6%)

Table 2. Outcome by age group and risk grodl.data are number (%). SMN = secondary
malignant neoplasm, CR = complete remissidinless mentioned otherwise, comparison

of cumulative incidence of events in corresponding row(s), in congenital ALL versus ALL
patientsaged MH Y2y (iK&AX W [/ 2YLI NrAazy 2F O2YLX SiS
patientsvs.ALLpatients aged 112 months.
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count at diagnosis, MLL gene rearrangement and response to prednisone) and
other characteristics (sex, immunophenotype).

Two out of 26 (8%) congenital ALL patients in CR died from toxicity, one from a
brain abscess and one due to septic complications (2 and 5 months from
diagnosis, respectively). 23 deaths (9%) occurred in older ALL infants. The
cumulative incidence (SE) @éath in CR at two years was 6.7 (4.7) and 5.1 (1.0) in
congenital ALL and older ALL infants, respectively (p=0.70).

Five patients (17%) with congenital ALL were still in CR at last fafipafter 29

up to 103 months from diagnosis. No second maligresiere diagnosed among

the congenital Al-patients.

EFS and survival for congenital ALL were significantly lower than for older infants
(Figure 2). Twayear EFS was 20.0% (SE 9.1, €328 and 54.2% (SE 2.4, 95%ClI
49.558.9) and overall ®ear survial was 20.0% (SE 9.1, CI-2728) and 66.4%

(SE 2.4, 95%CI 62/0.7) for congenital ALL and older infants with ALL,

respectively.
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logrank <30 daysvs.  1-12 nonths
EFS: pvalue<0.0001
SURV: pvalue<0.0001
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Atrisk
<30cdays 30 14 8 7 6 5 4 4 4 4 4 3 3
1-12moths 452 365 304 259 229 207 184 169 148 121 9% 75 60

Figure 2. Outcome by age group in the Interfa®® protocol.Logrank test for difference
in EFS and survival taeeen congenital ALL patients and ALL patients 1 to 12 months of
age. Continuous lines represent congenital ALL patients; dashed lines, ALL patients 1 to 12

months of age; thick lines (both groups), EFS; thin lines (both groups), survival.

As expected @reatment delay, as an indirect measure for toxicity, was observed
in all phases of chemotherapy in congenital ALL patients as well as in older infants
(see table 3). Nineteen congenital ALL patients and 335 infants a@j2drionths

of whom data were avaible had a median induction phase delay of 1 versus 0.3
weeks respectively. The consecutive phases, consolidation and reinduction were
started with a median delay in congenital ALL patients of 2.1 weeks (1.8 in older
infants), 1.6 weeks (2.1 in older intah and 2.8 weeks (2.7 weeks in older
infants). None of these differences in treatment delay between the two groups

was statistically significant.



Congenital ALL Infant ALL

Phase (planned duration) Patients  Actual Patients  Actual p*
with duration with duration
available (median) available (median)
data data
Induction(6) 19 7 335 6.3 0.22
Consolidatior(6) 14 8.1 288 7.8 0.5
Reinduction(8) 11 9.6 209 10.1 0.26
Intensification(6) 4 8.8 69 8.7 0.84
Maintenance 1K42) 4 42.7 98 41.9 0.55
Maintenance 1A (42) 2 44.4 14 43.1 -

Table 3. Treatment phase duration by age groupatients in numbers. Durations in
weeks.Infant ALL=aged-12 months.” Comparison of phase duration in congenital ALL

patients versus Akpatients aged 412 months.
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DISCUSSION

The limited, single case report based, literature to date suggested that congenital
ALL was invariably fatal. The present study is the first that reports on a series of
thirty patients with congenital ALL treated uniformly with curativeent. The
Interfant database includes all diagnosed infants with ALL, even if they were not
treated or not treated according to protocol. The present analysis demonstrates
that the outcome, though worse than in older infants, is not inevitably fatalo 17 3
of the congenital ALL patients were still alive at last follgw

Resistance to prednisone prephase did not differ between the neonates and older
infants. Neither was induction failure or mortality in CR significantly higher in the
congenital ALL casesmpared to older infants. Due to the small sample size, lack
of significance in this study does not prove equivalence, therefore results should
be interpreted with caution. However, patients with congenital ALL did have a
significantly higher relapse mat Congenital ALL washaracterized by a
significantly higher white blood cell count, a trend towards a higher incidence of
MLL gene rearrangements and a Ciggative Blineage immunophenotype than

ALL in older infants. These biological characteristio® I been associated with

a dismal outcome, as also a very young age per se has been established as risk
factor for an inferior outcomé? Nevertheless, a multivariate analysis showed that
congenital ALL cases had a higher relapse rate also after adjostfiother risk
factors than age. Possibly, due to fear for severe -sifiects in these young
patients, the reduced doses administered to these patients contribute to the
higher relapse rate.

As there is evidence for a prenatal initiation of acute kmia in young patients,

we realize the definition of congenital ALL defined as diagnosed within the first 1
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month of life is arbitrary. The definition is based on previous literature (e.g.
Bresters et df), though the type of Ml-tearrangement shiftsas infants are
diagnosed later. 91% of infants younger than 6 months had-fdatrangements,
compared with 66% of infants agedl1® months. Twehirds of patients with
t(4;11) or t(11;19) were younger than 6 months at diagnosis compared te one
third of patients with t(9;11)'* A longer latency from initiation to diagnosis, and

by this possibly a less aggressive form of leukemia, could be in part an explanation
for the better outcome of the older infants with Mirearranged ALL.

Improvement of outcome forhlte congenital ALL patients is still urgently needed.
New treatment strategies are under current investigation in order to improve
outcome of infants with ALL. Unpublished observations of the Intef®@ntrial
suggest that infants with MEdearrangementsyounger age and a very high WBC
might benefit from stem cell transplantation. In the current Interf@& study
different early intensification strategies are studied in order to prevent early bone
marrow relapses. New therapeutic targets have to be id@dibyunravelingthe
biology of MLirearranged ALL. Phase I/1l trials with FinF8bitors™ are currently
being initiated in infant MLkearranged ALL.

In conclusion, the current study shows a survival of 17% for congenital ALL and a
toxicity profile comparable to that in older infants. This proves that congenital ALL
is not invariably fatal and justifies treatment with curative intent. For now, the
treatment to be used should be the same as for older infants but their poor
outcome also necessitates the testing of newer approaches, such as new
strategies to prevent early relapses as tested in the ongoing Inte@&rgnd new

targeted treatments as FLIiBhibitors.
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ABSTRACT

Acute lymphoblastic leukemia (ALL) in infants (< 1 year) is characterized by a poor
prognosis and a high incidence of MLL translocations. Several studies
demonstrated the unique gene expressiprofile associated with MLitearranged

ALL, but generally small cohorts were analyzed as uniform patient groups
regardless of the type of MLL translocation, whereas the analysis of translocation
negative infant ALL remained unacknowledged. Here we gee@rahd analyzed
primary infant ALL expression profiles (n=73) typified by translocations t(4;11),
t(11;19), and t(9;11), or the absence of MLL translocations. Our data show that
MLL germline infant ALL specifies a gene expression pattern that is diffevent

both MLLrearranged infantALL and pediatric precurs@CPALL Moreover, we
demonstrate that, apart from a fundamental signature shared by all -MLL
rearranged infant ALL samples, each type of MLL translocation is associated with a
translocationspecifc gene expression signature. Finally, we show the existence of
2 distinct subgroups among t(4;Xppositive infant ALL cases characterized by the
absence or presence of HOXA expression, and that patients lacking HOXA
expression are at extreme high risk disease relapse. These gene expression
profiles should provide important novel insights in the complex biology of-MLL
rearranged infant ALL and boost our progress in finding novel therapeutic

solutions.
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INTRODUCTION

In recent years, genora@ide assessment of gene activity has proven to be of
great value in tumor classification as well as in identifying unique gene expression
signatures associated with drug response, prognosis, metastasis, angiogenesis,
and tumorigenesis. In pediatric acute lympitastic leukemia (ALL),
oligonucleotide microarray analyses have been shown to accurately predict 6
major prognostic and genetically distingiatient groups, including spédic
precursor Bcell lineage subtypes characterized by ERBX1, BCGRBL, TEAML],

and MLL translocations, or hyperdiploidy (> 50 chromosomes), avedl Tineage

ALL (FALL):® In addition, our laboratory recently identified a novel subgroup
among children with genetically yet unclassified precurserABL® In other
studies, we demonstrated how gene expression profiling can identify unique gene
expression signatures associated with resistance to prednisone, vincristine, L
asparaginase, and daunorubicin in pediatric ALL.Moreover, hese gene
expression signatures appeared to be highly predictive for clinical outcome for the
patients under investigation as well as in a completely independent patient
cohort*

Among the different genetic subgroups of pediatric ALL, -MBtranged ALL
represents the most unfavorable type of leukemia and is most frequently
diagnosed in infantsi.e., children younger than 1 vyear). In infarALL,
approximately 80% of the cases are typified by leukespiecific chromosomal
translocations involving the Mixed Lineage Leukemia (MLL) Y&arsng the N
terminal portion of MLL to the -@rminal region of one of its many translocation
partner genes. By far the most frequent MLL translocations found among infant

ALL patients are t(4;11), t(11;19), and t(9;11gjving rise to the fusion proteins
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MLL-AF4, MLIENL, and MLRF9, respectively. These chimeric MLL fusion
proteins exhibit pronounced transforming capacifiesnd independently
contribute to an unfavorable prognosisTo date, evenfree survival rates for
MLLrearranged infant ALL range between 20% and 50%, dkpgnon the
treatment protocol’ Approximately 20% of the infantLA patients carry germline

(or wildtype) MLL genes, and nowadays have a far better prognosis with -event
free survival chances of 75% to 95%.

Multiple microarray studies demonstrated that MLL translocations specify a
distinct gene expression profile that is clearly distinguishable from other ALL
subtypes and from acute myeloid leukeng®EML) 1> Moreover, Zangrando et

al recently reported a gene expression signature commonly shabgd MLL 4
rearranged ALL and AML patients, identifyingredjulated genes specifically
associated with the MLL translocation, irrespective of the type of leukemia.14 In
most of these studies, however, rather small numbers of k#ldtranged ALL
samples were malyzed as a uniform patient group, regardless of the type of MLL
translocation. Nevertheless, Mirearranged ALL may well represent
heterogeneous biologic entities characterized by a fundamental gene expression
profile shared by all patients despite thelLM fusion partner, whereas underlying
expression signatures may discriminate between the different types of MLL
translocations. To test this, we generated and analyzed gene expression profiles in
a relatively large cohort of Miiearranged infant ALL sangsl, and indeed reveal

the existence of specific ge expression signatures assaed with the different

MLL translocations frequently found in infant ALL. Furthermore, we sought to
determine whether infant ALL patients carrying germline (or Anjfee) MLLgenes
display gene expression profiles that resemble those of childhood ALL patients

older than one year of age (nenfants), or whether these patients form yet
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another genetically distinct ALL subgroup, and concluded the latter. Finally, we
show that, anong t(4;11)positive infant ALL cases, 2 distinct subgroups can be
identified based on the absence or presence of HOXA9, HOX10, HOXA7, HOXAS,

and HOXA3 expression, and show dramatic differences in refegessurvival.



Gene expression profiling 69

METHODS

Patientsamples

Bone marrow or peripheral blood samples from untreated infants (younger than 1
year) diagnosed with ALL were collected at the Erasmug{MCLIK A | | KAf RI
Hospital and other institutes participating in the recently published international
collabordgive INTERFANID treatment protocol. Samples from pediatric ALL
patients older than 1 yeari.€., noninfants) were selected from our cell bank.
Absence oMLLrearrangement was defed as a negative split sigrfal FISHFor

all primary patient samples used in this study, approval wasioéthfrom the
Erasmus MC Institutional Review Board, and authorization was acquired from the
parents or legal guardians of the children via informed consent in accordance with
the Declaration of Helsinki. Patient characteristics are listedlipplemental

material Chapter 4 Table

Sample preparation

All samples were processed within 24 hours after sampling as described
recently’® Briefly, mononuclear cells were isolated by density gradient
centrifugation using Lymphoprep (Nycomed Pharma), and-laokemic cells
were remoed using immunomagnetic beadSAll leukemiasamples used in this
study contained more than 90% leukemic cells, as deiteechmorphologically on

May-GriunwaldGiemsa (Mercl(stained cytospins.

Gene expression profiles
Total RNA was extracted using TRIzol reagent (Invitrogen) according to the
manufactizNBS NI & AyaiuNduzOiAzya:z 'yR QDO y G A F )



spectrophotometer (Isogen). The integrity of the extracted RNA was assessed on
an Agilent 2100 Bioanalyzer (Agilent). Higlality RNA was reverse transcribed
using TAinked oligedT primers, andite obtained cDNA was used as a template

to synthesize biotinylated cRNA. Labeled cRNA was then fragmented and
hybridized to HU133plus2.0 GeneChips (Affymetrix) according to the
Y ydzF I Ol dzNBS Niigifand Alzk debef ekpyeSsibribdata presented is thi
study have been deposited in the National Center for Biotechnology Information
Gene Expression Omnibisnd is accessible via GEO Series accession number
GSE1945. The gene expression data for the pediatric precuBOPALLsamples

were deposited as GSE13351 as pa recently published study.

Quantitative reattime PCR analyses

Total RNA was extracted from a minimum of 5 X 106 leukemils using TRIzol
NEF3ISyd O6LYGAGNRISYL | OO2NRAYy3I (2 GKS
the extracted RNA was assessed on 1% agarose gels. Extracted RNA was reverse
transcribed as described befofeand the obtained cDNA was used to quantify

MRNA expression of HOXA9, HOXA7, HOXA5, HOXA10, and HOXA3 relative to the
housekeeping gen82M using quantitative redlme polymerasechain reaction

(PCR). For this, PCR products were amplified using the DyNAmo SYBR Green gPCR
kit (Finnzyme) according to the manufactBrNR & NBO2YY Sy Rl (A 2y a
Green as a fluorophore to detect transcripts on an ABI Prism 7900 sequence

detection ystem (Applied Biosystems).

Statistical analyses
Raw array data were collectively normalized using vwvaestabilizing

normalization'® and differential gene expression was statistically evaluated using
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linear models for microarray analys¥sDifferences in gene expression were
deemed significant at P values (adjusted for multiple testing according tstéipe

up procedure of Benjamihiof less than .0%i.e., false discovery rate [FDR] <
0.01). All statistical analyses wererformedin the statistical environment R
using Bioconductor packages. Heatmapsre generated in GenePatterfi,and
graphical representations of principal component analyses (PCA) pvedeiced
using the GeneMath XT 1.6.1 software (Applied Maths).

As a measure of internal validation for the subtyg@ecific gene expression
signatures, the global teStwas applied ¢ evaluate whether gene lists were
significantly associated with a certain patient group. In all instances, the global
test indicated that the expression of all selected probe sets was significantly 4
associated with the corresponding patient group. To pruinformative
representations of discriminative probe sets, we chose to visualize the top 50
most significantly overexpressed probe sets for each subgroup in each

comparison.
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RESULTS

MLL-rearranged infant ALL versus pediatric precuBBPALL dataset validation
Nowadays, proper validation of gene expression profiling data is achieved either
by a doubleloop crossvalidation procedure in which the sample population is
divided into a training and a test sét,or by confirming differential gene
expression in a truly independent patient cohoetd, Holleman et 4). However,
infant ALL is a rare malignancy, and collecting an adequate number of samples to
apply such validations remains difficult, even in our INTERBANb&tient cohort

that currently represents the largest collection of infant ALL samplé&erefore,

to avoid reduction of the sample size and maintain sufficient statistical power, we
here adopted 2 recently published expression signatures that separate MLL
rearranged ALL from other ALL subtypes, based on which we used our samples as
an incependent patient cohort to validate the integrity of our dataset. The first
signature was reported by Armstrong et'&land represents 100 probe sets most
significantly discerning between Mkgarranged ALL (n = 17) and conventional
precursor BCPALL samples. The second was published by Yeolaldtand
composes 40 genes that distinguished pediatric &dranged ALL (n = 20)
from all other known genetic subtypes of childhood ALL, includingPBXA,
BCRABL, and TEAML1 positive or hyperdiploid (> 50 chromosomB&PALL

and T-ALL. As both of these studies were performed on Affymetrix HU95A
microarrays (containing 12 600 probe sets), we assessed the corresponding probe
sets on theHU133plus2.0 arrays (contég 54 675 probe sets) and determined
their discriminative capacityon our samples. For the Mikarranged ALL
signature by Armstrong et &1,97 probe sets (HU133plus2.0) could be identified

to correspond with the 100 probe sets (HU95A) in the original signaturethBor
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signature reported by Yeoh et 4l corresponding probe sets were found. Both
signatures clearly separated our Mitdarranged infant ALL patients (n = 59),
consisting of t(4;11) (n = 29), t(11;19) (n = 22), and tddjive (n= 8)
cases, from our pediatric precursBCPALL(n = 16) samples (Figure 1).

To exclude influences from subtyseecific gene expression signatures
underlying pediatric ALL, we intentionally selecBdPALLsamples from children
older than one year of age that could not be assigned to any of the major genetic
ALL subtypes. Of the 97 probe sets corresponding to the-rbdrtanged ALL
signature by Armstrong et &, 80 probe sets (82%) were significantly
differentially expressed (FDR < 0.(dgtween our MLearranged infant ALL
and BCPALLsamples. 6r the signature by Yeoh et 4B2 of the 40 probe sets 4
(80%) were expressed differentially (FDR < 0.01). Probe set identifications an
descriptions, gene names, lold changs, and P values are listed in
Supplementalmaterial Chapter Aables 2 and,3espectively.

Given the superior number of probe sets on the HU133plus2.0 GeneChips used in
the present study over the formerly used figéneration HU95A microarrays, we
further explored whether this advantage results in a more pronounced class
distinction than reported earlier. Comparing our gene expression profiles of MLL
rearranged infant ALL (n = 59) with those from pediaB{€PALLpatients (n =

16), we found 1446 of the 54 675 probe sg86%) to be differentially
expressed (FDR < 0.01), of whigd90 were upregulated in MLirearranged
infant ALL. Figure 2A shows a heatmap visualization of 100 probe sets most
significantly up (n =50) and dowegulaied (n =50) in Mtiearrangedinfant

ALL compared with pediatric precurs8CPALL Probe set identifications and
descriptions, gene names, kogld changes, and P values are listed in

Supplemental material ChapterTable 4
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A MLL-rearranged infant ALL B-ALL C MLL-rearranged infant ALL B-ALL

[ MLL-rearranged infant ALL
including t(4;11), t{11;19), and t{9;11)

@ rPediatric precursor B-ALL {non-infants)

Figurel. MLL-rearrangedinfant ALLversuspediatric precursorBCRALL(HU95A) dataset
validation. Heatmapsseparatingour MLL-rearrangedinfant ALL(n = 59) from pediatric
precursor BCPALL (n = 16) samplesbased on the MLLrearrangedALL specific gene
expressiorsignaturegobtainedon HU95Amicroarrayspublishedby Armstronget al'® (A)
and Yeoh et af’ (C).Columnsrepresent patient samples,and rows representthe gene
namescorrespondingto the probe sets. Normalizedgene expressionis depictedin red
(highexpressionpr blue (low expression)(B,D)PCAor both signaturesyespectivey. Red
dots indicate MLLrearrangedinfant ALLsamples(includingt(4;11) (n = 29), t(11;19) (n =
22), and t(9;11)-positive (n = 8) cases)and blue dots representpediatric precursorBCP
ALLcases(n = 16). Patient characteristicsand detailed gene descriptionsare listed in

SupplementalMaterial Chapter 4ablesl, 2, and3.
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PCA revealed that using higbsolution HU133plus2.0 microarrays, by estimate
covering the entire human genome, additional genes can be found that more
clearly distinguish between Mikarranged ALL and conventiorBCPALLthan

the signatures reported befe (Figure 2B). For examples, probe sets
corresponding to RLP38 (ribosomal protein L38), KCNK12 (potassium channel
subfamily K member 12), and MDS027 (also known as HSPC300; hematopoietic
stem/progenitor cell protein 300) are not @sent on HU95 microeays but did
appear among the 50 most significantly-tggulated genes in Mkidearranged

infant ALL samples in our HU133plusZ@sed data (Figure 2A). Of particular
interest is the higHevel expression of HSPC300, which was recently hypothesized
to be assciated with the metastatic potential of lung squamous cell carcinoma.25 4
As such, high level HSPC300 expression may well contribute to the aggressiv
nature of MLErearranged ALL and exemplifies how our HU133plubaged gene
expression profiles may furém extend our insights in the biology of this
malignancy.

Given the vast amount of probe sets significantly apdownregulated in MLL
rearranged infant ALL, wesed highlevel HSPC300 expsisn merely as an
example of presumably many genes th@ve not been associated with MLL

rearranged ALL before.
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MuL-rearranged infant ALL a.all

@ Mit-rearranged infant ALL
including t(4;11), t{11:19), and t(3:11)

. Pediatric precursor B-ALL {non-infants)

Figure 2.MLL-rearranged infant ALL versus pediatric precursor B&IR.A. Heatmap
showing the separation dfiLL-rearranged infant ALL (n = 59) from pediatric precursor
BCPALL(n = 16) samples based on the 100 probe sets most significantly discriminative
between both patient groups as attained in our analyses using HU133plus2.0 GeneChips.
Columns represent patient samples, and rows represent the gene names corresponding to
the probe sets. Normalized gene expression is depicted in red (high expression) or blue
(low expression). The top 50 probe sets are relatively overexpressed and the bottom 50
probe sets relatively underexpressedNfiL-rearranged infant ALL (which include (@)

(n = 29), t(11;19) (n = 22), and t(9;4Dsitive (n = 8) caseB. Graphic representation of

PCA based on this gene expression signature, separatinylitheearranged infant ALL

(red dots) from pediatric precurs@CPALL(blue dots) samples

MLLgermline infant ALL represents a unique subtype of childhood ALL
Next we asked whether infant ALL patients bearing germline MLL genes simply

represent pediatric ALL patients of very young dge, € 1 year) or whether these
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patients compose an isolated ALL subgroup different from other known ALL
subtypes. Therefore, we compared gene expression profiles of MLL germline
infant ALL samples (n = 14) to those of the -Matranged infant ALL (n = 59)

and the pediatric gecursor BCPALLsamples (n = 16), lacking known genetic
abnormalities. Initially, we performed a PCA, using all 54 675 probe sets present
on the HU133plus2.0 GeneChip, without any selection. This unsupervised analysis
roughly separated the germline MLlibfant ALL samples from both the MLL
rearranged infant ALL and pediatric precursBCPALL samples (Figure 3).
Remarkably, the MLL germline infant ALL samples as a group clustered tightly to,
but separately from, the MLtearranged infant ALL samples, aolearly away

from the pediatric precursoBCPALLsamples. Thus, apart from the presence of 4
MLL translocations, young age (< 1 year), characteristically shared by all infant

either carrying rearranged or germline MLL genes, also influenced thiteichg

(Figure 3).
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Figure 3. Unsupervised clustering analysisMEL-rearranged infant ALLMLL germline
infant ALL, and pediatric precursor B@RL.Completely unsupervised clustering analysis
(PCA) oMLLrearranged infant ALL (n = 59; red dotd),Lgermline (wildtype MLL) infant
ALL (n = 14; green dots), and pediatric precuBGPALL(n = 16; blue dots) samples,
using all 54 675 probe sets present on the HU133plus2.0 GeneChip.
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Subsequently, to explore whether specific expression profiles atefide these 3
patient groups more accurately, the 50 most significantlyegulated probe sets

for each group (compared with the other 2 groups combined) were selected.
Differential expression of these most discriminative probe sets is visualized in a
heatmap (Figure 4A). Probe set identifications and descriptions, gene names, log
fold changes, and Ralues are listed in supplemental Table/As expected and
consistent with our unsupervised analysis (Figure 3), PCA showed that these 150
probe sets (almd¥ completely separated the MLL germline infant ALL samples
from both the MLErearranged infant ALL and the pediatric precur&CRPALL
samples (Figure 4B).
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Mii-rearranged infant ALL Infant ALL B-ALL

. Mii-rearranged infant ALL
including t(4;11), t{11;19), and t{3;11)

S . MLL germline infant ALL

. Pediatric precursor B-ALL {non-infants)

Figure 4. Supervised clustering analysis Mf.L-rearranged infant ALLMLL germline

infant ALL, and pediatric precursor B@®RL.A. Heatmap visualizing differential gene
expression separatinglLLgermline infant ALL (n = 14), frd#LLrearranged infant ALL (n
=59) and pediatric precurs®CPALL(n = 16) samples, based on theB0st significantly
up-regulated probe sets for each patient group (compared with the other patient groups
combined). Columns represent patient samples, and rows represent the gene names
corresponding to the probe sets. Normalized gene expression is ddpintred (high
expression) or blue (low expressior. Graphical representation of the supervised
clustering of the samples based on this expression signature. Red dots inttate
rearranged infant ALL; green dotdLLgermline infant ALL; and blue dots, the pediatric

precursorBCPALLsamples.
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MLL translocatiogspecificD 9 t afh@ng MLErearranged infant ALL patients
Accumulating evidence suggests that MLL translocations cause deregulated gene
expression as a resulff eoranslocationspecific histone modifications, which may

in part be influenced by the translocation partner gefié” Therefore, we asked
whether distinct gene expression profiles could be idémtifassociated with the

type of MLL translocation. For this we separated our Mearranged infant ALL
samples according to the type of translocatidoe,, t(4;11) (n = 29), t(11;19) (n =

22), or t(9;11) (n = 8), and determined the differentially mxgsed probe sets for

each sulgroup (compared with the other 2 subgroups combined). In total, 1229
probe sets were significantly differentially expressed between the 3-MLL
rearranged subgroups (FDR < 0.01). Figure 5A shows a heatmap visualizing the 50
most sigificantly upregulated probe sets for each of the Midarranged
subgroups. Probe et identificaions and descriptions, gene names, -foid
changes, and P values are listediipplementalmaterial Chapter 4rable 6 PCA
showed that based on these 150qte sets, t(4;11), t(11;19) and t(9;3dsitive

infant ALL cases cluster completely separate form one another (Figure 5B).



Gene expression profiling 81

A t4;11) t11;19) £(9;11) B

. t(4;11)-positive infant ALL {MLL-AF4) 4
@ 1{11;19) -positive infant ALL (MLL-ENL)

L 1{9;11)-positive infant ALL {MLL-AF9)

Figure 5. Gene expressigbased separation oMLL-rearranged infant ALL subtype#.
Heatmap demonstrating differential gene ergsion between t(4;11), t(11;19)and
t(9;11)positive MLLr infant ALL samples, based on the 50 most significantisegplated

probe sets for each patient grou@gompared with the other patient groups combined
Columns represent patient samples, and rows represent the gene names corresponding to
the probe sets. Normalized gene expression is depicted in red (high expression) or blue
(low expression)B. PCA plot clustering the t(4;11) (red dots), t(11;19) (geadots), and
t(9;11) (yellow dots) according to these 150 selected probe sets.

Subdivision of t(4;19ositive infant ALL based on the presence or absence of

HOXA expression
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Finally, we asked whether gene expression profiles existed that subdivided MLL
rearranged infant ALL samples even among patients characterized by the same
type of MLL translocation. Translocation t(4;11), giving rise to the AR4_fusion
protein, is by far the most common MLL translocation among infant ALL patients
(found in50% of dl cases). As such, t(4;11positive infant ALL represents the
largest subgroup of MEtearranged infant ALL cases in this study. Therefore, we
particularly chose our t(4;13ositive gene expression profiles to explore
differential gene expression among t{4)-positive infant ALL cases. For this, the

SD of the expression of each probe set was calculated among all {pb4itiye

cases (n = 29), to identify probe sets with the largest variation, possibly
indicating differential expression among thegsatients. Surprisingly, 6 probe sets
corresponding to HOXA9, HOXA7, HOXA10, HOXA5, and HOXA3, appeared to
display pronounced standard deviations, and consistently separated-2ysulps

of t(4;11)positive infant ALL samples uniformly characterized eitbg the
presence (n = 13) or absence (n = 16) of HOXA expression (Figure 6 top panel). To
validate these findings, quantitative reversanscribed PCR was applied to
quantify HOXA9, HOXA7, HOXA10, HOXA5, and HOXA3 expression relative to the
housekeping gene B2M in primary t(4;ppsitive infant ALL samples
characterized by either high (n = 5) or low (n = 5) HOXA expression (Fjgure
Adopting this separation, we compared the gene expression profiles and
identified an additional 31 probe sets te Wifferently expressed between these
subgroups (Figure 6 bottom panel). Several of these probe sets represented
other homeobox genes, such as HOXA4, HOXB9, and IRXAL (or IRX1) or denoted
additional probe sets for HOXA10 and HOXA7. Probe set icktimiis and
descriptions, gene names, lold changs, and P values are listed in

Supplementalmaterial Chapter Aable 7
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Figure 6. HOXAbased subclusteringof t(4;11)-positive infant ALL samples. Heatmap
visualizing2 clustersamong t(4;11)-positive infant ALLsamples(n = 29) based onthe
present or absent of HOXA9,HOXA10HOXA7 HOXAS and HOXA3expression(upper
panel).Apartfrom the 6 probe setsinitially separatingooth patient groups,and additional
31 probe sets (lower panel) appearedto be significantly (FDR< 0.01) differentially
expresseetween HOXAnegative(n =16) and HOXApositive (n =13)

t(4;11)-positiveinfant ALL.
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transcribedPCRanalysesn t(4;11)-positive infantALLsamplescharacterizedby high (n =

5) or low (n =5) HOXAexpressioraccordingto the microarraydata.

Interestingly, the relapsefree suvival varied significantly theeen both
subgroups (P = .034), with t(4;3dgsitive infant ALL patients negative for HOXA
expression being at extreme high risk disease relapse (Figurg. 8he 1lyear
cumulative relapse incidencerfel OXApositive patients was 18.2% (+ 12.3%) and
for HOXAnegative patients 58.3% (x 15.4%). In a Cox model on the hazard of
relapse, HOXAegative t(4;11positive infant ALL patients had a significantly (P =
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.036) 4.17fold increased hazard ratio (95%onfidence interval, 1.105.81)
compared with HOXApositive patients. However, as indicated by the relatively
large 95% confidence interval, these findings should be interpreted with caution
because of the small sample size. Nonetheless, a possiblenakpia for the
pronounced difference in relapdeee survival between both t(4;13ositive
patient groups may lie in the genes that discriminate between them. For example,
high-level PRDX4 (Peroxiredoxin 4) expression, such as that found in- HOXA
negativet(4;11)negative infant ALL samgl€Figure § has been assated with
metastasizing colon cancérin case PRDX4 also contributes to tumor progression
and metastasis in Mulearranged ALL, upegulated PRDX4 expression may
contribute to the worse outcome of HOX#gative t(4;11negative innt ALL 4

patients compared with patients who do show HOXA expression.

= 411k HOXA-negaive

LT 1) HOXA-poslive

Proporion Ralapsed

Yaars fom dx

Figure8. HOXAbased subclustering of t(4;13ositive infant ALL samplefRelapsdree
survival curves foHOXAnegative (n = 12) antiOXApositive (n = 11) t(4;13positive
infant ALL patients, demonstrating a significantly higher relapse incidence in #(4;11)
positive infant ALL patients lackifhtDXAexpression P = .034). Because of a lack of data
availability or exclusion of patients witded before entering the INTERFASH treatment
protocol, relapsefree survival could only be plotted for 23 of the 29 t(4:pbkitive infant

ALL cases.
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DISCUSSION

MLLrearranged ALL samples display uniqgue and ample deregulated expression
profiles that ae clearly distinguishable from profiles found in other specific ALL
subtypes®® *®  However, the number oMLL: rearranged infant ALL cases in
these studies were small, inevitably leading to the ssa$ of these samples as a
single patient group regardless of the type BfLL translocation. The most
commonMLLtranslocations among infant ALL patients are translocation t(4;11),
t(11;19), and t(9;11), and the possible existence of specific gene exqressi
profiles underlying these differe¥ILLtranslocations remains unacknowledged.

In addition, the aforementioned profiling studies made tremendous progress in
classifying unique types of genetically distinct ALL subgroups, but infant ALL cases
carryinggermlineMLLgenes were never studied in these analyses. Therefore, the
present study was designed to explore the possible existens# bfranslocation
specific gene expression profiles, and evaluates Wél germline infant ALL
genetically relates tMLL-rearranged infant ALL and ALL in children older than 1

year.

Establishing the integrity of our data, we took 2 previously published gene
expression profiles associated withLL-rear- ranged ALL and applied these
signatures to ourMLL:rearranged infant AL samples compared with pediatric
precursorBCPALLsamples. For both published signatures, approximately 80% of
the probe sets in both of the signatures appeared significantly differentially
expressed in ouMLLrearranged infant ALL samples, demonstrgtithat our
dataset is consistent with other datasets reported earlier. The approximately 20%
of the probe sets in both signatures that did not show differential expression in

our samples may be explained by slight differences or biases in the compodition o
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the patient cohorts in which these signatures were originally identified. For
example, the signature reported by Armstrong et®alyas based predominantly
on t(4;11) and t(11;19positive cases, whereas no t(9;3dgsitive cases were
included. Moreover, tls patient cohort also includedvLL-rearranged ALL
samples from children older than one year of age, as well as a few atignts.
Likewise,n the study of Yeoh et al,? the inclusioncriteria of MLL-rearrangedALL
sampleswvere solelybasedon the presence ofan MLL translocationregardlessof
age. Our MLLrearranged ALlcohort consistsentirely of infants younger than

one year in which all 3 common MLL translocationsfound among infant ALL

patientsarerepresented.

Giventhe superiornumber of probe setson the HU133plus2.0 GeneChigased 4
in the present study) over the first generation HU95Achips used in earlier
studies?t2we also comparedMLL: rearrangedinfant ALLwith MLLtranslocation
negative non-infant pediatric precursor BCPALL samples,based on our data.
This comparisondemonstrated that highresolution HU133plus2.0data are
capableof separatingthese patient groupseven more convincinglythan already
shown earlier and revealeddifferential expressionof genesthat have not been
associatedwvith MLL:-rearranged ALbefore, which may therefore provide further
insights into thisaggressig type of leukemia on top of recert progres in
understandng mechanismby which MLLfusionsalter geneexpressionThe most
important breakthrough in our comprehensionof MLL translocationinduced
transformation has been the notion that, becauseof the loss of MLL-specific
histone methyltransferase activitymecessaryfor H3K4methylation, MLL fusions
recruit alternative histone methyltransferases(e.g, DOT1L)that subsequently
establish H3K79 methylatiorin turn, H3K79 methylatiomesults in accessible

chromatin at inappropriate loci, allowing the abnormal and presumably
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pathogenic activation (expression) associated genes:2® From this respect, MLL
fusion proteins are often regarded as activating oncogemdtecules. In line with

this assumption, we here show that approximately 7000 probe sets are
significantly upregulated inMLL-rearranged infant ALL compared with rorant
pediatric precursorBCPALLsamples. On the other hand, we found an equal
amount of probe sets to be significantly dowegulated inMLL-rearranged infant

ALL, indicating that the considerably deregulated gene expression patterns in this
disease are not necessarily characterizedabyoverrepresentation of activated
genes but show that dowregulated gene expression is at least as common. In
concordance with this, we recently fourMLL:-rearranged infant ALL samples to
display vast amounts of genonveide gene promoter methylation thappeared

to be associated with the transcriptionalesicing of the affected genéé.Thus,
whereas the mechanisms by which MLL fusions activate gene expression are
currently being elucidated, the mechanisms by which MLL fusions deactivate gene

expression remain to be studied.

As inint ALL samples carrying germliNf.Lgenes have not yet been properly
analyzed as a single patient group, we compared gene expression profiles of these
patients againstMLL-rearranged infant ALL and némfant pediatric precursor
BCPALLprofiles. A comgtely unsupervised clustering analysis revealed tat
germline infant ALL resembles neithBtLL-rearranged infant ALL nor pediatric
precursor BCPALL lacking known genetic abnumlities. Based on this
unsupervised analysis using all probe sets presarthe HU133plus2.0 GeneChip,

the MLL germline infant ALL samples seem more closely relatedMid-
rearranged infant ALL samples (of the same age) than to the precursor ALL
samples, also carrying germlibdlLLgenes, derived from children older than one

year. This finding possibly reflects the influences of very young age, at which ALL
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(in the absence oMLL rearrangements) apparently develops after alternative
mechanisms, giving rise to a characteristic gene expression profile. In other words,
MLLgerm- line infant ALL may represent anigue biologic entity. Alterriavely,
these patients could also display a gene expression profile. that is more similar
than one of the established ALL subtypes not included in the present study.

Since the observation tha¥iLL-rearranged ALL displays a highly charastier
gene expression profil®, scientists have been searching for the mechanisms
driving deregulated transcription induced by the MLL fusion. AsMh¢ gene

itself has specific histone methyltransferase actigity’® which is lost during
fusion of MLL to one of its translocation partner gene$JLL translocdions
probably result in altered chromatin structures resulting from aberrant histone 4
modifications. This may, to a large extent, explain the characteristic gene
expression patterns uniformly asso@dt with MLL-rearranged leukemia.
However, influence of the transtmtion partner gene should not be ignored. A
growing body of evidence implies that many of the MLL fusion partners are part of
transcriptional regulation networks that also functiothrough chromatin
remodeling?’ and not necessarily lead to similar changes. For instance, although
the recruitment of the histone methyltrarferase DOT1L has been well
established for MLHAF4 fusions, it is certainly not unthinkable that other MLL
fusion partners ecruit histone methyltransferases othéinan DOTLL, leading to
alternative chromatin modifications. In any case, apart from basal deregulation of
gene expression driven by the interruption of tMLLgene that is shared by all
MLLrearranged leukemias, théusion partner seems to determine additional
changes in gene expression characteristic for the typ®bE translocation. As
shown in the present studyMLLrearranged infant ALL samples carrying

translocations t(4;11), t(11;19), or t(9;11) indeed disptegnslocation specific
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gene expressio signatures that clearly sepse these samples into 3 distinct
patient groups. In line with these findings, we recently found that these different
MLL translocations also specify distinct genomvae promoter methyldion
patterns?* Hypothetically, these data may collectively imply tMitl- rearranged
leukemias transfornby dramatically changing epigetic landscapes induced and
guided by the type of MLL fusion protein, which initially triggers abnormal
chromatin remodeling and subguently alters genom&ide DNA methylation
patterns and transcription, all in favor of the development of leukemia.

Finally, we asked whether distinct gene expression profiles could also be hidden
among infant ALL patients carrying the same type MEL translocation.
Interestingly, we found the presence &f separate clusters among our t(4;11)
positive ALL samples, distinguishable by either the presence or abseHtaX#9
HOXA7 HOXAL1DHOXAS and HOXA3expression. Moreover, the separation of
both t(4;11)positive infant ALL subgroups was not based on moderate variations
in HOXAexpression but rather divided patients either firmly expressing or
completely lackingHOXAgene expression. These findgs confirm a similar
observaion recertly reported by Tentin et al”® who showed that, based on the
localization of theMLLbreakpoints and the absena# presence oAF4MLL(the
reciprocal fusion transcript ofILL- AF4, and the presence or absence lHOXA
expression, t(4;1%)positive ALL samples can be subdivided into 2 separate
genetic subgroups. However, in contrast the data from Trentin et &° who
identified hundreds of genes to be associated with either high or K@XA
expression, weonly found 27 probe sets to significantly discriminate between
t(4;11)positive infant ALL patients expressing either high or ld@XAlevels.
Nevertheless, these findings are particularly remarkabldl@XAoverexpression

is thought to be a hallmark oMLLrearranged leukemia¥ #* and HOXA9
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expression has recently been postulated to be required for leukemia survival in
MLLrearranged leukemia cell lines and primavL-rearranged AML sampléS.
Surprisingly, our dataevealed that the absence ¢t1OXAexpression appears to

be of significant clinical importance, as these patients are at extreme high risk of
disease relapse, even within a patient group already characterized by a poor
prognosis. Collectively, these observations challenge the dogmaH@aA9 is
consistently highly expressed in MLL-rearranged leukemias, and demonstrate
that HOXA9 is not per se required for the maintenancdbf-rearranged infant
ALL, as t(4;13positive infant ALL patients lackitfOXA%xpression seem to be
burdened bya more aggressive leukemia with a high risk of early relapse. Thus, in
contrast to recent suggestions that suppression of HOXA9 may represent an 4
attractive therapeutic approach in AML, targeting HOXA9 in t(4;pb¥itive
infant ALL appears not to be amptmn. Finally, these data clearly indicate that
variations in gene expression patterns amadvigl-rearranged infant ALL cases are
not limited to the type ofMLLtranslocation alone but cormiue to extend beyond
translocdion-specific subgroups, at leastéase of translocation t(4;11).

Taken together, the present study demonstrates that the distinct gene expression
profiles associated withLL-rearranged infant ALL are more heterogeneous and
complicated than ostensibly shown earlier and, to a certitent, are dependent

on the MLLtranslocation partner genes. In addition, based on our gene expression
profiles, infant ALL patients lackingLL translocations differ both fromMLL-
rearranged infant ALL and nanfant pediatric precursoBCPALLpatients. The
expression signatures reported here potentially constitute new and additional
insights in the genetic makeup of boMLL-rearranged andMLLgermline infant

ALL. The work at hand now is to unravel the biologic meaning of these signatures

and implemen these novel pieces of the puzzle into currently ongoing studies on
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the complex biology of this malignancy. Eventually, these psofhould reveal
novel therapetic targets, uncover yet unidentified regulators of leukemogenesis
and leukemia maintenanceand perhaps may become useful in future gene

expressiorbased classification of pediatric ALL.
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CHAPTER 5

Molecular genetic characterization of
infant acute lymphoblastic leukemia

carryingwild-type MLLgenes
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Wild-type infant ALL lOl

ABSTRACT

Approximately 20% of all infant ALL cases carry-typé (or germlineMLLgenes.
Wild-type MLL infant ALL patients are generally regarded as young pediatric
precursorBCPALLpatients, but extensive characterization of this specific patient
group largely remains unacknowledged. We studied a relatively large cohort of 78
wild-type MLL infant ALL samples, using clinical parameters, acmayparative
genomic hybridization analysi gene expression profiling, multiplex ligation
dependent probe amplification, and conventional sequencikgld-type MLL
infant ALL patients are generally characterized by a lower incidence of favourable
prognostic factors than pediatric (neinfant) BCPALLpatients, and patients at
high risk of therapy failure typically display an immature-Branmunophenotype

or respond poorly to prednisone. Using gene expression profiling, we filEi&1
expression to additionally be highly predictive for clinicatcome in wildtype
MLLinfant ALL with a favourable prognosis in the wiide MLLinfants with low
MEISlexpression (DFS 88%% versus 50%, p=0.01):-tywddMILL infant ALL
represents a highly heterogeneous patient group, which cannot be unified by one
or a few known recurrent genomic aberrations. Highel MEIS1expression and

an immature preB immunophenotype in highisk wildtype MLL infant ALL
patients shows parallel with the unfavourable prognosidibi-rearranged infant

ALL patients.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) in infants (<1 year of age) is a rare but highly
aggressive type of leukemia, typically characterised by the presenddlLbf
rearrangements, occurring in ~80% of these patiénthe prognosis foMLL
rearranged infant ALL patients is highly unfavourdble. contrast, infant ALL
patients carryingwild-type (or germlineMLLgenes faresignificantly better, with
reported event free survival (EFS) chances of-838%" ?

For infant ALL in general, ghstrongest predictors of a poor outcome are the
presence ofMLL rearrangements and age <6 months, followed by high white
blood cell (WBC) counts (>300%10 and pooiin vivoprednisone response’s®

Infant ALL patients not carrying leukenspecific rearrangements of th#LL
gene are thought to resemble-&:l precursor ALL in older children (>1 year of
age). However, we recently showed that wijghe MLLinfant ALL specifies a gene
expression pattern that is different from botklLL-rearranged infant ALL as well
as from pediatric nofinfant precursorBCPALL® In an unsupervised clustering
analysis, wiledype MLLinfant ALL samples even appeared more closely related to
MLLrearranged infant ALL than to pediatric precursdBECPALL cases. Thus,
regardless of theMLL status, young age (<1 year) apparently specifies gene
expression similarities that are likely to be important to the biology of these
leukemias.

Pediatric (norAnfant) precursorBCPALLcan generally be subdivided based
gross chromosomal aberrations, including the chromosomal translocations
t(12;21) ETVERUNX], t(9;22) BCRABL]), t(1;19) E2APBX], translocations of

the MLLgene, or hyperdiploidy (>50 chromosomes). All of these subtypes display

distinct clinical atcomes and gene expression profifes.® De Lorenzoet al ’
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recently published daggenetic data of wildype MLLinfant ALL patients from the
Interfant-pp G NRA I £ |y R / KAt RNSB40D,anddghOistragedi @ D N
that infants withoutMLLtranslocations share the same cytogenetic abnormalities
as older children with ALL, albeit with a different distributionowaer incidence of

the favourable abnormalitie€ TVERUNX1and high hyperdiploidy and a higher
incidence of unfavourable abnormads, includin@3CRABL1

Other recent advances in pediatBCPALLrevealed several additional and often
prognostically relevanDNA copynumber alterations and mutations, including
IKZFland PAX5deletions? deletions in the 9p21.1 locus including the cell cycle
regulators CDKN2Aand CDKN2B ETV6alterations!® JAK2R683nutations® **
PARI1deletions, andCRLF2earrangements? By contrast, MLL rearranged infant
ALL carry few somatic changes (copy number abnormalities, loss of
heterozygosity, or single nucleotide variantsy, indicating that only a very small
number of mutations are necessary to generate infant Nékemia. Yet, no 5
specific data exists on the distribution of such ceowynber variations, or
mutations in infant ALL patients carryingd-type MLLgenes.

In the present study we extensivetharacterizea relatively large cohort of wild

type MLL infant ALL patients, all treated according to INTERFANT treatment
protocols (i.e. Interfan®9 or Interfant06). The results are compared to similar
data obtained inMLLrearranged infant ALL patients (enrolled in INTERFANT
studies) and pediatric (neimfant) precursorBCPALLpatients uniformly treated
according to the Dutch Childhood Oncology Group (DCOG)Ahiotocol.
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MATERIALS AND METHODS

Note: A more elaborate and detailed description of all experimental procedures

and data analysis methods che found in the Supplemental Materi@hapter 5

Patient samples and sample preparation

Bone marrow and peripheral blood samples from infants (<1 year of age) with

newly diagnosed ALL were collected at institutes participating in the international

collabaative Interfant99* and Interfant06 studies. Pediatric (neimfant) patient

data was obtained from the Dutch Childhood Oncology Group (DCOG) treated
according to the ALLO protocol. Leukemisamples preparation was essentially

carried out as described befofe.

Gene expressigorofiling data

The gene expression profiling (Affymetrix platform) data used in the present study
has previously been publishetiand has beerdeposited in the National Center
for Biotechnology Information Gene Expression Omriibasd is accessible via
GEO Series accession number GSE19475. Additiopablished gene expression

data can be found under GEO accession number GSE58565.

Invivoandin vitro prednisone response
In vivo prednisone responses were determined after seven days of prednisone
monotherapy (including a single intrathecal dose of methotrexate), prior to the

initiation of combination chemotherapy. Patients were defined as good
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v A 4 oA = u

responders when <1000 leukemictbh G ak >[ 6SNB RSGSOGIlI o6t S
0f22R® tlFGASyGa &adAatt o0diNRSYSR GAGK XM
monotherapy were defined as poor responddrs.vitroresponse to prednisolone
(the active metabolite of prednisone) was determined bylay MTT assay as

previously describedf

Oligo arrayCGH

Oligo arrayCGH (array competitive genomic hybridization) analysis was
performed using the human genome CGH Microarray 385KAgilent
Technologiest I £ 2 1 fG2% /10 FOO2NRAy3d (2 -GKS Y
swap experimental design to minimize false positive results, as previously
described:’

Multiplex ligationdependent probe amplification (MLPA) analysis and JAK2 5
mutations

MLPA was performed usirtge SALSA MLPA P335-MZF1 probemix kit (MRC

I 2ffFYyRY ! YAGSNRFIYY ¢KS bSGKSNIIFyYyRaov I C
Mutations in JAK2 exon 16 were analyzed by polymerase chain reaction

amplification and subsequent sequencing as described prekidu
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RESULTS

Wild-type MLL infant ALL patients are characterized fayorable clinical
parameters

Clinical parameters known to predict outcomeNt.L:-rearranged infant ALL were
compared between infant ALL patients carrying wjlde MLLgenes (n=78) and
MLL:rearranged infant ALL cases (n=70), as well as betweerypgdViLLinfant

ALL patients and pediatric (némfant) ALL patients (n=484). The adverse
prognostic factors analyzed included age <6 months, white blood cell (WBC)
counts >300 x 1Dleukemic cells/L, a prB (CD1§ immunophenotype, and a
poor in vivo prednisone windowresponse (Table 1). Compared witLL-
rearranged infant ALL cases, infant ALL patients carryingtypéMLL genes
were significantly more often diagnosed at age >6 months, presented with more
favourable WBC counts, more mature (fBeor common) immunophetypes,

and generally responded well to aday window of prednisone monotherapy
(Table 1). However, despite the fact that wiighe MLLinfant ALL patients were
characterized by favourable prognostic factors, these factors were less frequently
present canpared to pediatric (nofinfant) ALL patients. For instance, only 2% of
the pediatric ALL patients presented with a highly immature -Bro
immunophenotype, compared to 11% of the wilghbe MLL infant ALL patients
(p<0.0001).



Wild-type infant ALL

Wild-type MLL | MLL: p Pediatric P
infant ALL rearranged (non-infant)
(n=78) infant ALL ALL
(n=70) (n=484)
Sex 0.62 0.09
Male 36 (46%) 29 (41%) 274 (57%)
Female 42 (54%) 41 (59%) 210 (43%)
Age at diagnosis <0.001 NA
< 6 months 18 (23%) 41 (59%) NA
> 6 months 60 (77%) 29 (41%) NA
WBC (cells/L) <0.001 <0.001
<100 x 1% 52 (69%) 16 (24%) 389 (89%)
100300 x 16 19 (25%) 24 (36%) 38 (9%)
> 300 x 1B 6 (8%) 27 (40%) 11 (3%)
not known 1 3 46
Immunophenotype <0.001 <0.001
pro-B cell 8 (11%) 52 (78%) 9 (2%)
common Bcell 25 (33%) 3 (4%) 257 (54%)
pre-B cell 29 (39%) 10 (15%) 132 (28%)
T-lineage 9 (12%) 0 80 (17%)
Other* 4 (5%) 2 (3%) 1 (0%)
not known 3 3 5
Prednisone 0.009 0.21
response
good response 62 (85%) 39 (65%) 385 (90%)
poor response 11 (15%) 21 (35%) 41 (10%)
not known 5 9 58

Table 1. Clinical characteristics and prognostic factors of wyjde MLL infant ALL
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patients. 'Other immunophenotypes included both acute undifferentiated and

biphenotypic leukemias. WBC= white blood cell, and NA= not applicable.
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Poor prednisone responses and a-Brphenotype predict outcome in wilgpe

MLL infant ALL

Next we assessed the prognostic relevance of the above described predictive
parameters in terms of diseadeee survival (DFS), overall survival (OS), and
cumulative incidence of relapse (CIR) after 5 years from diagnosis #typa®LL

infant ALL patiets (n=76) for whom clinical followp data was available (Table 2).

For the entire group of patients, outcome measures were: 0.71 DFS (SE=0.05),
0.82 OS (SE=0.05), and 0.22 CIR (SE=0.05). Neither age <6 months at diagnosis, nor
WBC counts >300 x 10eukemic cells/L were predictive for clinical outcome
within this group. In contrast, a poor prednisone response was marginally
associated with an inferior outcome, whereas an immature -PBro
immunophenotype was highly predictive for a poor clinical outeomhe Syear

OS in the wildype MLLinfant ALL patients diagnosed with pBoALL was 0.14,
whereas this was 0.92 and 0.93 in wiyghe MLLinfants diagnosed with common

BCPALLand preB ALL respectively (p<0.001) (Table 2).
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5-year 5-year 5-year

n DES SE P os SE P CIR SE P
Age at diagnosis 0.75 0.49 0.32
< 6 months 17| 76.5 10.3 76.5 10.3 11.8 8.1
> 6 months 58 | 70.0 6.1 84.0 4.9 248 5.8
WBC count (cells/L) 0.83 0.30 0.74
< 100x18 49 | 726 6.5 87.2 4.9 25.4 6.4
100-300x18 19 | 684 10.7 73.7 10.1 158 8.6
> 300x10 6 | 66.7 19.3 66.7 19.3 16.7 16.7
Prednisone 0.22 0.23 0.33
response
good response 61| 751 5.6 85.1 4.6 18.3 5.1
poor response 10 | 56.3 16.5 67.5 155 32,5 16.7
Immunophenotype 0.003 <0.001 0.03
pro-B cell 7 | 143 187 <0.001 | 14.3 18.7 <0.001 | 57.1 22.7 0.02
common B cell 25| 66.3 9.8 920 54 33.7 10.1
pre-B cell 28 | 85.3 6.8 92.7 5.0 73 51
T-lineage 9 | 66.7 15.7 64.8 16.5 222 14.8
Other 4 - - - - - -

Table 2. Univariate analysis of prognostic factors in wiyghe MLLinfant ALL patients
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DFS: Disease evefiee survival; OS: overall survival, CIR: cumulative incidence of relapse

"p-value for comparison giro-B immunophenotype versus all other phenotypes.

MEIS1 expressiagsa strong prognostic factor in witype MLL infant ALL patients

In search for additional prognostic factors for wilghe MLL infant ALL, we

applied Significance Analysis of Microarrays (SAM) to screen our gene expression

profiles (Affymetrix HU133plus2.0 GeneChips) for genes predictive for clinical

outcome. For 30 wildype MLLinfant ALL patients both gene expression profiles

and clinical follomup data was available. Interestingly, the level MEIS1

expression (Affymetrix probe set 242172 at) appeared highly predictive for

clinical outcome. Patients expressing low levels (i.e. below the median of the
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entire patient group) ofMEIS1(n=16) had a superior outcome in terms of DFS

(Figure 1A) and OS (Figure 1B), over patients expressing high levels (i.e. above the

median of the entire patient group, n=14) MEIS1(DFS 88% versus 50%
respectively, p=0.01). Remarkably, differentighe expression analysis between
patients with high MEISexpression (n=18) and patients with loMEIS1
expression (n=18), could not identify differentially expressed genes other than
MEISIitself. Unfortunately, due to the small number of events (n=8)|tivariate
analysis oMEIS1in combination with other known prognostic factors could not
be performed. Distribution analysis of prognostic factors only showed a significant
difference in distribution of immunophenotype with a more immature phenotype
in the wildtype infant ALL patients with dinrlevel expression (p=0.002)
(Supplementalmaterial Chapter 5able 2). Strikingly, higlevel MEISlexpression

had no prognostic value in pediatric (narfant) ALL patients.
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Figure 1. Survival in wildype MLLinfant ALL patients expressing low versus high levels
of MEIS1.A. Diseasdree survival (DFS) ari8. overall survival (OS) for witgpe MLL
infant ALL patients expressing low leveldviIS1(below the median of the dire patient

group, n=16; continuous line) and high leveld$AIS (n=14; dotted lines).
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Submicroscopic DNA cepymber variations (arraCGH analysis)

In order to detect submicroscopic deletions and amplifications in the DNA, we
performed arraycomparative genomics hybridization (arr@GH) on a cohort of
wild-type MLLinfant ALL patients (n=31) for whom genomic DNA was available
(Supplementaimaterial Qiapter 5Table 1). The results were compared with afray
CGH data from pediatric (nanfant) BCPALL patients (n=113) (Table 3).
Remarkably, coppumber variations were detected in 68% of wiighe MLL
infant ALL patients which is significantly lower then pediatric (norinfant)
precursorBCPALLpatients (95%) (p<0.001).

Furthermore we distinguished between numerical variations (i.e. loss or gain of
whole chromosomes) and structural variations (i.e. partial
deletions/amplifications, and translocations)The frequency of structural
aberrations was much lower in wilgpe MLL infants than in nornfant ALL
patients (45% vs. 86%, respectively; p<0.001) (Table 3). The frequency of patients
with numerical aberrations was higher among wijghe MLLinfant ALLpatients
(23%) than in nofinfant pediatric ALL patients (12%). This difference disappeared
when correcting for the incidence of hyperdiploidy.

Several of the structural aberrations found among the wiyipe MLLinfant ALL
patients included known oncogenasd/or tumor suppressors. In 6/28 (21%) of
the wildtype MLLinfants deletions of 9p21.3, containing the tumor suppressor
genes CDKN2Aand CDKN2Bwere observed. Two of these patients carried
homozygous deletions, while these deletions in the remaining fmtients were
heterozygous.

One wildtype MLL infant ALL patient with a numerically normal karyotype (so
excluding hyperdiploid patients) carried an amplificatioh17p13.1 containing

GAS7a gene known to be a translocation partnerfL Occasionally single and
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unique wildtype MLL infant ALL patients were found to carry a deletion of
1p36.11 including the tumor suppressor gefdJNX3 of 7p22.3 to 7pl5.3
including theEVI1gene at 7p21.2, or of 3925.2 to 3926.33 starting at MBIE
gene ercoding human CD1ipplementalmaterial Chapter Jable 1).

Finally, our cohort of wildype MLLinfant ALL patients included three patients
diagnosed with FALL. One of these wilype MLLinfant TALL patients showed
deletions of genesSILand PTEN Subsequent fluorescent -situ hybridization
(FISH) analysis demonstrated that this patient carri€sllal AL1fusion. Another
wild-type MLLinfant FALL patient had a deletion of 11g14.1 to 11922.1, including
the PICALM (CALMEne.
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wild-type MLLinfant ALL pediatric noninfant BCRALL
all without HD all without HD B-others
(n=31) (n=27) (n=113) (n=102) (n=39)
Type of derration*
No aberrations 10 (32%) 10 (37%) 6 (5%) 6 (6%) 2 (5%)
Numericalaberrations 7 (23%) 3 (11%) 13 (12%) 8 (8%) 4 (10%)
Stuctural aberrations | 14 (45%) 14 (52%) 97 (86%) 96 (94%) 36 (92%)
Structural aberrations by oncogene/tumor suppressor gene and immunophenotype
BCPALLpatients (n=28)
CDKN249p21.3)
homozygous deletion 2 (7%) 2 (8%) 12 (11%) 11 (11%) 8 (21%)
heterozygous deletion | 4 (14%) 4 (16%) 21 (19%) 18 (18%) 9 (23%)
RUNX3Z1p36.11)
Ddetion 1 (4%) 1 (4%) 6 (5%) 3 (3%) 3 (8%)
GAS7 (17p13.1)
Amplification 4 (13%) 1 (4%) 20 (18%) 11 (11%) 7 (18%)
Deletion 1 (4%) 1 (4%) - - -
MME (30g25.2)
Déetion 1 (4%) 1 (4%) 2 (2%) 1 (1%) 0 5
ETV1(7p21.2)
Deletion 1 (4%) 1 (4%) 5 (4%) 3 (3%) 1 (3%)
T-ALL patients (n=3) =
STllandPTER
Deetion 1 (33%) NA NA NA NA
PICALM11q14.2)
Deletion 1 (33%) NA NA NA NA

Table 3. Distribution of DNA copyumber variations in wildtype MLL infant ALL and

pediatric norrinfant precursor BCRALL patients*As numerical and structural aberrations
Oty 200dz2NJ O2YO0AYSR Ay 2yS

LI GASYy (> @owzYo SNA

"BCPALLpatients including patients with unknown immunophenotyp€&luorescent in

situ hybridization (FISH) confirmed SILTAL1 fusion caused by sutleletion. HD =

hyperdiploid karyotype.
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Screening of Bell development genes in witdpe MLL infanALL

In pediatric (norinfant) precursorBCPALL a number of genes involved incBll
development are frequently altered, and several of these alterations (e.g.
mutations, deletions and amplifications) are associated with -nigk ALL
subtypes and implated in clinical outcomé&.'® ** We performed multiplex
ligation-dependent amplification (MLPA) analysis using specific probes for single
gene alterations iINCDKN2ACDKN2BIKZFIPAXS ETV6 BTG1 CRLF2and the
Xp22.33 locus (Table 4). In none of the viyide MLLinfant ALL samples (n=32)
tested, dterations of IKZF1lwere detected, whereas 17% of the pediatric ron
infant BCPALLpatients is known to carry iZFHeletion? A deletion of CDKN2A
and CDKN2Bn 9p21.3 was found in six (19%) of the infants. For five of these
infants arrayCGH analysis was performed which showed the esaasults. In
contrast, in 30% and 34% of the pediatric Finfant ALL samples deletions of
CDKN2Aand CDKN2Bvere found, respectively. In four witype MLLinfant ALL
patients deletions ofPAX5were present together with CDKN2Aand CDKN2B
whereas in tvo infants thePAX5deletion was the only observed abnormality as
determined by MLPA. Interestingly, the frequency BAXS5 deletions was
significantly higher in wildype MLLinfant ALL patients (19%) than in the pediatric
precursorBCPALL(6%) (p=0.02).he incidence oETV6deletions was markedly
lower in infants: 3% versus 11% of the pediatric precuBfOPALLpatients.

Likewise, amplifications ofCRLF2 as well as the Xp22.3 locus containing
pseudoautosomal region PARJ), appeared to be rare events among wiighe
MLLinfant ALL patients (both occurring in 3% of the patients tested), whereas
these lesions occur in 25% and 21% pediatric {infent) precursorBCPALL

patients.



wild-type MLL pediatric non-
infant ALL infant ALL
n=32 n=232

Deletions
CDKN2A 6 (19%) 69 (30%)
CDKN2B 6 (19%) 78 (34%)
PAX5 6 (19%) 13 (6%)*
ETV6 1 (3%) 25 (11%)
BTG1 1 (3%) 0
Amplifications
CRLF2 1 (3%) 59 (25%
Xp22.33 1 (3%) 48 (21%)*

Wild-type infant ALL
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Table 4. Multiplex ligatiordependent probe amplification (MLPA) analysis of genes

associated with Bcell differentiation. Significant differences between witgpe MLL

infant ALL and pediatric neinfant precursoBCPALLpatients are indicated by * (p<0.05)

and” (p<0.01) (Fisher exact test).

Finally, as)AK2R68Butations have been associated with highk pediatricBCP

ALE ™, we screened fodlAK2R683nutations in exon 16 by means of conventional

PCR and subsequent sequencing analysis. No mutationsAKRR683wvere

detected in a total of 28 wilkdype MLLinfant ALL patient samples, whereas 6% of

the BCRABL Inegative highrisk pediatric ALtases have been described to carry

this specific mutatiofi
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DISCUSSION

In the present study we genetically characterized a large cohort of raretyypéd
MLLinfant ALL samples. The incidence of favorable clinical factors irywid
MLLinfant ALL turned out to be higher than MLLrearranged infant ALL, but
lower than in pediatric precursdBCPALL For instance, the incidence of a high
WBC and the unfavobde proB (CD1§ immunophenotype are higher iMLL:
rearranged infant ALL compared to that in wijghe MLLinfant and pediatric ALL
patients. A favorablén vivoresponse to prednisone was more often observed in
wild-type MLLinfant ALL patients when cormaped withMLL-rearranged infant ALL
patients. In addition, we recently showed that wilgbe MLLinfant ALL patients
have a low incidence of genetic abnormalities associated with a favorable
prognosis (i.e., hyperdiploidy anBTVERUNX1 dr TEEAML1) trandocations)’
whereas these abnormalities occur in about half of the 4mtiant pediatric
precursorBCPAL Lpatients* These findings may contribute to the slightly worse
outcome of wildtype MLL infant ALL patients congped with pediatric (non
infant) precursoiBCPALLpatients.

Gene expression analysis of wilghbe MLLinfant ALL revealed that the level of
MEISlexpression was highly predictive for clinical outcome. In fact, none of the
cases expressing relatively ldavels ofMEISlexperienced a fyear diseasdree
survival of 88% and theyeear overall survival rate for these patients appeared to
be 100%. In contrast, for wiiype MLLinfant ALL patients displaying relatively
high levels oMEISlexpression the diseadeee and overall survival rates were
50% and 71% respectively. This observation is in line with results of a study
NBL2NISR 608 (KS / KAf RNBY Qa MEN®OPrEsaiGhe DNEP

was an independent predictor of climicoutcome in infant ALL including both
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MLL-rearranged and wildype MLLcases? Interestingly, higHevel expression of
MEIS1is tightly associated with prognostically unfavorabMlLL-rearranged
leukemiag % and has been demonstrated to be important in oncogenitity
Hence, the prognostic relevance MiEISlexpression in wildype MLLinfant ALL
patients may imply transformation events that to some extent resentbé of
MLLrearranged infant ALL casdsurthermore, the strong influence on clinical
outcome of MEISlexpression suggests that infant ALL expressing high levels of
MEIS1represent a highly aggressive leukemia that require very few cooperative
genetic leon during leukemogenesis and/or leukemia maintenandeken
together these data suggest that boMLL-rearranged infant ALL as well as wild
type MLL infant ALL patients may benefit from MEIS1 inhibition. The level of
MEISIexpression had no prognostic sificance in pediatric (neinfant) BCPALL

To further characterize wiltype MLLinfant ALL, we searched for submicroscopic
copynumber variations. Although our unsupervised gene expression prefiling 5 |
based clustering analysis recently indicated that these patients form a distinct
entity distinguishable from bothMLLrearranged infantALL and nofinfant
pediatric precursor BCPALL* we could not identify any unifying factors
characterizing this group of patients. Nonetheless, syjoe MLL infant ALL
displayed a distinctive pattern of DNA cepymber variations and genetic
abnormalities in genes associated withc@l development. Compared ‘it
pediatric (noninfant) precursor BCPALL patients, wildtype MLL infant ALL
patients less frequently harbor DNA cepymber variations. In approximately
one third of the wildtype MLL infant ALL patients no copyumber alterations
were detected in arraydCGH. Similarly, the frequencies of deletions or
amplifications specifically in-&Il development genes was much lower in wild

type MLLinfant ALL compared with pediatrBCPALLpatients, although higher
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than in rearrangedMLLinfant ALL*> ** Hypothetically, a longer latency time to
diagnosis combined with an insufficient cellular repair mechanism in pediatric
BCPALLmight explain the higher frequency of structural ataions in this group.
One exception i®AX5gene deletions, which appeared in 19% of the infant ALL
patients compared to 6% of pediatrBCPALLpatients. We could not find an
association between deletions of genes located on chromosome 9p and MEIS1
expression (Supplementahaterial Chapter Jable 2).

In conclusion, infant ALL patients carrying wyjide MLL genes form a distinct
group from pediatric (nosinfant) BCPALL patients, but is a very heterozygous
patient group for which very few recurrent genetic abnormalities can be
identified. The frequency of DNA copy number variations and molecular genetic
lesions in genes involved indgll development are lower in wiltype MLLinfant

ALL compared to older children with ALL. Several poor clinical risk features are
more frequent in wildtype MLLinfant ALLThe strongest predictor of outcome in
wild-type MLLinfant ALL was the level MEISlexpression, which may point to

new opportunities for novel strategies in treating wilgpe MLLinfant ALL.
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ABSTRACT

Introduction: MLLrearranged acute lymphoblastic leukemia (ALL) in infants (<1
year) is characterized by high relapse rates and a dismal prognosis. To facilitate
the discovery of novel therapeutic targets, we here searched for genes directly
influenced by the repression wariousMLLfusions.

Methods:For this, ve performed gene expression profiling after siRiNédiated
repression ofMLL-AF4 MLL-ENL,and AF4MLL in MLLrearranged ALL cell line
models. The obtained results were compared with various already established
gene signatures including those consisting of known -ME4L target genes, or
those associated with primafLL-rearranged infant ALL samples.

Results Genes that were dowanegulated in response to the repression MLL-

AF4 and MLL-ENL appeared characteristically expressed in primakjLL:
rearranged infant ALL samples, and often represented knbutrAF4targets
genes. Genes that were upgulated in respose to the repression d¥iLL-AF4

and MLLENL often represented genes typically silenced by promoter 6
hypermethylation inMLLrearranged infant ALL. Genes that were affected in
response to the repression AAF4MLL showed significant enrichment in gene
expression profiles associated withF4MLLexpressing(4;11)+ infant ALL patient
samples. Conclusion:We conclude that the here identified genes readily
responsive to the loss dfiLL fusion expression potentially represent attractive
therapeutic targets and my provide additional insights iMLLrearranged acute

leukemias.
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INTRODUCTION

A hallmark of acute lymphoblastic leukemia (ALL) in infants (<1 year of age) is a
high incidence (~80%) of chromosomal translocations involviny/iked Lineage
Leukemia(MLL gene® 2, in which the Nterminal portion ofMLLfusesto the G
terminal region of one of its many translocation partner gen&sThe most
commonMLLtranslocations found among infant ALL patients are t(4;11), t(11;19),
and t(9;11), fusingLLto AF4 ENLand AF9 respectively> * MLL-rearranged

infant ALL is associatedttvan adverse outcome, with eveffitee survival rates of

only ~3040%.2

MLLrearranged ALL cells display unique gene expression profiles, consisting of
overwhelming numbers of differentially transcribed germe$, which malk it
RAFFAOMAZ G (2 RAAGAYIdZAEAK 0SG6SSy GKS |«
Ottt SR dGoéadl yRSNAé® C2NIdzyl 6Stesx NBOS)
genes likely to be activated by MLL fusion proteins via the recruitment of DOT1L.
™ vet, apart from MLL fusion driven activation of gene transcription, inactivation
of transcription also plays an important role MLLrearranged ALL. Wand
others, recently demonstrated tha¥lLL-rearranged infant ALL is characterized by
unique patterns of gene promoter DNA hypermethylation, leading to
transcriptional silencing of associated gen&s* To make matters even more
complicated, more than half of the t(4;Xppsitive ALL patients not only carry the
MLL-AF4fusion transcript, but also express and translate the recipréda¢MLL
transcript, which has been proposed to substantially contribategven being
essential, for leukemia developmetit!®

Here, we studied the direct transcriptional consequences of the loss of MLL fusion

transcripts in order to identify potential target genes for therapeutic intervention.
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For this, we performed gene expression profilingMhl-rearrangedALL cell line
models in whichMLL-AF4, AFMLL or MLL-ENLexpression was repressed by
siRNAmediated RNA interference. We postulate that genes directly responding to
the loss of the MLL fusion represent important therapeutic targets and may

provide additional insights into the actions of MLL fusion proteins.
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METHODS

Note: More detailed descriptions of all experimental procedures and data analysis

methods can be found in the Supplemental Material Chapter 6.

Cell line models

The BCRALL cell lines RS4;11 and SEMK2 both carry translocation t(4;11)
generating theMLLAF4and AF4MLLfusion transcripts. KOR8Icarries a t(11;19)
translocation generatindMLL-ENLtranscripts. RS4;11 was established from the
bone marrow of a 3%earold woman'*, and was purchased from the German
Collection of Microorganisms and Cell Cultures (DSMZ). SEMK2 is a subclone of
the SEM cell line, which was originally derived fromyaarold girl at relaps *°

and was kindly provided by Dr Scott Armstrong (Memorial Sloan Kettering Cancer
Center, New York, USA). KGPMWas derived from a-Bonth-old infant girl with

B-cell precursor ALL and was purchased from D8MZ.

siRNAmediated RNA interference

Cells were transfected with siRNAs directed agamMkt-AF4'’, AF4AMLL*, or

MLLENL 6 & Sy & SCCAAAAGAAAAGUCUGCGEEAG I yiArasSyas
CUGGGCAGACUUUUCUUUUGEDW = dza Ay 3  Sdnt®OoINRved NI § A
transfected with siRNAs agaimSMLEMTG8(AGF) '8, a fusion transcript absent

in both SEMK2 and RS4;11 cells. For the kdowkn of MLL-AF4and MLL-ENL,.

cells were harvested after twoays. For theAF4MLL knockdown, cells were
transfected with sSiRNAs a second time after two days of culturing, and eventually

harvested at day 4. All experiments were performed at least three times.
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RNA extraction

Total RNA was extracted from a minimum 2¢10 cells using TRIzol reagent
(Invitrogen, Life Technologies, Breda, The Netherlands) according to
YIydzFlI Ol dzZNBENR& 3IFdzZA RSt Ay Sao

Gene expression profiling
Gene expression profiling was performed using HU133plus2.0 microarrays
(Affymetrix) according to my dzF I OlG dzZNBENR& 3JdzZA RSt Ay Sa o

the primary infant ALL patients samples were generated and published previously
19
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RESULTS

Transcriptional consequences of MLL fusion kitloein

Compared to cells transfected with control siRNRM,-AF4MRNA expression
was reduced to 45% and 37% in the t(4:pbitive ALL cell lines RS4;11 and
SEMK2, respectively, upon transfection with siRNAs directed agdinisAF4
Using siRNAs directed agaiMtL-ENL. the level ofMLL-ENLexpression in KORN

8 celb was reduced to 5% (Figure 1A). Western blot analysis demonstrated a
reduction of the MLIAF4 protein expression (relative to control cells) of 28% and
52% in RS4;11 and SEMK2 cells, respectively (Figure 1B).

Figure 1. siRNAnediated knockdown significantly decreases MLL fusion expression
levels.A. mRNA expression levels iLL-ENL(grey) wild-type MLL(white), and wildtype

ENL (black) in KOPH cells, oMLL-AF4(grey), wildtype MLL (white) and wildtype AF4

(black) in RS4;11 and SEMK?2 cells after transfection with active siRNA directed against the
absent targetAML1/MTGESIAGF), empty pulse (no siRNAs), and siRNAs directed against
MLLENL and MLL-AF4 respectively. Shown is the average mRNA expressfotwo
experiments + standard error of the meaB. Protein expression levels of MAE4 in
RS4;11 and SEMK2 shown by western blot (left panel). The western blot was probed with
antibodies against the ferminus of MLL to detect MEAF4. Clathrin was used as a
loading control. The graph (right panel) showsstern blot quantification of ML:AF4

protein expression relative to clathrin with the empty pulse control set at 100%.
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Figure 1. siRN#nediated knockdown significantly decreases MLL fusion expression

levels.

Next, in order to identify genedirectly responding to the loss of the MLL fusion,

we generated gene expression profiles (HU133plus2.0 GeneChips, Affymetrix) in
three independent experiments. Upon repression MELENLin KOPMNB cells,
significant differential expression was observed for 342 probe sets (p<0.001).
Reduced expression oMLL-AF4 resulted in significantly (p<0.001) altered
expression of 26 probe sets in RS4;11 cells, and 145 probe sets in SEMK2 cells.
Figue 2 shows heatmaps displaying the most significantly altered probe sets for

all three cell lines.
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Figure 2. Differential gene expression in response to the repression of-&E4 and MLL
ENL.Heatmap visualization of gene expression profiles of the @prost differentially
expressed genes in responseMib l-ENLknockdown in KOPM cells, andMLL-AF4knock

down in RS4;11 and SEMK?2 cells, as compared to control cells transfected\@iEii
electroporated in the absence of siRNAs. The presented dataderived from samples
obtained from three independent experiments. Red depicts high expression, blue depicts

low expression.
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We searched for a core signature of genes consistently affected in all cell lines by
performing a paired analysis of all samples in which the MLL fusion was
suppressed (including SEMK2, RS4;11, and KOPNS8), compared to all control
samples, including cellsansduced with control siRNAs directed agaiAsiL1
MTG8(AFG]), as well as control cells electroporated in the absence of siRNAs.
Compared to cells transfected with control siRNAs, 101 probe sets appeared to be
recurrently affected in all cell lines. Coarpd to cells only subjected to
electroporation in the absence of siRNAs (i.e. pulse control), 86 probe sets were
differentially expressed. Merging these analyses, we found 56 overlapping probe
sets to be recurrently differentially expressed in all celedi in which the MLL
fusions were suppressed (Figure)3Rierarchical clustering analysis showed that
these 56 probe sets effectively distinguished between cells in which the MLL
fusion was knocked down and control samples, as separatelyrsiior each ch

line (Figure 3B As these probe sets consistently responded to the loss of the MLL
fusion, we postulate that this gene signature represents genes which are highly
dependent on the presence of the MLL fusion, and as such may exert prominent
functions inMLL fusion driven transformation. Probe set IDs, HGNC gene symbols,
and logfold changes of the obtained core signature consisting of the 56 probe
sets are listed in the Supplemental material Chapter 6 (Table 1 and 2). HGNC gene

symbols from these probests can also be foundext to the heatmap in Figure 4.
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Figure 3 Differential gene expression in response to the repression of MiH4 and MLL
ENL.A. Venn diagram showing the number of differentially expressed gends (@) in
KOPNB, RS4;11, and SEMK2 cells transfected with siRNAs agidibEiNLand MLL-AF4
combined MLL fusion knockdown, n=9) versus control cells transfected withGF1
(AGF1control, n=9), versus control cells electroporated in the absence d®fAgRpulse
control n=9). All probe sets and gene symbatslested in Table S1 and ¥ Hierarchical
clustering based on 56 differentially expressed probe sets recurrently affected in both
KOPMNB, RS4;11, and SEMK2 cells updinl fusion knockdown (ligh grey), in control
samples transfected with AlGF1(dark grey), and control samples electroporated in the
absence of siRNAs (black).

Relevance of the MLL fusion knalthkvn signature

To explore the relevance of the obtained gene signature consistirigp gfrobe

sets responsive to the knoalown of the MLL fusion, we compared our signature

to that of earlier published gene sets associated withl-rearranged ALL. The

first signature, published by Guenthet al 8, contains 42 genes occupied by the
MLL-AF4 fusion proteinThe second gene set published by Krivisbal ’ consists

of genes associated with MLL fusion mediated H3K79 dimethylation. Gene set
enrichment analysis (GSEA) showed significant enrichment of these genes in our

MLL fusion knocklown gene signature (normalized enrichment scores (NES) of
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1.92 and 2.11 repectively; leading edge in Table S3 and S4 respectively) (Figure
3). These data indicate that some, but not all, genes transcriptionally activated by

the MLL fusion gene itself, rapidly respond to the loss of the MLL fusion.
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Figure 3. Genes respons to the repression of MLENL and MLAF4 often represent
known MLI-AF4 target genesGene set enrichment analysis (GSEA) of the 56 differentially
expressed probe sets recurrently affected in both KBPRS4;11, and SEMK2 cells upon
MLLfusion knockdown in gene lists consisting of MIAE4 target genes as published by

Guenther et al. (8) (left) and Krivtsov et al. (7) (right). NES=normalized enrichment score.

Moreover, using our core signature consisting of 56 probe sets associated with
knockdown of the MLL fusion, we performed hierarchical clustering on gene
expression profiling data generated on a large cohort of prinMky-rearranged
infant ALL (n=71), wiltype MLL pediatric precursor BGRLL (n=16), and wild
type MLLinfant ALL (n=20) samples, as well as healthy bone marrow samples

(n=13) as notkeukemic controls. Based on these 56 probe sktk|-rearranged
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ALL samples could almost be flawlessly separdtom ALL samples with wild
type MLL genes (Figure 4 These data imply that our MLL fusion knockvn
signature represents genes highly characteristicMidd-rearranged ALL. Similarly,
gene set enrichment analysis (GSEA) showed strong enrichment iMlile
rearranged patients of the 57 probe sets that are significantly lower expressed
after MLL fusion knoeclown (NES=1.95, p=0.002) (Figured&taset in Table S5;
leading edge in Table S6).

MLL-r
O wtmiL
[l healthy BM

M

T

pa

o

Figure 4. Genes responsive to the repression of NANL andMLL-AF4 accurately
characterize primaryMLL-rearranged infant ALL sampleddeatmap visualization and
hierarchical clustering of primarylLL-rearranged infant ALL samplddl(l-r, red, n=71),
wild-type MLL pediatric ALL samples (both infants (n=20) and children >1 year of age
(n=16)) (WtMLL, blue, n=36), and whole bone marrow samples derived from healthy
children (healthy BM, dark blue, n=13) based on the 56 differentially expressed probe sets
recurrently affected in both KOP®, RS4;11, and SEMK2 cells updidfusion knock

down. Upregulated genes are depicted in red, dowegulated genes are depicted in blue.
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Figure 5. Gene set enrichment analysis of genresponsive to the repression of MEENL

and MLL-AF4. Gene set enrichment analysis (GSEA) of the 57 probe sets that are
significantly lower expressed upon knesdéwn of the MLL fusion in gene expression
profiles of MLLrearranged patients. Probe sets and HGNC Gene Symbols of the gene set

are listedin Table S5.

Pathway analysis using the database for annotation, visualization, and integrated
discovery (DAVID) demonstrated a significant number of genes transcriptionally
responsive to the loss of MLL fusion expression to be involved in the KEGG focal
adhesion pathwy (hsa04510, p<0.0001) and the KEGG small cell lung cancer
pathway (hsa05222, p=0.008). Next, we used Ingenuity pathway analysis (IPA) to
explore possible upstream regulators of the genes deagulated upon the loss

of MLL fusion expression. This revehB0 potential regulators including 5 genes
(i.e. HOXA7 LIN28B UPF1 EZH2 and MBDJ), and 25 miRNAs (see Table S7).
Interestingly, the majority (i.e. 17 out of the 25) of the miRNAs that potentially
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regulate the genes dowregulated uponMLL fusion knockdown, are predicted
to target eitherMLL (i.e. KMT2A or AF4(i.e. AFF]}, or both. Hence, the genes
observed to be transcriptionally responsive to the lossMIfL fusions, likely

represent genes controlled by the MLL fusion itself.

Transcriptional consequences of AW4L knoclidown

Using siRNAs directed agaidgt4MLLpreviously reported by Kumast al. %, we
managed to reduce expression AF4AMLLMRNA to ~40% in RS4;11 and ~53% in
SEMK2 cells, as compared with cells transfected with control siRNAs (6Agure
In these experiments, the expression of wijghe AF4was not affected. However,
despite numerais attempts, we were not able to prevent reduction of wijghe
MLLexpression to comparable levels of that of tAE4MLLtranscript (Figure 8).
Paired differential gene expression analysis between samples with a-kooak

of AF4MLL (n=6) and samplegansfected with control siRNAs (n=6) revealed 80
differentially expressed probe sets (p<0.001). The same analysis compdidng
MLL knockdown samples with control cells electroporated in the absence of
SiRNAs (i.e. pulse control) (n=6), revealed 58 diffeally expressed probe sets. A
total of 36 overlapping probe sets (corresponding to 22 genes) were differentially
expresed in both comparisons (FigurdBh Probe set IDs, HGNC gene symbols,
log-fold changes and -palues are listed in Table S8 and S%eBlaon these 36
probe sets, hierarchical clustering could effectively sepafdtéMLLknockdown
samples from control samples (FigureCh To validate theAF4MLLknockdown
signature, we compared our signature to a gene set published by Gaussnhahn
consisting of AF4MLL fusion target genes,® GSEA showed a significant
enrichment of theseAF4MLL target genes in ourAF4MLL gene signatue
(NES=1.68, p=0.002) (Figuje 7
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Figure 6 Differential gene expression in response to the repression AF4MLL A.
MRNA expression levels afF4MLL (grey), wildtype MLL (white), and wildtype AF4
(black) in RS4;11 and SEMK2 cells after transfection with siRNAs directed A§év&d, 6
siRNAs against the leukemic fusion géidL1/MTGE8(SIAGF]), or cells electroporated in

the absence of siRNAs (pulse control). The average mRNA expression relative to the
SiAGF1 controls of two independent experiments + standard error of the meanuwmsho

B. Venn diagram showing the number of differentially expressed genes (p<0.001) in
RS4;11 and SEMK2 cells in whidmMLL was repressed AF4MLL knockdown, n=6),
versus cells transfected with control siRNAGIF1control, n=6), and cells electropdea

in the absence of siRNAs (pulse control, n€B)Hierarchical clustering based on 36
overlapping differentially expressed probe sets responsiveAEMLL repression in
RS4;11 and SEMK?2 (light grey), control samples transfected witBFHdark grey), and

pulse control samples (black).
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Using our previously published gene expression profiling data,cerapared
t(4;11)positive infant ALL samples which do and do not express the reciprocal
AF4MLLfusion product, as determined by PCR analysis. This comparison revealed
403 probe sets differentially expressed between botignt groups (p=0.01).
Figure & shows a heatmap of the top 50 most significdifferentially expressed
probe sets. Based on these 50 probe sets, principal component analysis (PCA)
showed a clear separatiosf both patient groupsFurthermore, we observed that

the gene expression pattesnof patients expressing thF4MLLfusion transcript

were enriched for genes that were dowagulated after knocldown of theAF4

MLLin the cell line models RS4;11 and SEMK2 (GSEA; NES=1.67, p=0r@®; lead
edge in Table S12) (Figurd,8upper panel). & a control we also analyzed

enrichment of genes responsive faF4MLLknockdown in ourMLLAF4knock
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down signature, and found no significant enrichment (p=0.55) (Fi§Btelower

panel).

A ‘W AF4-MLL positive B AF4-MLL signature
B AF4-MLL negative

[
== :~\- P=0.02
o NES=1.67
=l
ANKRD29 i
BEST2
231682 ot H ‘”lm “ H ‘ H ‘
] 548837 at WHHH
LOC7 26805 3 10 (el remiaedy

1555163 _at
1564932 _at
INF92

z
4
£
']

0000

Figure 8 Genes responsive tAF4MLL repression characterizeAF4MLL expressing
(4;11) infant ALL patientsA. Heatmap visualization and hierarchical clustering of primary
t(4;11)+ infant ALL samples exhibitég4MLLexpression (n=15, red), or lackiAg4MLL
expression (n=11, blue), basen the top 50 most differentially expressed genes between
both patient groups. Upegulated genes are depicted in red, dowegulated genes are
depicted in blueB. Gene set enrichment analysis (GSEA) ofMEY (upper panel) and
MLL-AF4 (lower panel) tget genes iNAFAMLLLI2 A A G A @S LI G ABHIELA 6 WM
yS3IrdA@dS GonTmmO LI GASYyGa ownQod tNRBOS asSi:
and S11.



144

Genes upegulated after MLL fusion knodown are enriched for
hypermethylated promoter regien

Interestingly, while several knowNLL-AF4target genes were downegulated
after the loss of theMLL fusion, a substantial proportion of genes in duiLL
fusion knockdown signature were wpegulated (Figure 2). Per definition these
genes are not dirdty regulated by the MLIusion protein via H3K79 mediated
transcription activation. Therefore, we explored an alternative mechanism of
transcriptional regulation. We recently demonstrated thdt L-rearranged infant
ALL is characterized by severe aberrant DNA hypermethylation, leading to
transcriptional silencing of numerous gené%.Using 165 probe sets associated
with gene promoter methylation in the majority d¥iLL-rearranged infant ALL
patients, we applied GSEA on oML fusion knockdown signatures. GSEA
demonstrated significant enrichment of these genes among the genes up
regulated after knocklown of MLLAF4and MLL-ENL(NES=1.36, p=0.03; ldad
edge in Table 8) (Figure P These data suggest that there is an active interplay
between MLL fusion proteins and DNA methylation patterndir-rearranged

ALL cells.
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Figure 9 Genes upgegulated in response tdVILL-AF4and MLL-ENLrepression include

genes normally silenced by promoter methylation MLL-rearranged infant ALLGene

set enrichment analysis (GSEA) of hypermethylated promoter regions in t(4;11) and
t(11;19) patients (Stumpett al ') inMLLF dz& A 2y L2 & A G A ONSLLfaskry | ¢ L
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DISCUSSION

The here identified genes which are transcriptionally responsive to the repression
of MLL:AF4 and MLENL represent a rich source of potential therapeutic targets
for MLL:rearranged acute leukemia. Apart from gene signatures associated with
the loss of MLIAF4 and MLENL, we also identified genes responsive to the
repression of ARMLL. As it has been suggested that thE4MLL oncogene
could be indispensable for the initiation of t(4;11§ukemias, our gene signatures
associated with the presence and sosf AF4MLLmay well provide novel insights
into the biology of this leukemiaApart from genes dowsanegulated upon the loss

of MLLfusions, we also identified a substantial number of genes which were up
regulated in response t®LL fusion repression. Aiibough MLL fusion proteins
activate a variety of target genes (represented in the datasets of Guehthand
Krivtsov” ®) by the recruitment of DOTIL and subsequent methylation of H3K79

® these data suggest that the MLL fusion itself and/or its activated target genes
also actively repress and activate other genes via alternative mechanisms. For
instance,we found significant emchment of the genes activated after kneck
down of theMLLfusions in our previously published gene signatures associated
with promoter hypermethylation in t(4;11)and t(11;19) infant ALL samples?

This underscores the importance of the role of DNA methylationMinl-
rearranged infant ALL, as it appears, to some extent, to be influenced by the
presence of the MLL fusion.

Yet, the data presented here should be interpreted with caution as we were not
able achieve complete repression of thMLL fusions, which may have affected
the results. On the other hand, a full knedkwn of theMLLfusion may not have

provided better dah per se, as that may have generated more 1spacific effects
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due to enhanced apoptosis induced by the loss of ME&."* " Other points of
concern may be the slight dowmegulation of wildtype AF4in SEMK2 cells
transfected with siRNAs againgi_L-AF4 as well as the fact that SIRNAs directed
against ARMLL also affected wittype MLL expression. A possible explanation
for this phenomenon is thatiLLand AF4are downstream effectors of the fusion
protein. However, we confirmed significant enrichmerfitdifferentially regulated
genes upon repression of the different MLL fusions in recently published gene
signatures consisting of MIAF4 target genes (7,8), and a gene signature
associated with the loss of AIMLL. (17) Moreover, we also demonstrate tloatr
identified genes accurately characteriMLL-rearranged ALL patient samples.
Furthermore, Ingenuity pathway analysis (IPA) suggested that potential regulators
of our gene signature consisting of genes transcriptionally responsive to the
knockdown of MLL fusion genes, involve several miRNAs that supposedly target
either MLL (i.e. KMT2A) and/oAF4(i.e. AFF1). This again implies that our gene
signatures indeed consist of genes controlled by MLL fusion proteins.
Therefore we believe that the obined data is valid and informative, despite the
limited levels of knocklown and the induced suppression of either AF4 or MLL.
Among the here observed genes that are desegulated after knockdown of the
MLL fusions we found several genes that potentigllay important roles in
leukemia maintenance and/or leukemogenesis. For instance, ayefiepndent
kinase 6 CDKG)which was identified as one of thdLLfusion target genes, as
the genomic region encompassit@pPKerevealed enhanced occupancy of both
MLL-AF4 and H3K79 dimethylati6nWe recently reported data showing the
important role of CDKG6in the proliferation of MLLrearranged ALL cells,
demonstrating experimentally that inhibition of CDK®6 readily induces impairment

of leukemt cell proliferation.?* Other genes in our core signature of genes
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transcriptionally responsive to the loss of MLL fusion expression are potentially
important in leukemogenesis. For example, high expression of the Ets family
transcription factorERG, whicks downregulated after MLL fusion kno@own, is
associated with a poor clinical outcome in both acute myeloid leukemia (AML) and
T-cell acute lymphoblastic leukemia (FALL). ?* 2*  Moreover,
enforcedERGexpression induces both-ALL and AML in murine model$ #°,
suggesting that ERG contributes to leukemia development. As the inhibition of
ERG could possibly benefit the survivaMifl-rearranged ALL patients as well as
patients suffering from AML and-ALL, this gene represents an interesting
candidate targetgene for therapeutic intervention. More genes that are dewn
regulated after knockdown of the MLL fusions, and that have been associated
with oncogenesis include SATET®, KAT7*%, ADA¥?, PPM1P* 3 and HOXA7

35.

Likewise, potential therapeutic targets can also be found among genes that are
up-regulated upon knocklown of the MLL fusions. Among these genes we found
regulator of Gprotein signaling proteif2 (RGS® which has been demonstrated

to contribute to myeloid differentiation and its repression is considered to be an
important event in leukemic transformation of FLME AML.* Moreover, RGS2
functions as a tumor suppressor in various human cancéré.Hypothetically,
induction of this protein may suppre$iLL-rearranged ALL progression.

In conclusion, we strongly believe that the genes identified in the present study
represent genes which directly and readily respond to the loss of the ARYL
MLLENL, or ARMLL, and that these genes potentially incudttractive
therapeutic targets and provide important insights into the biology underlying

MLL:rearranged acute leukemias.
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ABSTRACT

Acute lymphoblastic leukemia in infantsl(year of age) is characterized by a high
incidence ofMLL rearrangements. Recently, direct targets of the MLL fusion
protein have been identified. However, functional validation of the identified
targets remained unacknowledged. In this study we iden@ipK6as a direct
target of the MLL fusion protein and an important player in the proliferation
advantage ofMLLrearranged leukemiaCDKE6MRNA was significantly higher
expressed inMLLrearranged infant ALL patients compared wih_L wild-type
ALL patients (p<0.001). Decrease MHLL-AF4 and MLLENL fusion mRNA
expression by siRNAs resulted in deregulation of CDK6 affirming a direct
relationship between the presence of thkILL fusion and CDK6expression.
Knockdown ofCDKGitself sigiificantly inhibited proliferation in the MLAF4
positive cell line SEM, whereas knockdown of the highly homologous QBket
had virtually no effect on the cell cycle. Furthermore, we showitro sensitivity

of MLLrearranged leukemia cell lines to th€DKd#b-inhibitor PD0332991,
inducing a remarkable G1 arrest, and devegulation of its downstream targets
pRBland EZH2 We therefore conclude tha€DKa@s indeed a direct target of MLL
fusion proteins, playing an important role in the proliferation adtzage of MLL- 7

rearranged ALL cells.
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INTRODUCTION

Obtaining successful treatment results in infant (<1 year of age) acute
lymphoblastic leukemia (ALL) remains a major challenge in pediatric cancer. Infant
ALL is characterized by chromosomal translocatiamslving theMixed Lineage
LeukemigMLL) gene! which occur in approximately 80% of the caéés a result

of such translocations, the-términal portion of theMLLgene becomes fuseth

the Gterminal region of one of its many translocation partner gehd@he most
recurrent MLL translocations found among infant ALL patients are t(4;11),
t(11;19), and t(9;11%,* giving rise to the fusion proteins MIAF4, MLYENL, and
MLL-AF9, respectively. To date, long term ewvénete survival (EFS) rates figilL-
rearranged infant ALL range between ~30% and 50%, depending on the treatment
protocol? In infant ALL, the presence MfLL-rearrangements, and young age are
the strongest predictors of an unfavorable outcom@atients diagnosed with ALL
below the age of 1 month have ay®ar overall survival of ~17%.

MLLrearranged ALL cells display unique gene expression signét(irékhough

this embodied an important finding, the overwhelming number of differentially
expressed genéy RS A0 RAFFAOdAZ G (2 RAAGAYIdzA &
the leukemia, and bgtander effects. Recently, however, the biology underlying
MLL fusion driven regulatioof gene expression became better understobtLL,

a histone methyltransferase, normally catalyzes trimethylation of the fourth
residue of histone 3 (H3K4me3¥° In contrast, MLL fusion proteins have lost this
ability.** Nonetheless, most of the recurrent MLL translocation partners, like AF4,
ENL, and AF9, are able to connect to another histone methyltransferase, i.e.
DOTI1L. Consequently, MLL fusion proteins recruit DOT1L, which leads to
dimethylation of lysine 79 on histone 3 (H3K79me2) instead of H3K4M&Both
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H3K4me3 and H3K79me2 aassociated with transcriptional activatidhHence,
genomic regions displaying aberrant H3K79me2 enrichment are prone to mark
genes transcriptionally activated by the MLL fusion protein itSelf/ith this in
mind, Guentheret al and Krivtsovet al independently i@ntified signatures
consisting of such genes, including for instaMEIS1 FLT3 and severaHOXA
cluster genes’™® Strikingly, based on H3K79 methylation profiles aloli,l-
rearranged ALL could be distinguished from other ALL subtypes lakkihg
rearrangements? Thus, we now have access toalhar and more specific gene
sets consisting of genes abnormally regulated by Kie_fusion protein itself.
However, the question remains which of these genes contributed the most to
leukemogenesis and/or leukemia maintenance. From this perspective, & he
studied one of the identified MLL fusion target genes,CBKgencoding human
cyclindependent kinase 6 Like its functional homologue CDK4, CDK6 is a
serine/threonine kinase that is activated upon association wittyfi2 cyclins (i.e.
cyclin D1, D2 and D3) during the G1 phase of the cell ZyAletivation of this
complex leads to partial inactivation (by phosphorylation) of retinoblastoma
protein 1 (RB1}! allowing progression to the S phaSeActivation of CDK4 and
CDK6 can be prevented by complex formation with cyadipendent kimse
inhibitors CDKN2A and CDKNZ2B. In human cancers, deregulation of the cell cycle 7
often mediated by alterations in CDK activity (including that of CDK4 and CDK®6)
inducing unscheduled proliferation as well as genomic and chromosomal
instability ?*?* For instanceCDK%br CDK@®verexpression has been demonstrated

in several malignancies, including certain types of leukemia and lymphSmas.

As CDK6 but not CDK4 has been proposed as a direct target of MLL fusion
proteins, we postulated thaMLLrearranged ALL cells may gain a prodifar

advantage from MLL fusion driven-uggulation of CDK6As a major complication
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in studying MUearranged ALL is that there are no human models recapitulating
the presence of the ML-AF4 fusion proteifi®® Therefore, we set out to explore
to what extentMLLrearranged ALL cells are dependent on CDK®6 in terms of cell

proliferation using the MLIAF4 fusion protein positive cell line SEM.
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MATERIALS AND METHODS

RNA extraction and cDNA synthesis

Total RNA was extracted from a minimum of Z&8lls using TRIzol reagent
(Invitrogen, Life Technologies, Breda, The Nd#mls) according to the
YIydzFI OGdzZNBENR& 3JdzA RSt AYySad ¢KS ljdzr £t Ade
agarose gels and cDNA was prepared for quantitative-tneel PCR analysis as

described earlief.

Gene expression data

Bone marrow or peripheral blood samples were used from untreated infants
(younger than 1 year) diagnosed with Alicluded in the INTERFAINY
treatment protocol? For all primary patient samples used in this study, approval
was obtained from the Erasmus MC Institutional RevBoard, and authorization
was acquired from the parents or legal guardians of the children via informed
consent in accordance with the Declaration of Helsinki. All samples were
processed within 24 hours after sampling as described rec&hiyl. leukemia
samples used in this study contained more than 90% leukemic cells. Total RN
was synthesized into biotinylated cRNA. Labeled cRNA was then fragmented an 7
hybridized to HU133plus2.0 GeneChips (Affymetrix) according to the
Y| ydzF I O dzMé&s NaiinfaBtdxALRy&nee expression data presented in this
study have been deposited in National Center for Biotechnology Information Gene
Expression Omnibds and is accessible via GEO Series accession number
GSE19478,and the pediatric precursor BOR.L profiles were deposited as
GSE1335%
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Quantitativereakttime PCR analysis

CDK4, CDK6, MRAE4 and MLLEENL mRNA expression levels were determined by
quantitative realtime PCR analysisusing the DyNAmo SYBR Green gPCR kit
(Finnzymes, #B00) as described before. Oligonucleotide primers used for PCR
amplification were purchased from Eurogentec. Primer sequences were as
follows: CDK4 NY I NRVGGGEABAAGTCTGITAI | Yy R NBE O3S NE ¢
GGAGGGGAATGTCATFAABT / 5Yc -ACTGACAAGRACTATGAQTGT

YR NB @ SOIBGETGGGAPTDGTTT-BAQT -l &C[n [ F2 NBI NRY
CCCCGCCCAAGTATEE NB-GCOGBCOATGARIGT -9a[[[ T2 NB I NRY
CCCCGCCARTAT® QF NB-BCTKBEABTCPAAGTAIGAD . Ha & &
la | NBFTSNBYOS -GBACASTNCAGAENIEDNRY NB IS NA S
ATGCGGCATCTTCAAA ®

Cell culturing and in vitro sensitivity testing

The ALL cell lines SEM, BEIRS4;11 (translocatiotf4;11)positive; generating

fusion protein MLIAF4), and KORSI (translocation t(11;19positive generating

the MLLENL fusion protein), were maintained as suspension cultures in RPMI
1640 with glutamax (Invitrogen, #61870036) supplemented with 10% &GS

and 2% penicillin/streptomycin/fungizone (PSF; Invitrogen, #1892H) at 37°C in
humidified aircontaining 5% COIn vitro cytotoxicity to PD0332991 (Pfizer) was
determined by 4day MTT assays as described bef§Brug exposure treatment

gl & LISNF2NX¥SR dzaAy3a M >a t5nooHdpm F2|

conditions, unless mentioned otherwise.



CDK@6n MLLrearranged infant ALL 165

ChIP and€ChIPseq procedure

ChIPs on SEM cells (50%1@ere performed using the SimpleChIP Enzymatic
Chromatin IP kit (Cell signaling technology, #9003) according to the
YIydzFl Ol dzZNBNRa AyadaNdHzOGA2ya AGK YAy2N
RPMI medium comiining 1% formaldehyde with gentle rotation for 10 minutes at
room temperature and the reaction was stopped by glycine quenching (125mM
final concentration). Nuclei were collected and digested with micrococcal
nuclease (2ul, provided by the SimpleChIP fotlowed by 8 of sonication (8
cycles of 30" of sonication and 30" without sonication) using a BioRupter UCD
200 (Diagenode). Pull downs were performed on DNA fragments (ranging from
100 to 600 bp) using antibodies againstedminal MLL (Bethyl labatories inc.,
#A300086A), @erminal AF4 (AbCam. #ab60054), H3K4me3 (Millipore,
#cs200554) and H3K79me2 (AbCam, #ab3594)-SHgRamples were sequenced
(36 bp reads) on the illumine GlI platform and analyzed by NARWHAE. data

was visualized using the UCSC genome browser (hg19).

DNA content and apoptosis measurement

DNA content (i.e. cell cycle distribution) measurement was done using the
CycleTEST PLUS DNA Reagent Kit (BD Biosciences, #340242)célISxi@re
GNBIFGSR ¢6AGK Hup xft 2F azfdziazy ! 002
175 pl of solution B2 y G F Ay Ay 3 GNBLIEAAYS AYKAOAGZND
and 175 pl of solution C (containing propidium iodide (Pl) and spermine
GSGNI KERNROKf 2NARSO T2NI mpQ 2y A0S
Induction of apoptosis was assessed by an Annexin V/PI assay. For this® 0.2x10
cells were incubated in annexin binding buffer (10 mM HEPES, pH 7.4; 0.14 M
NaCl; 25 mM Cag@l | YR OSYUNRARFdzASR 4G wmMpnn wta
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NEY2OSR | yR | &azftdziaAzy 2F ! YyYSEAY + 0Owm
#556570) was added to the celllture.
For both assays, detection of positive staining was performed on a FACSCalibur

(Becton Dickinson) flow cytometer.

Transfection with sSiRNA

Leukemic cells (4x%pwere transfected with specific siRNAs by electroporation in

4 mm electroporationcuvettes (BieRad Laboratories, #1652081) containing 400

>[ 2F wtalL YSRAdzZY adzlJLid SYSYGSR gA0GK w™mux
mn > 2T &AAwb! & O6HAN >al RATNEBSEU IR | 3|
SMARTpool, Dharmacon), MAE4, or AMLAMTGS8 fusion potein (AGF1l) as
nonsense control (as described previod&lyz 2 NJ Ay GKS LINB&aSyOS
6Hn >al RANBOOBRY | 28@nAAGCAAMGUCUGCEEAG

'y i A& SGUBGSGCAGACUUUUCUUUUGEDBor the latter experiment,
O2yiNRf OSffa ¢SNBE (GNI'yafFSOGSR gAUK pn
carried out applying a rectangular pulse of 300 V for 10 milliseconds, uSega

Pulser MXcell Electroporation System (BiadLaboratorie$. After incubating for

15 minutes at room temperature, the cells were diluted to 1%&@lls/ml and

cultured under standard culture conditions. Transfection of sHEANL and siMEL

AF4 was repeated after two days to reach maximum kromkn and cells were
harvesed and RNA isolated after 96 hours. Transfection experiments were

repeated multiple times with similar results to those published in this manuscript.

Western blot
Cell pellets were snap N2 1 Sy Ay fAljdZAR yAGNRIASY I yR
use. ARNI G KI gAy3s O8ftta sSNB NBadALSYRSR
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mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate (Merck), 25 mM Tris, 150
mM NaCl, 1% Triton -¥00, 1 mM sodium orthovanadate, 10 mM
glycerolphosphate, 1 mM dithiothreitol, 1 mM phglmethylsulfonyl fluoride, 1%
aprotinin, 10 mM sodium fluoride (Sigrhaf RNAXA OKO YR pn >a 27
d2RAdzY LISNBIFIYylIRIGS® /Stfta 6SNB feaSR
OSY i NR FTdzASR F2NI MpQ G Mo dn sdetediln®dd | YR
by BCA protein assay (Pierce Biotechnology, #23225) with different
concentrations of bovine serum albumin as standards. Cell lysates containing 25
>3 2F LINRPGSAY 6SNB aSLINFYGSR 2y wmm: LR
nitrocellulose membanes (Schleicher & Schuell). Western Blots were probed with
mouse antiCDK4, artCDK6, anpRB1 S608 and ariEizH2 (Cell Signaling, #2906,
#3136, #2181, and #4905) and mouse drgia actin (as a control for equal
loading) (Abcam) for 2 hours at roomntperature. Next the western blots were
incubated in fluorescently labeled secondary antibodiesC@QR Biosciences) for 1

hour and subsequently detected using the Oddyssey Infrared Imaging System (LI

COR Biosciences).
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RESULTS

The CDKG6 locis occupied by MLL and AF4, and associated with H3K79me2
Confirming recent observatioffs'° we validated binding of the MLAF4 fusion
protein at the genomic localization &DK®6 For this, ChHBequencing analyses
was performed on chromati precipitations (using antibodies against MLL, AF4,
H3K4me3, and H3K79me2) obtained from MIH4 positive SEM cells. We found
pronounced ceoccupancy of both the fterminal domain of MLL and the-C
terminal domain of AF4 at the transcriptional start sifeGDK6In contrast, at the
CDK4ocus, binding of MLL and AF4 appeared largely absent, suggestir§RMLL
occupancy at th&€DK6but not theCDK4ocus (Figure 1, upper panel). Moreover,
the presence of MLL and AF4 at the genor@iDK6locus appeared to be
associated with both H3K4me3, as well as H3K79me2, where&@iKdocus did

not seem to be marked by these histone modifications (Figure 1, lower panel). In
addition, these histone marks were present on broad domains throughout CDKB6.
Similar spreading foboth histone modifications at key leukemia and stem-cell

associated genes has been described by Guenther't al.



CDK@6n MLLrearranged infant ALL 169

ek bl ilebg b L i LU PR YT e (T F T Ty J IR MLL-N
. I e 1] T I
L ol L AF4-C
i | H3K4me3
— thee cabesvimes = PP S T P
H3K79me2
CDK6 CDK4

Figure 1.CDK@ds marked by occupation of MLL, AF4, H3K79me2 and H3K4me3 in
SEM.Graphvisualizingnumber of annotated 3fhase paireadsobtained from Chleq
analysis at the CDK6 locus (left) and CDK4 locus (right) using antibodies against the N
terminal domain of MLL and the-t€rminal domain of AF4 (upper panel), H3K4
trimethylation and H3K79 dimethylation (lower panel) in MAE4 positre cell line SEM.

An additional 1kb upstream and downstream of CDK4 and an additional 10kb upstream

and downstream of CDKG® is given.

Elevated CDK6 expression in Medrranged infant ALL

Using our recently published gene expression profiling dédfymetrix
HU133plus2.0 GeneChigsyye evaluatedCDK6and CDK4expression levels in
MLL-rearranged infant ALLCDKG6Gappeared significantly higher expressed in the
MLLrearranged infant ALL patients when compared with infant ALL patients
(p=0.001), pediatric noinfant (>1 year of age) precursor BBPEL patients
(p<0.0001) carrying wiltype MLL genes, or healthy bone marrow samples
(p<0.0001) (Figure 2A; left panel). All probe set€bKéad an FDRdjusted p

value of 0.002 or smaller (Table 1).
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ID logFC T P.Value adj.P.val B

224848 at 1.035591 7.564293 7.52E12 3.29E09 16.59254
243 g_at 0.546159 7.028207 1.22E10 3.11E08 13.91603
224847 at 0.892852  7.00689 1.36E10 3.40E08 13.81122
235287_at 1.072996 6.819905 3.53E10 7.54E08 12.89764
224851 at 0.961323 6.218592 6.99E09 8.41E07 10.03769
231198 at 0.566643 5.643918 1.07EQ7 7.03E06 7.433588
207143 at 0.573842 4.655778 8.15E06 0.000215 3.320232
214160_at 0.438097 3.898921 0.000157 0.002164 0.547444

Table 1. All CDK6 probe sets significantly higher expressed inmitifant ALL patients.

Table representing all probe sets of CDK6 on the HGU133plus2.0 microarray with results
from linear modelling for microarrays (LIMMA) searching for differentially expressed
probe sets between MLtearranged infant ALL patients (n=68) and MLL-tyiet sampés
(consisting of MLL wiltype infant ALL patients (n=18), pediatric (Aafant) BCFALL
patients (n=16) and healthy bone marrow samples n=13).-Mt.IMLErearranged; ID =
probe set; logFC = estimate of the leighd-change; T = moderated-slatistic; PValue =

raw p-value; adj.P.Val = FEddjusted pvalue or gvalue; B = log odds.

In contrast to CDK6 CDK4expression was not upregulated MLL-rearranged
infant ALL compared to infant ALL with wiyjghe MLL (Figure 2B; left panel).
AmongMLLrearrangedinfant ALL patientsCDK6expression is higher than the
expression ofCDK4(p<0.0001) (Figure2B). The downstream CDK4/CDKG6 target
RB1lalso appeared significantly higher expressedvibl-rearranged infant ALL
patients when compared with pediatric precursor BEIR_ patients and healthy

bone marrow samples (p<0.0001). HoweveBlexpression levels iMLL wild-
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type infant ALL patients appeared comparable to that of Mel-rearranged

infant ALL cases (Figure 2C).

Figure 2. CDK6 mRNA expression values are higher in-rbirtkanged infant ALL
patients. Graphical representation of V8idrmalized expression values of CDK6 mRNA
(224848 _at) (A), CDK4 mRNA (202246 _s_at) (B)R&idmRNA (203132_at) (C) from
geneexpression profiling data (Affymetrix HU133plus2 GeneChips) in patient material.
CDKS is significantly higher expressed in-Mkranged infant ALL patients (Mtinfant

ALL, n=68) compared to MLL wijghe infant ALLNILL wt infant ALL, n=18), pediatric
(norrinfant) precursor BGRLL patients (pBCPALL, n=16) and healthy bone marrow
(healthy bone marrow, n=13). CDK4 is only significantly higher expressed in MLL 7
rearranged infant ALL patients compared to pediatric-BCP patients. RB1 is significantly
higher expressed compared to pediatric BEIR. patients and healthy bone marrow
samples, but not compared to witype MLL infant ALL patients. The differences between
patient groups were statistically analyzed using kh@nn-Whitney U test. Probe sets with

the largest difference between Mukarranged and MLL wiltype are shown in the
graph; all probe sets of CDK6 had an fabDjRsted pvalue of 0.002 or smaller

(Supplementalrable 1). Error bars represent the mean #nsliard error of the mean.
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Figure 2. CDK6 mRNA expression values are higher in-rbdrtanged infant ALL

patients.
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WBC higher in patients with high CDK6 mRNA expression

Although the white blood cell (WBC) count at diagnosis obviously is subjected to
many variations, this parameter may reflect some degree of leukemic cell
proliferation and disease aggressiveness. For instance, among infant ALL patients,
high WBC counts are highly characteristic and represents an independent
predictor of an adverse outene’ Thus, with WBC counts as a suggestive marker
for leukemic blast proliferation, we determined whether hilgivel CDK6
expression was associated with increasedBC at diagnosis. For this, we
comparedMLLENB I NNJ y3SR Ay FlLyd !'[[ LIFGASYyGa ¢,
0% Y S®DK6expression, and found that patients expressing high levels of
CDKeé6presented with significantly higher WBC counts at diagnoss0.Q27)
(Figure 3, left panel). A similar association with the expressicBD4was not

observed (Figure 3, right panel).
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Figure 3. WBC count is higher in patients with high CDK6 mRNA expreszigwh shows
white blood cell (WBC) couli¥axis) in MUrearranged patients with low (<median, n=31) and high
OXKYSRALYZ ylom0 SELINBaaiazy 2F /5Yc 6fSTh LI ySt(

patient groups were statistically analyzed using the Mavinitney U test.
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CDKG®6 expressids regulated by the MLL fusion

To confirm thatCDK@ndeed is regulated by the MLL fusion itself, we transfected
the MLL:rearranged ALL cell lines KOBNNd SEM with siRNAs directed against
MLLENLor MLL-AF4respectively. Transfection withMLL-ENLin KOPN8 resulted

in a 92% decrease of thdLL-ENLtranscript as compared with transfections with
non-silencing siRNAs directed agaidgbF1 Similar experiments usingMiLL-AF4

in SEM cells showed a 67% reductiorMbL-AF4AmRNA expression (Figure 4A).
Knoclkdown of MLL-ENLand MLL-AF4 led to pronounced decreases i6DK6
expression in both KOP8®l and SEM cells, whered8DK4expression largely
remained unaffected (Figure 4B). Similarly, upon knockdown of the MLL fusion,
protein levels of CDK6 were affected to a greater extent than that of CDK4 (Figure
4C). Hence, these data are in line with our confirmatory ShtPdata (Figre 1),

and clearly demonstrate that transcription of CDK6, but not CDK4, is driven by the
MLL fusion itself.

Figure 4. CDK®6 is downregulated after knockdown of MLL fusion by siF3aphical
representation of (A) expression values of MINIL mMRNA iIKOPNB (left) and MLIAF4
MRNA in SEM (right) after knockdown by siRNA of-BMNIL and MI-AF4 respectively
(white bars) measured by FHACR relative to control siRNA AGF1 (siAGF1, grey bars); and
(B) expression values of CDK6 mRNA (left) and CDK4 mRNA ifrighLL fusion
knockdown samples (white bars) measured byFER relative to control siAGF1 (grey
bars). Expression of mRNA was measured relative to housekeeping gene B2M as loading
control. Error bars represent the mean + standard error of the meaRr&ein levels of
CDK4 and CDKG6 after transfection with siRNA directed againsENILI(right panel) and
MLLAF4 as shown by western blot (left panel) and graph visualizing quantification of
$SaiSNY oft 2 Gactin MBhBvias laating Sohtiold |
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Figure 4. CDK®6 is downregulated after knockdown of MLL fusion by siRNA.
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CDKS® drives proliferation in Mtdarranged ALL

To assess to what extent proliferationMiL-rearranged ALL cells depends on the
elevated expression dEDK6we separateljknocked downCDKé&nd CDK4n the
t(4;11)positive ALL cell line SEM. This led to the transient reduction of CDK6 and
CDK4 protein expression to approximately 50% for 24 to 48 hours, whereupon
protein expression was almost completely recovered (Figure 5A). Cell cycle
analysis showa that suppression of CDK4 hardly affected proliferation. In
contrast, knoclkdown of CDKG6 led to marked increases in the number of cells
present in the GO/G1 phase, at the expense of the percentage of cells in the S
phase or G2/M phase (Figure 5B). Cellleyanalysis alternatively assessed by
BrdUstaining at 48 hours after transfection, showed similar results with an
increase in number of cells in the G1 phase and decrease of number of cells in the
S phase after transfection witBDK6while knockdown o€DK4ractically had no
effect on the cell cycle (Figure 5C). These data establish a role for CDK6, but not
for its homologue CDK4, in the proliferation ®LL-rearranged ALL cells.
Moreover, neither CDK4 nor CDKG6 suppression affected cell viability as

determined by Annexin V/Htaining (Figure 5D).
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Figure 5. Proliferation of theMLL-rearranged cell line SEM depends @DKébut not on
CDK4A. Proteinlevels of CDK4 (upper panel) and CDK6 (lower panel) followed over three
days (DO to D3) after transfection with siRNA directed against CDK4 and CDK6 respectively
as shown by western blot (left panel) and graphic visualization of quantification of western

bt 24 0 NR 3dctin is sBlowh&i$ l0adingicontrol. B. Graph visualizing number of cells

in the GO/G1 phase (grey), S phase (white) and G2/M phase (black) after knockdown by
siRNA of CDK4 and CDK6 and transfection with SiIAGF1 and empty pulse cesttolech

over four days (represented on theaXis). Cell cycle phase assessment was done by DNA
content measurement by means of proprium iodide staining quantified by dgtametry.

Bars represent meanstandard error of the mean. C. Graph visualizing @ele analysis
results (GO/G1 phase, grey; S phase, white; G1/M phase, black) through
bromodeoxyuridine (BrdU) staining quantified by flow cytometry at 48 hours after
transfection with either siRNAs directed against CDK4, CDK6, nonsense target AGF1 and
empty pulse in MLHAF4 cell line SEM. D. Quantitative measurement of alive, early
apoptotic, late apoptotic and dead cells 48 hours after transfection with siRNAs directed
against CDK4 (upper left), CDK6 (upper right), nonsense target AGF1 (lower left) and
empty pulse control (lower right) as measured by Annexin V (discriminating between alive
and apoptotic/dead cells) on the-akis and propidium iodide (PI, discriminating between

apoptotic and dead cells) on thea¥is.

In vitro sensitivity of Ml:tearranged ALL cell lines to PD0332991

Next we tested thdn vitro sensitivity to the CDK4/CDK®6 inhibitor PD0332991 of
MLLrearranged ALL cell lines SEM, K@PNBELL, and RS4;11. AIMLL
rearranged ALL cell lines tested appeared highly responsive to PD0332991
treatment, with 1G, values (i.e. the concentration required to inhibit 50% of the

viable cells) ranging from ~0.@® nmM (Figure 6).
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Figure 6.In vitro sensitivity of MLL-rearranged cell lines taCDK4#6 -inhibitor PD0332991.
Graph showingesults of 4day MTT assay with PD0332991 (in pM eaxis) on MLL
rearranged ALL cell lines KO®KMLLENL), RS4;11, SEM and-BEMLLAF4). Dotted line

represents concentration needed to inhibit 50% of the viable cells (IC50).

Next we exposed t(4;11) SEM cells and t(11;19) k®RMNIls to 1 uM of 7
PD0332991 for 48 hours. In SEM and K@FRHNIIs, this resulted in a considerable

G1 arrest, almost doubling the percentage of cells residing in the GO/G1 phase,
while the number of cedl in the S phase dropped to less than 20% as compared to

unexposed control cells (Figure 7). Likewise, the number of cells in G2/M phase

was also markedly reduced.
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Figure 7. Gérrest in MLErearranged ALL cell lines after PD0332991 treatmeAt.

Visudization of cell cycle phases as measured by DNA content through propidium iodide

(PI) staining quantified by flow cytometry after exposure of MEY positive cell line SEM

to 1 uM PD0332991 (lower panel) and blank control (upper panel) for 48 hoursy€ell

phases are pointed out by arrows in the graph. Both S phase and G2/M phase are
significantly reduced, indicating a G1 arrest. B. Graphical representation of the number of
cells that are in GO/G1 phase (grey), S phase (white) or G2/M phase (blémk) af
treatment with 1 pM PDO0332991 and blank control for 48 hours as measured by DNA
content in KOPM (left bars) and SEM (right bars). MAE4 positive cell line SEM and

MLL-ENL positive cell line KOBNave a significant increase in number of cells (/G

phase and decrease of cells in the S and G2/M phase.
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PD0332991 inhibits downstream targets pRB1 and EZH2 irrddirhnged ALL

cell lines

As pRB and EZH2 are downstream targets of CDK6, we determined protein levels
of the pRB and EZH2 in tMi_L-rearranged ALL cell lines SEM and KBi\the
presence and absence of PD0332991nfd). Exposure to PD0332991 did not
affect CDK®6 protein levels itself, which is hereditary to the working mechanism of
PD0332991, but effectively suppressed RB1 phosphorylation and EZH2 expression

in all three cell lines (Figure 8).

PD-0332991 1 pM

CDK6

RB1 pS608

EZH2

p-actin

KOPN-8 SEM

Figure 8. Tratment with CDK4#6-inhibitor PD0332991 affects downstream targefiRB

and EZH2Protein levels of CDK6, RB1 phosphorylation at serine 608 (pS608) and EZH2 i 7
MLLENL positive cell line KOBNand MLIAF4 positive cell line SEM after 0 hours, 24

hours and 8 hours of treatment with 1 uM CDK4iBhibitor PD0332991 as shown by

% S a i S NYactia is showh as loading control.
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DISCUSSION

We here confirm that, as proposed by previous reporfs,* the cell cycle
dependent kinase CDKG6 represents a direct target of the MLL fusion protein in
MLL-rearranged ALL. Furthermore, we show that the transcriptional activation of
CDKeéprovidesMLLrearranged ALL cells with a proliferative advantage, which can
effectively be coateracted by inhibiting CDK6. Hence, CDK6 may be an attractive
therapeutic target for this aggressive type of leukemia, with the CDK4/CDK6
inhibitor PD0332991 as a potential active drug. Furthermore, this study
demonstrates the importance of public datades (e.g. Chifeq and gene
expression databases) for furthering research faster.

PD0332991 is a wehlerated oral CDK#-inhibitor with myelosuppressioth and
neutropenia® as dosdimiting toxicities. Clinical benefit of PD0332991 has been
shown with progressioffiree survival for over a year in 5 out of 17 mantle cell
lymphoma patient¥®, and partial response in patients with a progressive
teratoma?® both tumors are characterized by highDK4and RB1expression
respectively. PD0332991 also significantly reduced tumor load in several Rb
positive human xenograft modeis viva** In concordance with our results, Wang

et al*? showed that PD0332991 edtiished a cell cycle block in AML cell line
MV4;11, containing the MEAF4 fusion protein as well as an internal tandem
duplication (ITD) of FLT3. They showed that CDK4/6 activation is a downstream
effector of FLT3TDmediated oncogenic pathways, and aegthat sensitivity of
MV4;11 to PDO0332991 may be explained by activation of this pathway.
Additionally we now argue that it is very well imaginable that MIE4 is able to
bind and upregulate CDK6 directly also Ntil-rearranged AML, and via this
contributing to the sensitivity of MV4;11 to PD0332991. Furtsawdies with
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PD0332991 now are warranted to assess whether it can also effectively inhibit
proliferation of MLLrearranged ALL cells viva Similarly to other inhibitors
moving into the clinic, cawus testing of the effect on normal residual
hematopoetic stem cells and progenitors is required due to the high bone marrow
involvement of ALL.

Where CDK@lays an important role in the proliferation ®fiLL-rearranged ALL,

the highly homologous CDKibesnot seem to affect the proliferation to a great
extent. Nonroverlapping functional roles of CDK4 and CDK6 have been
demonstrated earlier, and may be tissgpecific and depend on different
complexes each kinase forrfi§’° Also the present study suggests that CDK4 and
CDK®6 are not functionally redundant, with only CDK6 playing a critical role in the
proliferation of MLL:rearranged ALL. Another possible explanation for a lack of
effect on the proliferation after abrogation of CDK4 may lie in a compensatory
mechanism, where the highly expressed CDK6 Mir:-rearranged ALL may
possibly surmount the absence of CDKA4.

Further, this study raises questions about the role of the polycomb group protein
EZH2in MLLrearranged leukemia. Although we demonstrate a significant
decrease in the protein levels &zZH2and proliferation arrest after exposure to
the CDKA4/6 inhibitor, recent studies in MLRAF9 rearranged acute myeloid
leukemia (AML) have shown that inactivation of this gene can compromise but
not fully abrogate leukemic growtH.*® This would suggest either the implication

of other downstream targets oCDK6and the RB1gene aspecific effects of
PD0332991or possibly a more important role dZH2in MLLrearranged ALL.
Experiments using inactivation BZHAn MLL:rearranged ALL could possibly shed

more light on this specific issue.



184

¢tKSNBE KFa 0SSy RSoOIGS oKbde MtSadtvatihg & o G 6 2

oncogene and one hit inactivating a tumor sugssor gen& *° ¢ applies toMLL
rearrangedleukemia. Yu et 3l already noted that theMLLrearrangement as a
single event can result in two hits; avLL fusion product with a partner gene
could confer gairof-function activity, and simultaneouBILL haploinsufficiency
would contribute to the disordered cell fate of the leukemia. In this study we
present an alternatie way in which theMLL fusion confers gaiof-function
activity; the MLL fusion upregulates expression d@DK6and by this drives the
continued proliferation irMLL:-rearranged leukemia.

In conclusion,CDK6is a direct target of the MLL fusion protein and plays an
important role in the proliferation advantage oMLL-rearranged ALL cells.
Additionally we show that the proliferation advantage Wf.L-rearranged ALL
gained byCDKe6can be effectively targetedn vitro by the CDK4/6inhibitor
PD0332991.
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ABSTRACT

Introduction: Acute lymphoblastic leukemia in infants is characterized by a poor
prognosis and a high incidence BfLL rearrangements. Infant ALL has been
recognized to generate distinct gene expression profiles. In search for new
treatment targets, we analyzed these gene expression signatures for differential
expression.Results:EP306interacting inhibitor of differentition EID) mMRNA
was significantly higher expressed in infant ALL patients compared with pediatric
(norrinfant) BCPALL patients and healthy bone marrow samples (p<0.001).
Subsequently, we performeshRNA mediated knockdown BfD1in humanMLL-
fusion ger leukemia cell line SEM, which resulted in reduced cell growth through
both an induced Garrest and apoptosis. Gene expression profiling of cells
transduced withEID1shRNA demonstrated reduced expression of -&2Fen
genes, needed for cell cycle progston to the $hase. Furthermore, EP300
associated factoiKAT2B(a.k.a. PCAJF was downregulated upon knockdown of
EID1.Both knockdown oKAT2Band EP300nduced apoptosis iMLL-rearranged

cell line SEMResults:These results show thdIDlexpressiond important for
continued growth oMLL:-rearranged ALL. Due to the critical role in growth and its
specific expression in the leukemic blasts of infant ALL pati&fhixlappears to

be a good target for the development of new treatment strategies in infelt.
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INTRODUCTION

Although overall survival among children diagnosed with acute lymphoblastic
leukemia (ALL) nowadays exceeds 8pffhe prognosis for infants (<1 year of age)
with ALL remains dismal® Infant ALL is characterized by chromosomal
translocations of theMlixed Lineage Leukem{]MLL gene, occurring in ~80% of
the cases. In infant ALL, the most recurrdfitLtranslocdion partner genes are
AF4 ENL. andAF9 ? ® The prognosis foMLL-rearranged infant ALL patients (i.e.
EFS rates of 380%? is considerably worse than that for infants not carrying
translocations of theMLL gene (EFS ~75%. Hence, improved therapeutic
strategies, especialfipr MLL-rearranged infant ALL patients, are urgently needed.
Genomewide transcriptome studies have shown tha#lLL-rearranged ALL
patients display highly unique gene expression profifédn search of new and
valid therapeutic targets we screened our gene expression profiling 8#tathe
present study we set out to investigateEID1 which we found highly and
specifically expressed in infant ALL cells. Efiel (B300 interactingnhibitor

of differentiation 1) protein binds and interacts with the histone acetyltransferase
(HAT EP300. In normal physiology, EP300 is widely expressed and involved in the
regulation of many cellular processes, including cell growth, differentiation and
apoptosis.”*® By blocking the HAT activity of EP300, EID1 is a potent inhibitor of
differentiation. ' *? EID1 also binds the retinoblastoma (RB) protiin complex

with members of the E2F family of DNWding transcription factors, RB
represses the transiption of genes required for cell cycle progression, and as
such represents an important gate keeper of the cell cyélehus, binding of EID1

to both EP300 and RB suggests a link between tispaeific differentiation and

cell cycle exit, and has led to the assumption that EID1 confers inlyilgféects
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on both cellular processes® *? Highlevel expression of EID1 in infant ALL cells
may fulfill a crucial role in blocking differentiation and at the same time stimulate
uncontrolled proliferation. If so, EID1 represents an attractive therapeutic target
in infant ALL. In this study, weviestigated to what extenMLL-rearranged ALL

cells are dependent on the expression of EID1.
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MATERIALS AND METHODS

Note: A more elaborate and detailed description of all experimental procedures

and data analysis methods can be found in ugplemental Material Chapter 8.

Gene expression profiling data

EID1mRNA expression levels in primary samples from infants with ALL were
derived from our previously published gene expression array data (HU133plus2.0
GeneChips; Affymetrix; probe set ID: 211698 &t)Raw array data were
collectively normalized using varianstabilizing normalizatiod* and differential

gene expression was statistically evaluated using linear mddelsnicroarray
analyses (LIMMA)? Gene set enrichment analysis (GSEA) was performed using
GSEA softwaré®

Quantitative reaftime PCR analysis

Total RNA was extracted from a minimum of Zxtells using TRIzol reagent
(Invitrogen, Life Technologies, Breda, The Netherlands) according d@o th
Y ydzFlI OGdzZNBNR& 3JdzA RSt AySad ¢KS ljdzr £ Ade
agarose gels, and cDNA was synthesized for quantitativeirealPCR analysis as
described earlier.® EID1 and KAT2BmRNA expression was measured by
guantitative reaitime PCR analysis using the DyNAmo SYBR Green gPCR kit

(Finnzymes, Espoo, Finland) as described betbre.

Cell line culturing and RNA interference
All knockdown experiments were performed in the leukemia cell line SEM,

carrying theMLLtranslocation t(4;11), generaty MLEAF4 fusion proteins.
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RNA interference was performed by means of lentiviral transductidter 24
hours the DMEM medium was replaced with RPMI medium, and-gon&ining
medium was harvested 48 hours after transfection. Upon filtration through a
0.45>m cellulose acetate filter, the virus stock was used to infect SEM cells. The
pLKO.1 puromycin resistance marker allows selection for stably transduced cells.
Puromycin (1 pg/ml) was added to the medium after 96 hours. Infected cells were
analyzed fo knockdown by RPCR and western blot analyses. All knockdown

experiments were repeated at least two times.

Flow cytometry and cell cycle analysis

Induction of apoptosis was assessed by an Annexin V/PIl assay. Cell cycle analysis
was performed by BrdU lafing using the FITC BrdU Flow Kit (#559619, BD

t KEFNYAISYo FOO0O2NRAY3I G2 YIydzZFl O dz2NBNRaA

data was performed using the FlowJo software version 7.6.5 (Tree Star).

Western blot analyses

Western Blots were probed ith KAT2B rabbit monoclonal antibody
(CellSignaling,) and beta actin mouse monoclonal antibody (as a control for equal
loading) (Abcam) for 2 hours at room temperature. Next the western blots were
incubated in fluorescently labeled secondary antibodiesC@QR Biosciences) for 1

hour and subsequently detected using the Oddyssey Infrared Imaging System (LI
COR Biosciences). 8
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RESULTS

Highlevel EID1 expression in infant ALL

Our recent gene expression profiling study revealed faglel expression dEID1

(or CRIY in MLLrearranged infant ALL when compared with pediatric (>1 year of
age) precursor Bell ALL® Further analysis showed that hidvel expression of
EID1was not exclusively restricted tdLL-rearranged infant ALL samples, but also
appeared present in infant ALL cells bearing germiithd.genes. Compared with
both pediatric precursor Bell ALL (h=16) and healthy bone marrow samples
(n=13), infant ALL cells (either with or withoMi_L translocations) significantly
expressed higher levels &D1(Figure 1A) (p<0.0001). Next, in order tdidate
these gene expression profiling data, we performed quantitative-tiesd PCR
analysis. AgairEID1was significantly (p=0.002) higher expressed in prinhicy-
rearranged infant ALL samples (n=6) as compared with samples from pediatric

precursor Beell ALL patients (n=6) (Figure 1B).
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Figure 1. High expression &1D1in infant leukemia.
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Figure 1. High expression &lD1in infant leukemia.A. Graphical representation of VSN
normalized expression values BIDIMRNA (211698 _at) from gemxpresion profiling
data (Affymetrix HU133plus2 GeneChips) in patient matefld1is significantly higher
expressed irMLLrearranged infant ALL patients (MLinfant ALL, n=68) anklILLwild-

type infant ALL patients (MLL wt infant ALL, n=18) compared with healthy bone marrow
(healthy bone marrow, n=13) and pediatric (Riofiant) precursor BCGRLL patients
(pediatric BCRALL, n=16). The difference between patient groups was statistically
analyzed using the ManwhitneyUtest. Probeset with the largest difference between
MLLrearranged andMLLwild-type are shown in the graph; all probesetskEiD1had an
FDRadjusted pvalue of <0.0001 (Supplementary material Chapter 8). B. Graphical
representation ofEIDIMRNA expression in Micearranged infant ALL (n=6) and pediatric
(nonrinfant) precursor BGRLL patients (n=6) as determined by-FRROR. Error bars

represent the mean +* standard error of the mean.

Knockdown of EID1 induces cell cyctesirand apoptosis in Mirearranged ALL

To determine whetheMLL-rearranged ALL cells are dependent on Herel EID1
expression, we performe&lDlknockdown experiments in the MiAF4 positive

ALL cell line SEM. SEM cells were transduced witNAsRlirected againdEiD1
(shEID3), or with nonsilencing control shRNAs ($8C¢. Selection of cells stably
expressing the shRNAs was established by exposure to puryomycin. Compared
with the nonsilencing control, transduction with EtD1led to an 82% readction

in EIDlexpression three days after puromycin selection (Figure 2A). Knockdown
of EID1resulted in marked decreases in the number of viable cells as determined
by trypan blue dye exclusion staining (Figure 2B). To investigate the cause of this
remarkable decline in cell viability, the effects BfD1knockdown were assessed

by apoptosis and cell cycle analysis. Annexin V/propidium iodide (PI) staining
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revealed a dramatic induction of apoptosis. Within two days after puromycin
selection, virtually allcells challenged with shRNA agairisiD1 were either
apoptotic or necrotic (i.e. Rlositive) compared to the norilencing control
(Figure 3A). At the same time, BrdWAAD staining showed an abrupt blocking
cell cycle progression. Aft&lD1knockdownthe percentage of SEM cells residing
in the S phase was reduced to only 1% compared with ~23% irsilemicing
control cells (Figure 3B). Collectively these data imply khlat-rearranged ALL
cells are highly dependent on higgvel EID1lexpression.
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Figure 2 EID1knockdown inhibits growth in MLitearranged ALLA. Expression values of
EIDImRNA in SEM after knockdown by shRNA directed adaiBdimeasured by RPCR
relative to nonsilencing control SNSC Expression of mRNA was measured relative t
housekeeping genB2M as loading control. B. Average live cell counts/ml (including cells
undergoing apoptosis) determined over four days after puromycin selection in SEM cells
transduced withEID1shRNA (sBID2) or nonsilencing control virus (N5Q. Non-infected
control: wild-type SEM cells without puromycin resistancy mark®ata represented are

the means of three independent experiments. Error bars represent the standard error of

the mean.
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shEID1

Day 2

PROPIDIUM IODIDE

Day 5

ANNEXIN V

BRDU-FITC

7-AAD
Figure 3 EID1knockdown induces apoptosis and celjcle arrest in MLearranged ALL.

A. Quantitative measurement of alive, apoptotic and dead transduced SEM cells two days
(upper panel) and five days (lower panel) after puromycin selection with shRNAs directed
again$ EID1 (shEID] right) and nossilencing control (SKSC left) as measured by
Annexin V on the -¥xis and propidium iodide on theaxis. B. Cell cycle analysis indicating
GO0/GXphase, $hase and G2/Mphase of transduced SEM cells two days after puromycin
selection with shRNAs directed agaif@Dland nonsilencing control as measured by

BrdU incorporation on the-#xis and 7AAD (measuring total DNA content) on thax¥s.
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Transcriptional consequences of EID1 knockdown

To gain more insight into the fefcts of EID1repression inMLL-rearranged ALL
cells, we performed genomeide transcriptome analysis (using Affymetrix
HGU133plus2.0 microarrays) in SEM cells transduced witibdbr non-silencing
shNSC These experiments revealed differential expression (p<0.001) of 39 probe
sets, corresponding to 26 genes, affelD1knockdown. Importantly, three of the
probe sets corresponded t&lD1litself, confirming successful repression of the
target gene (FigurdA). Moreover, 22 of the genes were dowggulated upon

loss of EID1 expression, whereas only four genes became-regulated.
Subsequently, we performed gene set enrichment analysis (GSEA) of gene
expression inEID1knockdown samples versus control samplesng gene sets

that contain genes that share a transcription factor binding site as defined in the
TRANSFAC database (C3: motif gene sets/TFT). In the downregulated genes, we
found a significant enrichment of promoter regions containing the motif matched
with E2Frelated proteins, specifically E2F1 (normalized enrichment score (NES)=

1.77, g=0.01) (Figure 4B and Supplemental material Chapter 8).
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Figure 4. Gene gxession profiling ofEID1demonstrates downregulation oKAT2BA.
Heatmap visualization of gene expression profiles (Affymetrix HGU133plus2.0 GeneChips)
of EID1knockdown samples (n=2, red columns, shEID1) anesitl@ncing control samples

(n=2, blue columns, shNSC) using 42 significantly different expressed probe sets (p<0.001).
Upregulated genes are depicted in red, downregulated genes are depicted in blue. B.
Gene set enrichment analysis (GSEA) of gene expressigiDihknockdown samples
OWY Il gLI2AQ0 OSNRERdza O2y dNRBf al YL S&a oWyl pyS3ac
a transcription factor binding site defined in the TRANSFAC database (C3: motif gene
sets/TFT). Demonstrated is an enrichment of genes with promoter regi@kb,2kb]
around transcription start site containing the motif TTTSGCGS which matches annotation
for E2F1. The EZElated gene set with the highest normalized enrichment score (MES)
shown here; out of 19 E2fElated gene sets analyzed 15 had nominalajue <0.05
(Supplemental material Chapter 8). q = Figfusted pvalue. C. Expression values of
KAT2BmRNA in SEM after knockdown by shRNA directed agalbstmeasured by RT
PCRelative to nonsilencing control shNSC. Expression of mMRNA was measured relative to

housekeeping genB2Mas loading control.

Knockdowns of histone acetyltransferases KAT2B and EP300 induce apoptosis in
MLLrearranged ALL

Interestingly, one of the downegulated genes in ouElID1knockdown expression
signature wasKAT2B(or PCAF EP30@ssociated factor), which like EP300
encodes a histone acetyltransferase important in regulating differentiation.
Quantitative realtime PCR analysis confirmd€AT2Bdownregulation in SEM

cells transduced with $HD1 (Figure 4C). WhileEID1 is believed to block
differentiation by inhibiting EP300 activity, KAT2B seems to prevent

differentiation via acetylation of RE® On the other hand, Puri and egorkers'®
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demonstrated that the HAT activity of KAT2B, but not of EP300, is essential for
muscle differentiation. Therefore, to elucidate the contribution KKAT2Bdown-
regulationto the observedEIDlknockdown phenotype in infant ALL, we assessed
apoptosis induction and cell cycle distribution KAT2Band EP300knockdown
experiments. In comparison with the neilencing control, transduction of MLL
AF4 positive SEM cells withkéN2Bor slEP300Qeduced the mRNA expression of
these genes with 70% and 58% respectively (Figure FiA&)hermore, Western

blot analysis confirmed successful knockdown of KAT2B at the protein level
(Figure 5B). Suppression of both KAT2B and EP300 reduedittber of viable

cells as determined by trypan blue dye exclusion, but the most dramatic effects
were observed after knockdown of EP300 (Figure Bd)ne with these findings,
apoptosis induction and cell cycle inhibition were most prominently triggered in
cells in which EP300 expression was reduced (Figure 5D and 5E). These data show
that the loss of KAT2B to some extent contributes to the-Btkemic phenotype

of EID1inhibited SEM cells, but at the same time also imply tat-rearranged

ALL cells are more dependent on the presence of EP300.
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Figure 5.KAT2Band EP300 induce apoptosis MLLrearranged ALLA. Expression of
KAT2BmRNA(left, light grey) andEP300(right, dark grey) in SEM after knockdown by
shRNA directed againgtAT2Band EP300respectively, measured by FPCR relative to
non-silencing control SNSCwith B2M as loading control. B. Protein levels of KAT2B in
non-silenchg control (sNS¢ and after knockdown by shRNA KAT2B(shKAT2B as
aK2gy 0@ ¢ Sautin &Niswnas |@ading control. Aerage live cell counts/ml
determined over five days from puromycin selection in SEM cells transducedWit2B
ShRNA (SKAT2B EP300shRNA (sBP30) or nonsilencing control shRNA (88@. D.
Quantitative measurement of alive, apoptotic and dead transduced SEM cells five days
after puromycin selection with shRNAs directed agaiksiT2B(shKAT2B, light grey),
EP300(shEP300 dark grey) and necsilencing control (SNSC white) as measured by

Annexin V and PI, discriminating between apoptotic and dead cells.
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Figure 6. Cell cycle analysis after knockdown of KAT2B and ER20Ocycle analysis
(gated on live cells) indicating GO/G1 phase, S phase and G2/M phase of transduced SEM
cells two days after puromycin selection with shRNAs directed agéin§PB(shKAT2B,

light grey), EP300(shEP300 dark grey) and nosilencing contrb (SINSC white) as
measured by BrdU incorporation on theaXis and 7AAD (measuring total DNA content)

on the Yaxis.
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DISCUSSION

We here show that among childhood ALL patied&D1 (EP306@nteracting
inhibitor of differentiation) is specifically expressed in patients <1 year of age (i.e.
infants). Although the presence ®LLtranslocations is firmly associated with a
poor clinical outcome and represents a hallmark of infant ALD] Ekpression
was nhot restricted toMLLrearranged infant ALL alone. Infant ALL patients not
carrying translocations of theMLL gene displayedEID1 expression levels
comparable to that ofMLL-rearranged cases. Hence, elevateBtD1expression
cannot be asébed to the presence of the MLL fusion protein, which was to be
expected as MLL fusion proteins do not seem to bind to the genomic region
where theEID1gene resides?®  Moreover, the consistent upegulation ofEID1

in infant ALL can neither be explained by a commonly shared spedific
immunophenotype. In contrast to CD10 positive common/precursor-BaPcells
from children older than 1 year of ag®|LL-rearranged infant ALL cells usually
display a preB (i.e. CDID phenotype. However, like precursor BEEL cells in
older chidren, infant ALL cells lacking translocations of kL gene, often
display common/preB (CD10 phenotypes. In line with this, throughout normal
B-cell differentiation, no particular compartment seems to exhibit signs of
differential expression oEID1% Thus, at this point the etiology of higavel EID1
expression in infat ALL remains obscure, yet as a therapeutic target its potential
seems evident, as repression of EID1 immediately triggers leukemic cell death and
cell cycle arrest.

Unfortunately, still little is known on the expression or role of EID1 in human
disease. One study demonstrated an association of increased nuclear
G0N} yat20FidA2y 2F 9L5mM ¢AlGK (°kBdahdthérk2 3 Sy
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study found acorrelation of EID1 expression with the malignant potential of
intraductal papillary mucinous neoplasms of the pancrdao the best of our
knowledge, this is the first study reporting @&lDlexpression in hematological

cell types or hematologic disorders.

Normally, EID1 protein is able to block the histone acetyltransferase activity of
EP300, and with that inhibits differentiatiott . Overepresentation of EID1 in
infant ALL cells may therefore have contributed to a block in differentiation
required for leukemic transformation. However, our data showed théitl-
rearranged ALL cells require EP300, as knockdown of this protein immediately
triggers massive induction of leukemic cell death. Therefore, it seems unlikely that
EID1 is inhibiting EP300 MLLrearranged ALL, as these cells apparently are
highly dependent on functional EP300.

Apart from inhibitory actions on EP300, EID1 hkE® been reported to bind to
retinoblastoma protein (RB), and with that inhibiting differentiation by preventing
the activation of tissuaspecific transcriptiort’ To date it renains unclear whether

RB binds to E2F and EID1 simultaneously, and thereby integrating cellular stimuli,
or whether E2F and EID1 interact with RB separdteBithough our data is
limited, the here observed dowregulation of E2¥egulated genes upon
repression of EID1, at least suggestegrated actions of EID1 and E2F. Thus, in
MLL-rearranged ALL cells, the function of EID1 as a regulator efdEtEd genes
seems more important than the inhibition of the HAT activity of EP300. Yet,
elucidating the exact function of EID1 in infantLAtells using knoettown 8
experiments will proof to be difficult due to the rapid and severe induction of
leukemic cell death. Perhaps the introduction of highel EID1expression in
normal Bcell progenitors may be more informative. Nonetheless, our data

indisputably demonstrate thaMLL-rearranged ALL cells require EID1, and fail to



214

sustain viability when EID1 is repressed. Obviously, this makes EID1 an attractive
therapeutic target in MLL-rearranged) infant ALL, and warrants further studies

exploring the possibility of developing small molecule inhibitors targeting EID1.
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SUMMARY AND GENERAL DISCUSSION

Survival rates for pediatric acute lymphoblastic leukemia (ALL) have greatly
increased over the last decades, and nowadagproaches 90%Despite great
efforts, the survival rates for infant (<1 year of age) acute lymphoblastic leukemia
(ALL) to date is still poor with an overall survival of 53%onatal (<1 month of
age) ALL and neonatal AML are rare. Etiology, symptoms, diagnosis, treatment
and prognosis are extensively reviewediapter 2

Chapter 3elaborateson neonatal ALL. Analysis of thirty patients with neonatal
ALL treated with the uniform Interfari9 protocol shows that neonatal ALL was
characterizedby a significantly higher white blood cell count, a trend towards a
higher incidence oMLLgene rearragements, and a CD4tegative Blineage (i.e.
pro-B) immunophenotype than ALL in older infants. All of these factors are
associated with a dismal outcome. A higher relapse rate in neonatal ALL was
demonstrated, also after adjustment for these risk factarypothetically, the

high relapse rates can be explained by the administration of reduced
chemotherapy dosages in these very young patients in the fear of severe side
effects. As pharmacokinetic studies in this particular population are very limited,
determination of the right dosage represents a challenge. Both the Intei®8nt
study’ and the AMEBFM98/-2004" apply dose reductions in their protocol. This
study demonstrates an long term survival of 17%, and we therefore advocate
treating neonatal ALL witburative intent. Early death in complete remission and
treatment delays due to toxicity did not differ from that in older infant ALL

patients, which may allow for dose intensification in neonates diagnosed with ALL. 9
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Despite the strong association of tleecurrence ofMLLtranslocations in infant
ALL patients, ~20% of all infant ALL cases carntyyitd(or germlineMLLgenes.
Chapter 4shows that wildtype MLLinfant ALL carries a different gene expression
profile from that ofMLL-rearranged infant AL&s well as from pediatric precursor
BCPALL. In the current Interfar@6 protocol, infant ALL patients carrying wild
type MLLgenes are treated uniformly, stratified as a loisk group. However, in
chapter 5we demonstrate that these wiltype MLLinfant ALL patients form a
distinct but very heterozygous patient group for which very few recurrent genetic
abnormalities can be identified. A subgroup of the wilde MLL infant ALL
patients shows homology with the higisk MLL infant ALL patients with high
level expression dfIEISland an immature preéB phenotype. We show that high
level expression oMEIS1predicts poor outcome, and lovevel expression of
MEISIpredicted an EFS of 100% in wtijghe MLLinfant ALL patients. If this can be
confirmed in an idependent set of patients we suggest a novel risk stratification
strategy in which the expression MEIS1serves as a stratifier for this particular
sub-group of patients. Currently, wiltype MLLinfant ALL patients are by default
treated as low risk it ALL patients. UsingEISlas a risk stratifier, treatment
can potentially be more individualised with ultimately a lower toxicity profile for
the good prognosis group and improved survival for the figk group with high
level expression oMEIS1using an intensified treatment protocol. Alternatively,
improving survival for this particular group would involve better targeted
treatment rather than more intensive treatmentMEIS1 has previously been
demonstrated to be important in the oncogenicity MLL-rearranged leukemid.*
The downregulation of MEIS1 in leukemic cell lines impaired engraftment in
NOD/SCID mice and reducpubliferation’ ®> These data suggest that boMLL-
rearranged infant ALL as well as wijghe MLL infant ALL patients may benefit
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from MEIS1 inhibition. To date there is no known effective inhibitor of MEIS1, and
a differential g@e expression analysis between patients with hiftEIS1
expression and patients with lowlEISiexpression did not identify obvious
downstream effectors that can be targeted. The discovery of an effective small
molecule inhibitor of MEIS1 should thereforewa be the next step studying the

potency of targeting MEIS1.

Infant ALL is still in urgent need for more optimal, targeted treatment strategies.
Despite an intensive -gear treatment protocol for these very young children,
overall survival oMLL-rearranged infant ALL is around 50%. Despite good initial
responses to current therapies, high relapse rates in these infants contribute
greatly to an overall poor prognosisin search for new targets for therapy,
current literature focuses on the biology of Mfusion driven gene expression
and direct MLHusion protein binding sites. We hypothesise tivltL-rearranged
leukemia is not per se dependent solely on such direct targets. We earlier showed
that that for example S100A8/S100A9, which is not a direct target of A4,
induces prednisolone resistance and S100A8/S100A9 inhibitors may improve
outcome inMLL-rearranged ALP Also additional genetic events may leolved

in the oncogenicity such as RAS mutatibndirect targets may further
potentially contribute to the oncogenicity d¥lLL-rearranged leukemia. In search

for new targets for therapy, we used gene expression profiling before and after
RNA interference mediated knockdown of thL-fusion for the identification of

a novel set of genes influenced by the presence of the -M&ibn protein
(chapter 6. Interestingly, the set of obtained genes that rapidly responded to the
loss of the MLL fusion protein was enriched for hypermethylated promoter 9

regions in t(4;11) and t(11;19) infant ALL patients. Our group earlier demonstrated
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that aberrant DNA methylation is abundant MLL-rearranged infant ALY The
rapid activation of these genes after removal of the Midion protein suggests a
direct role of the MLifusion protein in the inactivation of these genes through
hypermethylation. Possibly, the inactivation of thesenge is part of the
leukemogenicity of the MLfusion. For example, NKX2 homeoboxNKX2.1)s
hypermethylated in the presence of the Mifusion protein and becomes
upregulated after the removal of the Mifusion protein. NKX2.1lis besides a
known oncogenealso a recognized suppressor of malignant progressibhe
inactivation of NKX2.1by the MLLEusion protein could possibly contribute to
tumor progression. Reactivation dKX2.1may cortribute to suppression of
tumor progression inMLLrearranged leukemia. The various ways in which the
MLLF dza A2y OFy SESNI AG&aQ tSdlSY23aSyad 38
DNA binding thus generates interesting new treatment strategies to esplor
Similarly, we used the approach to reveal direct and indirect effects on gene
expression through the ARMILL fusion protein. Besides the value of this gene set
as source for discovering new targets for treatment of a subset of t(4;11) infant
ALL patierd, this particular set might also be of value shedding light on the role of
the AF4MLL protein in the initiation of t(4;11) infant ALLhas been proposed
that AF4MLL is indispensable for the initiation of t(4;11) leukemias as the AF4
MLL protein was lale to induce leukemia without the requirement of the
reciprocal MLIAF4 protein® but this achievement has yet to be reproduced.
Careful examination of this particulaset of genes can possibly contribute to a
better understanding of the biology underlying this protein.

An important note to make, when discussing the search of new treatment
strategies inMLL-rearranged ALL, is that there is no good mouse model available

Despite various attempts by several laboratories, there are still no mice faithfully
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imitating the origin of the disease. Results vary from no leukemogenesis’aball

a too long latency tim#& or a Bcell ALL phenotype thaliffers from the proB
phenotype in MLLrearranged ALE® ** Therefore we chose to identify the
important players inMLLrearranged ALL by the use of knockdown models and
consecutive gene expression profilingNevertheless, we are aware of the

outweighing results a proper mouse model would bring to this field.

Following through on the gene expression profiles derived from chapter 6, in
chapter 7we validated the functional role d€DK6& one of the genes influenced

by the presence of the MHusion protein inMLL:rearranged ALL. As we show
dependency of proliferation dfiLL-rearranged ALL cell lines on CDK6, we suggest
PD0332991, a CDK4/CDBKBibitor, as potential drug in the treatmeraf MLL:
rearranged ALL. The next critical step in studying the role of CDH@LLn
rearranged ALL is testing the efficacy of PD0332991 in a xenograft mouse model
of MLLrearranged ALL before testing such a drug in the clinic. As PD0332991
induces a cell cye arrest but not apoptosis, we propose testing this drug as part

of chemotherapy regimen rather than as monotherapy. Due to the necessity of
cell cycling for the cytotoxic effect of many of the chemotherapeutics used in ALL,
this drug ideally should be pthined with a drug able to induce cell death in ron
cycling cells. Recently, it was reported tl2DK6@s also a critical effector of MLL
fusions in acute myeloid leukemia and knockdown of CDK6 could successfully be
mimicked with PD033299%.Combined efforts of research MLL-rearranged ALL

and MLL-rearranged AML research would possibly fasten bringing this promising
drug to the clinic.

Another interesting target for treatment irMLLrearranged ALL i€ID1 as 9
described inchapter 8 EID1 is highly expressed in both leukemic cellsiof
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rearrangedALL patients and wiltype MLLinfant ALL patients, and turns out to

be critical for sustained growth iMLL-rearranged ALL cell lineEID1therefore
appears to be a good therapeutic target for the development of new treatment
strategies in infant ALL, even though we have very little understanding of the
working mechanism of EID1 in this type of leukemia.

Several initiatives are being deployed to sémifor new specific therapeutic
compounds. A promising initiative is the Connectivity Map databagar, cmap)
which is a cdéction of genomewide transcriptional expression data from four
different cultured human cells treated with over 1300 bioactive small molecules.
Through the search of common geggpression changes, it enables the discovery
of drug candidates. This teclguie can possibly form the hub in translational
research between gene expression profiling and the discovery of drugs targeting
genes of interest. The value of cmap was demonstrated by our group by the
identification of PI3K inhibitof$ and HDAC inhitiirs'® in infant acute
lymphoblastic leukemia.

Alternatively, our group is currently applying a drug libreaged identification of
therapeutics that potentiate the treatment of Mtdearranged infant acute
lymphoblastic leukemia. This drug library consists of readily tested and approved
therapeutics available in the clinic. By testing which of these therapeutics are able
to effectively and specifically eliminatdLL-rearranged infant leukemic cells, we
possiby find in a revolved manner the compounds that are activating or
deactivating those genes responsible for the initiating and maintaining the
leukemia. Moreover, this would reach the final goal of finding a targeted

treatment for this poorprognosis diseasthat isMLL-rearranged infant ALL.
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In conclusion, infants suffering from acute lymphoblastic patients are in need for
better treatment strategies. Gene expression profiling creates a powerful tool for
screening for new treatment targets as shown in tihissis. Translation from the
laboratory into the clinic remains a major challenge though various initiatives are
undertaken to reduce the distance. Nevertheless continued research that bridges
these potential treatment targets and a drug available in thieic is still urgently

needed.
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NEDERLANDSE SAMENVATTING VOOR DRGEVIJDE

LEUKEMIE

Bloed wordt gemaakt in het beenmerg, dat zich bevindt in de lange pijpbeenderen
van het lichaam. Een moederbloedcel begint te delen en bij elke deling
veranderen de eigenschappen van de cel tot er geleidelijk verschillende soorten
bloedcellen zijn, onderralere witte en rode bloedcellen. Als de bloedcellen rijp
zijn, worden ze vanuit het beenmerg naar de bloedvaten getransporteerd. De
rode bloedcellen zorgen dan bijvoorbeeld dat er zuurstof naar de weefsels en
organen wordt gebracht en de witte bloedcellenrgen voor de afweer van het
lichaam tegen bacterién en virussen. Soms ontstaan er bij deze delingen in het
beenmerg fouten in het DNA, de code die de cel aanstuurt. Fouten in het DNA
kunnen ervoor zorgen dat de bloedcel niet meer stopt met delen. Zotamtts
leukemie, kanker van bloedcellen. Bij kinderen is er meestal sprake van een

bepaald soort leukemie, zogenaamde acute lymfatische leukemie (ALL).

ZUIGELINGENLEUKEMIE

Heel soms komt acute leukemie ook voor bij kinderen jonger dan 1 jaar (ofwel
zuigelingen), we spreken dan over zuigelingenleukemie. In Nederland zijn er
ongeveer vier tot vijf kinderen per jaar die de diagnose zuigelingenleukemie

krijgen. Zuigelingenleukeim is in veel opzichten anders dan de leukemie die
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oudere kinderen krijgen. Zo overleeft slechts ongeveer de helft van de zuigelingen
hun ziekte, terwijl dit ruim 80% is bij de kinderen met ALL ouder dan 1 jaar. Ook
de fouten in het DNA van de leukemiegéh bij zuigelingen anders dan bij oudere
kinderen. Zo is er bij ongeveer 80% van de zuigelingen met ALL sprake van een
breuk in het zogenaamd®&ILL-gen, terwijl dit slechts bij 1% van de kinderen
boven de 1 jaar het geval is. Een gen is een code in diiecbkeschrijft hoe een

eiwit voor de cel gemaakt moet worden. Als het gebrok#éiri-gen aan een ander

gen bindt, ontstaat er dus een foute code en daarmee een fout eiwit. Dit foute
eiwit kan aanleiding geven tot een ongecontroleerde deling van de wittedoiel

en daarmee oorzaak zijn van leukemie. In zuigelingenleukemie zien we
bijvoorbeeld het MLIAF4 eiwit, waarbij een stuk van het gebrokdhl-gen vast

is komen te zitten aan heAF4gen. Er zijn sterke aanwijzingen dat MtL-AF4
combinatiegen de oorzaak is van de agressieve vorm van leukemie Dbij
zuigelingen.

Ly SSy @Iy RS @AeT | diwiBestitek yieB\®of. EQvdrdti 1 2 ¢
vaak gedacht dat deze jonge kinderen een leukemie hebben die lijkt op die van
oudere kinegtren met leukemie, maar dit is nooit goed uitgezocht. Deze kinderen
zonder fout MLteiwit hebben wel een betere overlevingskans van ongeveer 80%.
Sommige zuigelingen krijgen al binnen een maand na de geboorte de diagnose
leukemie, ook wel neonatale leukeenigenoemd. Er wordt onder artsen vaak
gedacht dat deze hele jonge kinderen altijd dood gaan en artsen zijn vaak bang
om bij deze kinderen intensieve chemotherapie te geven. Echter, omdat het zo
weinig voorkomt is eigenlijk niet goed bekend of en hoe deaddten behandeld

moeten worden.
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OP NAAR NIEUWE THERAPIE VOORHERBCHIKTE
ZUIGELINGENLEUKEMIE

We zoeken naar een therapie die beter de leukemiecellen doodt, zonder de
gezonde cellen te beschadigen. Hiermee willen we de overlevingskansen van
kinderenmet de diagnose zuigelingenleukemie verbeteren.

Door speciale technieken te gebruiken in het laboratorium kunnen we zien hoe
actief een gen in een cel is. Dit noemen we de genexpressie van de cel. Als we de
genexpressie van leukemiecellen met een MLL diekking vergelijken met
leukemiecellen van oudere kinderen met ALL, met leukemiecellen van zuigelingen
zonder MLL herschikking, en met gezonde beenmergcellen, zien we grote
verschillen tussen welke genen aan en uit staan in de deze cellen. Door te
vergelijken welke genen aan en uit staan in de leukemiecel met MLL herschikking,
kunnen we Dbeter begrijpen hoe de leukemie ontstaat en betere
aanknopingspunten vinden om nieuwe en vooral meer specifieke

behandelmethoden te ontwikkelen voor deze vorm van leukemie.

NEONATALE LEUKEMIE

Hoofdstuk 2beschrijftwat er tot nu toe bekend is over neonatale leukemie. Er
bestaat neonatale acute myeloide leukemie (AML) en neonatale ALL. Het verschil
tussen myeloide en lymfatische leukemie zit hem in het type witte bloedcel dat
ongecontroleerd is begonnen met delen exukemiecel is geworden. Neonatale

AML heeft een betere prognose dan neonatale ALL. De eerste symptomen van

10
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neonatale leukemie zijn vaak een vergrote lever en milt, en huidafwijkingen. In
het bloed worden grote hoeveelheden leukemiecellen gezien. Ook bipatale
leukemie is er vaak sprake van een breuk in Mét-gen. Het wordt behandeld

met chemotherapie, maar vaak komen de leukemiecellen ondanks de therapie
snel weer terug.Hoofdstuk 3 gaat dieper in op neonatale acute lymfatische
leukemie. Het beschrijfde data van een dertigtal kinderen met de diagnose ALL
jonger dan 1 maand, welke zijn gevolgd en behandeld in de internationale
Interfant-99 studie. We zagen dat 20% van deze kinderen met neonatale ALL na
twee jaar na diagnose nog in leven was. Dit gesfidoende reden om deze

kinderen ondanks hun jonge leeftijd toch intensieve chemotherapie te geven.

GENEXPRESSIE IN ZUIGELINGENLEUKEMIE

Hoofdstuk 4laat zien dat in de cellen van zuigelingen met een fout -Bijit
andere genen tot expressie komen dan gezonde beenmergcellen, maar ook
komen andere genen tot expressie vergeleken met leukemiecellen van oudere
kinderen en leukemiecellen van zuigelingen zonder fout-Biiit. De genen die

aan en uit worden gezet in deze cellen dragen mogelijk bij aafeftedat de cel

niet meer kan stoppen met delen en/of ongevoelig zijn voor de huidige
chemotherapie. Verder onderzoek naar deze genen moet helpen een betere

therapie te vinden om kinderen met zuigelingenleukemie te genezen.

10.6 Zuigelingenleukemizonder MLEherschikking
Een op de vijf zuigelingen met leukemie, heeft geen foutief-buit. Er wordt

vaak gedacht dat de leukemie bij deze kinderen lijkt op de leukemie bij kinderen
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ouder dan 1 jaar. lhoofdstuk 5laten we echter zien dat deze vorm van leukemie
verschilt van de leukemie bij oudere kinderen en ook verschilt van
zuigelingenleukemie met een foutief Mlwit. Er zijn bijvoorbeeld minder vaak
afwijkingen in het DNA bij deze kinderen dan bij oudere éiad. Ook is minder
goed te voorspellen bij welke van deze kinderen de leukemiecellen terugkomen
na behandeling. Als een bepaald gen, genadtidS] erg actief is bij deze groep
zuigelingen, komt de leukemie veel vaker terug na behandeling dan als dit gen
minder actief is. Verder onderzoek naar dit gen kan wellicht bijdragen aan het

vinden van een betere therapie voor deze kinderen.

DE CEL NA HET UITZETTEN VAN HET FOLGENVLL

In het laboratorium kunnen soms cellen afkomstig van patiénten oadtebihet
lichaam gekweekt worden; gekweekte cellen worden ook wel cellijnen genoemd.
In deze cellijnen kunnen we met behulp van virus als boodschapper van RNA naar
de kern van de cel, genen aan en uit zetterhdonfdstuk 6zetten we met behulp

van zo'n vius met een specifiek stukje RNA in drie cellijnen het foditd-gen uit.
Door hierna te bekijken welke genen aam uitgaan, hopen we te begrijpen hoe
de MLLherschikking bijdraagt aan het ontstaan van de leukemie. Een voorbeeld
gy 1 2Qy 3S\t warbtidoorn IeOheddhirtéMLL-gen is cyclin
dependent kinase 6QDK®. Het CDK@iwit zorgt ervoor dat een cel kan blijven
delen. In cellen met het foute Midiwit staatCDKéhoog aan en als we deLlL-
herschikking in de cellijnen uitzetten, ga@bK&ok uit. Het lijkt er dus op dat het
foute MLLeiwit zorgt dat CDK6 aan en uit gaat. Met andere woordenMdé
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herschikking lijkt hetCDK6gen te gebruiken om ongecontroleerd te kunnen

delen.

CDK6 IN MI-HERSCHIKTE ZUIGELINGENLEUKEME

In hoofdstuk 7wordt dieper ingegaan op hoe CDK6 bijdraagt aan de leukemie in
patiénten met een fout MLiwit. In cellijnen met het foute ML&iwit hebben we

het CDK@&jen uitgezet. Hierop gingen de cellen veel langzamer delen, hoewel het
MLL-eiwit nog gewoon aanwezig wasit wijst erop dat het foute MLEiwit onder
andere leukemie veroorzaakt door het Chdé&h aan te zetten. Als we de cellijnen
met het foute MLEeiwit behandelden met een medicijn, genaamd PD0332991,
dat in staat is het CDK®6 eiwit te remmen, bleken dezd render snel te groeien.
Verder onderzoek zal moeten laten zien of dit medicijn ook in muizen de groei van
leukemie kan remmen. Als dat zo is, zou dat medicijn vervolgens in zuigelingen

met leukemie onderzocht kunnen worden.

EIOL IN MLEHERSCHIKTE ZUIGELINGENLEUKEMIE

Ook EID1 is een voorbeeld van een gen dat hoog aanstaat in zuigelingenleukemie,
maar niet in oudere kinderen met ALL of in gezonde beenmergcellen. In
hoofdstuk 8 laten we zien dat als we het EHgén uitzetten in cdiinen, de
leukemiecellen stoppen met delen en zelfs dood gaan. We denken daarom dat

EID1 een belangrijke rol zou kunnen spelen in een nieuwe behandeling van
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zuigelingenleukemie. Omdat EID1 een relatief onbekend eiwit is, hebben we (nog)
geen medicijnen @& EID1 kunnen remmen. We vinden daarom dat verder

onderzoek naar dit eiwit erg belangrijk is.

CONCLUSIE

Concluderend is het nog steeds hard nodig dat er nieuwe behandelingen komen
voor een betere overleving van zuigelingen met leukemie. Het bestudesen
welke genen aan en uit staan in zuigelingenleukemie heeft ons erg geholpen om
te snappen welke genen belangrijk zijn voor de leukemie zoals blijkt uit dit
proefschrift. Echter, het blijft erg moeilijk om de stap te maken van ontdekkingen
in het laborabrium naar een werkzaam medicijn dat gegeven kan worden aan
kinderen. Het blijft daarom belangrijk om verder onderzoek te doen dat deze

afstand tussen het laboratorium en de kliniek overbrugt.
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nu ligt en niet gestrand is in tal van atgewerkte ideeén.

Ronald, je bent begonnen me uit te leggen hoe ik een pipet moest vasthouden
(niet met mijn wijsvinger bovenop de pipet dus), wat illustreert hoe bleu ik de

eerste dag bij je aankwam. Met engelengeduld echter heb je altijd zowel mijn

10
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biologische als technibe vragen rustig weten te beantwoorden. Jouw kracht van
duidelijk uitleggen komt naar voren in hoe je presenteert en schrijft, waarin ik
enorm veel van je geleerd heb afgelopen jaren. Als mensen begrijpen wat ik
probeer te zeggen in dit boekje, is dat gpdeels aan jou te danken!

Lidija, wat heb jij me veel geholpen in het begin. Altijd had je tijd om me bij de
hand te nemen en de meest basale labtechnieken uit te leggen. Ik heb jou als
collega en persoon altijd enorm gewaardeerd en vind het nog steedmgr dat

je weg bent gegaan, maar ben blij dat je het zo naar je zin hebt in je (inmiddels
allang niet meey nieuwe baan. Pauline, Merel en Sandra, als analisten van de
Infant-groep staan jullie altijd klaar om vragen te beantwoorden of experimentjes

uit te voeren voor onsjank jullie

¢ NHzReé X al NB2f SAYy Sy L NkermzEvagdedMMIS Sy f Sdzl S

Emma,vanaf dekeerdat wehet in het elektroforeseholover apenliefde spraken

ben je mijn leukste collega ooiTijden lang is het zo geweest ditjou meer
sprak dan Tiede in een weeklerkelijk bijna alles is over tafel geweest en meer
dan eens hebben we (soms wel heel duistere) kanten ontdekt aan onszelf,
waardoor ik ook mezelf beter heb leren kennen afgelopen jaren. Naast dat ik je
(uiteraard een enorm gezellige collega vind, vind ik je ook nog eens een heel
goede onderzoeker met een hele kritische kijk op je data. Meer dan
vanzelfsprekend behoor jij dan ook mijn paranimf te zijn vandaag!

MTQ, unique, magnifique en heel ludique (?), ik berblfadat ik met jullie mijn
studententijd heb mogen doen! Met deze periode toch maar mooi in de pocket,
kan ik nu het serieuzere leven aan, waar onder andere het schrijven van dit boekje
het resultaat van is. Dat we later als oude vrouwtjes maar weehaastrand van

Salou, Llorret da Mar of Miami (..misschien nu aehtFloridaJ ) mogen liggen!
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Lieve familie, hoe truttig het dan ook moge klinken, ik voel me oprecht gezegend
met een familie waarin het (meestal) enorm gezellig is, heftig gediscussiaard k
worden zonder ruzie te maken en waarin iedereen ook nog eens echt altijd voor
elkaar klaar staat. Door jullie ben ik opgegroeid tot iemand die redelijk met twee
benen op de grond staat, wat meer dan wie of wat dan ook ten grondslag ligt aan
dit boekje.Lieve mama, zonder jou was ik nu nooit zo gelukkig geweest!

Lieve Tiedelan,hier dan het resultaat van waar ik zes jaar lang mee bezig ben
geweest en waar jij de afgelopen drie jaar niet meer naar hebt mogen vragen.
Hoewel dit boekje er vast ookel had gekomen zonder jou, door jou is het leuk
gebleven, ook als we tussendoor besluiten nog een huis te verbouwen (6ns huis!)
of na maanden slaaptekort door een nieuw klein meisje in ons leven. Samen
kunnen wij alles! Lieve Saar en Sophie, jullie zigt stip het beste wat ik ooit
bereikt heb!
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SUPPLEMENTAL MATERITAIAPTER 4

Table 1. Patientharacteristics

Supplemental materiathapter4

# Chip name / MLL age sex Immuno-
color code translocation (months) Phenotype
1 1488 411 t(4;11) 421 female pro-B
2 1227 411 t(4;11) 10.28 female pro-B
3 1442 411 t(4;11) 1.94 male pro-B
4 \VU9815 411 t(4;11) 3.22 male pro-B
5 1587 _411 t(4;11) 0.62 female pro-B
6 1776 _411 t(4;11) 0.66 female pro-B
7 178 411 t(4;11) 5.59 male pro-B
8 1817 411 t(4;11) 0.00 B-lineage not
specified
9 1966_411 t(4;11) 1.91 female pro-B
10 1977 _411 t(4;11) 6.41 female pro-B
11 1990 411 t(4;11) 6.44 male pro-B
12 2582 411 t(4;11) 1.61 female pro-B
13 2864 411 t(4;11) 0.79 female pro-B
14 300 411 t(4;11) 6.83 female Blineage not
specified
15 3218 411 t(4;11) 8.05 male pre-B
16 3230 411 t(4;11) 5.91 female pro-B
17 3595 411 t(4;11) 3.45 male pro-B
18 3686 _411 t(4;11) 1.87 female pro-B
19 3814 411 t(4;11) 1.61 male pro-B
20 385 411 t(4;11) 9.43 female pro-B
21 3980 411 t(4;11) 3.09 female pro-B
22 3939 411 t(4;11) 1.22 female pro-B
23 4669 411 t(4;11) 0.00 female pro-B
24 4190 411 t(4;11) 4.37 male pro-B
25 4757 411 t(4;11) 0.00 female pro-B
26 4773 411 t(4;11) 0.00 female pro-B
27 929 411 t(4;11) 3.58 male pro-B
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28
29
30
31
32
33
34
35
36
37
38
39
40
41

42
43
44

45
46

47
48
49
50
51
52

53
54
55
56

57

788v_411
635_411
vr39_ 1119
1037_1119
1060_1119
1191 1119
1225 1119
1679 1119
1702_1119
2009 1119
2458 1119
2346_1119
2146_1119
2571 1119

3922 1119
3831 1119
4483 1119

54 1119
474 1119

668_1119
618_1%19
711 1119
743 1119
888_1119
148 911

1501_911
1656_911
2088_911
3921 911

4919 911

t(4;11)
t(4;11)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)

t(11;19)
t(11;19)
t(11;19)

t(11;19)
t(11;19)

t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(11;19)
t(9;11)

t(9;11)
t(9;11)
t(9;11)
t(9;11)

£(9;11)

9.43
2.83
7.72
8.77
5.72
9.10
3.65
2.30
11.01
0.00
6.01
3.35
5.65
0.00

4.14
2.00
0.00

3.09
0.00

0.03
5.39
10.74
7.79
5.32
0.36

10.25
6.01
11.66
4.14

0.00

female
male
male
female
female
male
female
female
male
female
female
female
female
male

male
female
male

female
male

female
male
male
male

female

female

female

female
male
male

male

pro-B
pro-B
pro-B
common
pre-B
pre-B
common
pro-B
pro-B
pro-B
pro-B
pro-B
pro-B
B-lineage not
specified
common
pre-B
B-lineage not
specified
pro-B
B-lineage not
specified
pro-B
pro-B
pro-B
pre-B
pro-B
B-lineage not
specified
pro-B
pre-B
pro-B
B-lineage not
specified
B-lineage not
specified
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58
59
60

61
62
63

64

65
66

67
68
69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

620_911
656_911
2249 germline

2624 germline
2807_germline
3310 _germline

382 _germline

4159 germline
4927_germline

512_germline
560_germline
1093_germline

682_germline
824 germline
943_germline
927 germline
3663_BALL
3665 _BALL
3700 BALL
3708_BALL
3716_BALL
3720_BALL
3738 BALL
3739_BALL
3740 _BALL
3744 _BALL
3752 _BALL
3753_BALL
3754 BALL
3769_BALL
3791_BALL

t(9;11)
t(9;11)
MLL germline

MLL germline
MLL germline
MLL germline

MLL germline

MLL germline
MLL germline

MLL germline
MLLgermline
MLL germline

MLL germline
MLL germline
MLL germline
MLLgermline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline
MLL germline

9.82
421
6.34

11.33
11.07
0.00

0.00

2.53
0.00

5.49
5.98
0.00

5.95
9.07
7.36
8.97
64.56
182.4
44.04
52.32
26.88
25.2
65.76
101.64
13.92
28.2
62.04
184.56
51.84
92.28
52.32

female
male
female

female
male
male

female

male
male

male
male
male

male
male
female
female
female
male
female
male
male
female
female
male
male
female
male
male
female
male
female

pre-B
pre-B
B-lineage not
specified
pre-B
pre-B
B-lineage not
specified
B-lineage not
specified
pre-B
B-lineage not
specified
pre-B
pre-B
B-lineage not
specified
pre-B
pro-B
pre-B
pre-B
common
pre-B
pre-B
pre-B
common
common
common
pre-B
pre-B
pre-B
pre-B
pre-B
common
common
common
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89 3799 BALL MLL germline 58.32 male pre-B
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Supplemental materiathapter4

Table 2.Probe set IDs, gene names, ldgld changes and jwalues, ALL samples

Gene name HU133plus2.0 logFC adj. pvalue
probe ID (FDR<0.01)
CD10 203434 s at -3.49466 1.90E13
DKFZP586H0519 203593 at -1.7241 1.16E06
CD24 209772_s _at -1.87863 2.09E05
DYRKS3 210151 s at -0.72122 0.003989125
KIAA0867 211789 s at -1.92882 3.03E11
ITPR1 211323 s at -1.09037 2.01E06
DNTT (TDT) 210487_at -2.11708 0.000680043
SPTAl 206937_at -0.98777 2.62E06
CD22 204581 _at -1.08489 0.000269759
cDNA 13f1ZRBQ1) 205178 s at -0.89437 1.47E06
DKFZp5641083 215164 at -2.44457 1.40E08
FOXO1A 202723 _s_at -1.26208 3.77E06
FHIT 206492_at -2.16086 3.53E15
MYH10 212372_at -0.99061 3.71E08
SPTBN1 215918 s at -1.47501 2.21F11
LIG4 206235_at -1.20202 5.92E08
NPR1 204648 _at -1.19589 3.08E06
PRKCH 206099 _at -1.08029 1.12E06
PARD3 (gh92h04) 210094 s at -1.58949 2.34E10
KIAA0959 (RGL1) 209568 s _at -0.73142 0.000176538
TERF2 203611 at -0.24117 0.355355289
ITPR1 203710_at -0.72207 0.001656473
PIK3C2B 204484 at -0.22589 0.417294927
MYLK 202555 s at -2.00744 3.04E10
SPTAN1 208611 s at -1.07247 5.45E12
Cosmid TN62 207339 s at -0.62413 0.043504
(TNFSF3)
ITPR3 201188 s at -1.66796 8.32E13
POU2AF1 205267_at -0.69591 0.025510066
MADH1 210993 s at -3.36853 5.19E12
SMARCA4 212520 s at -0.97677 1.02E08
HLADQB1 209480 _at -0.3784 0.661531493
KIAA0250 201794 s at -0.18079 0.198515005
APP (Amyloid A4) 214953 s at -1.11575 6.60E05
MADH1 227798 _at -2.93574 1.39E08
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LARGE

ZNF45

DBN1
KIAA0212
ALOX5
KIAA0093
Chromosome 1 PAC
cDNA wg66h09
VAMP5

cDNA YY38E04
NEDDL4
LDOC1

FGFR1
HLADQB1
LGALS1
cDNAQf71b11
AHNAK
NKG2D
CCNA1

CD44
PMX1(PHOX1)
KIAA0027
cDNA tn15f08cDNA
cDNA zd69b10
HOXA9

CD44

CD44
Chromosome 7
Clone

ANXA1
Chromosome X
Clone

PTPRC (CD45)
CD44
PTPRQCD45)
LILRB1

cDNA zd27g05
RNASE3
SERPINB1

215543 s at
207304 _at
217025 s at
203279 _at
204446 _s_at
213012 _at
207826 _s_at
207971 s at
204929 s at
213766_x_at
212445 s at
204454 at
211535 s at
211654 x_at
201105 at
200872_at
212992 at
205821 _at
205899 at
212063_at
226695 _at
213395 _at
203781 at
203186 s at
214651 s at
204490 s at
204489 s at
213823 at

201012_at
205504_at

212588 at
212014 x_at
207238 s _at
229937 _x_at

204122 at

206851 _at

212268 at

-1.55638
-0.53137
-0.98332
-0.79365
-2.23795
-0.17579
-2.72038
-0.40222
-0.32312
-0.99807
-0.79196
-0.22459
-1.38079
-0.3086
3.410196
2.303216
0.194004
1.639294
2.725713
1.177711
-0.27321
0.894091
1.585328
1.812345
3.57721
1.006367
0.699904
0.64659

1.939072
0.384011

1.175792
0.648347
1.049341
0.746738
1.016228
2.042179
1.194162

3.05E07
0.014406606
1.32E06
3.41E09
1.03E10
0.524138429
4.01E07
0.003024465
0.10523592
0.000217517
4.57E05
0.482524024
1.57E10
0.351706056
3.57E16
3.76E18
0.420820516
1.11E08
1.18E08
2.95E10
0.260110668
2.23E05
2.67E13
2.90E15
4.00E06
1.10E05
0.00128117
0.029421521

4.42E08
0.051790236

2.97E10
0.002602935
1.73E06
0.00668284
0.000274492
1.47E06
1.73E07
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PROML1
Chromosome 22
sequence
DKFZp586K1720
cDNA 0g40b07
KIAA0120

EBI2

IGFBP7

ANXA2

DAD1

SCGF

cDNA ge04b02
MAP7

ITPA

PRG1

GLUD1

FEZ1

LILRA1
KIAA0428

MT1B

HOXA5
DKFZp564A032
cDNA 03h03
DKFZp586B2022
cDNA ou23f10
ANXA2P2
DKFZp586C1619

204304_s_at
201105_at

214752 x_at
209610 s at
210978 s at
205419 at
201162 _at
208816 x_at
200046 _at
211709 s at
203837_at
202890 _at
209171 _at
213496_at
200947 s at
203562_at
207872_s_at
201153 s at
217165 x_at
213844 at
204502_at
212859 x at
202720 _at
205081 _at
211241 at
232624 at

3.376316
3.410196

0.779126
0.701223
0.644645
1.427619
3.351629
1.012687
1.674455
1.640905
1.040053
2.55388
0.618455
0.017213
0.631157
1.155458
0.545992
1.281491
1.683759
3.198684
1.666619
0.635986
1.664821
2.27626
0.828735
-0.37853

2.40E10
3.57E16

4.25E06
0.000133648
5.17E06
0.000940803
4.32E14
2.84E12
2.20E08
2.11E07
8.32E08
2.07E08
0.000170319
0.949528842
3.04E08
7.96E05
0.009583201
7.30E19
1.18E07
4.27E07
1.35E09
0.06471336
1.30E09
6.92E12
1.97E05
0.004537581
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Table 3. Probe set IDs, geneames, logfold changes and {values, BALL

samples
Gene name U95A probe  HU133plus2 logFC adj. pvalue
ID probe ID (FDR<0.01)
MBNL 34306_at 201153 s at 1.281491 7.30E19
ADAM10 40797_at 202603 at  1.118213 2.77E09
LGALS1 33412_at 228416_at -0.07693  0.758135211
S100A10 39338_at 200872_at  2.303216 3.76E18
IGFBP7 2062_at 204253 s at -0.84478 6.55E05
PLXNC1 32193 at 206470_at 0.88019  0.000748791
PTPRC 40518_at 212588 at  1.175792 2.97E10
D12S2489E 36777_at 205821 at 1.639294 1.11E08
MPP1 32207 _at 202974 at -0.02838  0.907767139
SAP18 33859_at 208741 _at 0.52054  0.005668646
CAPG 38391_at 201850_at  1.251809 8.46E07
MEIS1 40763_at 204069 _at  4.199016 7.99E28
CD44 1126 _at 212063 at 1.177711 2.95E10
FKBP5 34721 at 224840 _at  1.220177 0.000124693
HOXA9 37809 _at 214651 s at 3.57721 4.00E06
GOLGA3 34861_at 226949 at -0.05704  0.650787509
IGKC 38194 s_at 224795 _x_at -0.86087  0.000306183
PCDHGC3 657_at 215836_s at 0.651789  0.00113155
GUCY1A3 36918 at 229530 _at  0.665482  0.040991331
KIAA0878 32215 i_at 225202_at  1.710707 1.24E07
LY75 38160_at 205668 _at 1.12421 1.18E05
DAD1 38413 at 200046_at  1.674455 2.20E08
MME 1389 at 203434 s at -3.49466 1.90E13
DNTT 34168 at 210487_at -2.11708  0.000680043
CD44 2036_s_at 204490_s at 1.006367 1.10E05
GLUL 40522_at 215001_s at 0.666713 0.000791835
BLK 854 _at 206255 _at  0.888812 4.53E06
ELF1 40067_at 212420 _at -0.36957  0.078609658
XBP1 39756_g_at 200670_at  0.043623 0.808221545
TIAF1 36940 _at 202039 _at -0.71642 8.71E06
RASA1 36935_at 202677_at  0.276024  0.159642266
DKFzZP586B202 32134 at 202720 _at  1.664821 1.30E09
DKFZp586C101 39379 at 212371 at  0.367991 0.006577485
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CD44
ANXA2
ACAAl
R32184 1
PTPRC
PTPNG6
DNAJB6

40493 _at
769 _at
40415 _at
35983 _at
40519 _at
794 _at
41234 at

204489 _s_at
208816 _x_at
214274 _s_at
209461_x_at
212588_at
206687_s_at
209015 _s_at

0.699904
1.012687
0.50277
0.898273
1.175792
0.490544
0.700531

0.00128117
2.84E12
8.39E05

0.000886448
2.97E10

0.005199699

0.012168026
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Table 4 Probe set IDs, gengames, logfold changes and fwaluescorresponding

to Fig. 2
Gene name HU133plus2.0 logFC adj. pvalue
probe ID (FDR<0.01)

C200rf103 219463 _at 5.086355852 5.19E43
MEIS1 1559477 _s_at 4.202263797 3.49E27
MEIS1. 204069_at 4.199004835 3.65E27
MEIS1.. 242172 _at 3.393844331 7.76E25
Cl60rf54 1559584 a_at 1.871648724 7.74E20
LGALS1 201105_at 3.479053576 5.94E19
MBNL 201153 s at 1.291895405 7.81E19
S100A10 200872_at 2.302110256 2.88E18
IGFBP7 201163 s at 3.341882785 1.65E17
CRI1 211698 at 1.464354162 1.74E16
COMMDS8 218351 _at 1.952872849 2.81E16
C200rf118 235529 x_at 2.289038674 1.05E15
SMT3H2 213879 at 0.852744138 1.52E15
ARPC3 208736_at 0.972323597 4.22E15
S100A4 203186_s_at 1.823768435 4.29E15
MBNL. 235879 at 1.359727641 4.29E15
LOC389203 225014 _at 1.287510226 1.17E14
NDUFC2 206936_x_at 0.651835075 1.48E14
CTSC 225647_s_at 1.899361672 4.34E14
SRD5A1 204675_at 1.260205611 4.73E14
IGFBP7. 201162_at 3.374287701 7.02E14
SCP2 211733 x_at 1.251595913 7.31E14
RPL38 202028 _s_at 0.878550714 7.67E14
MBNL.. 235173 _at 1.085835956 8.82E14
MDS027 224575_at 0.992232272 9.30E14
CTSC. 201487_at 2.080800234 1.03E13
C19o0rf42 224717 s at 0.927622926 1.03E13
KCNK12 220448 at 2.193352061 1.18E13
CLPTM1L 226935 s at 0.769917526 1.30E13
NDUFC2. 222521 x_at 0.890885477 1.32E13
MVK 36907_at 0.570506672 1.42E13
HAAO 205657_at 0.903401219 2.39E13
TOR2A 227972_at 1.550603876 2.81E13
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KIAA0141
C2orfl
GHITM
ITM2B
Unknown
(1570185 _at)
Unknown
(235901 at)
Unknown
(226789 _at)
TLP19
SNRPE
RNAHP
LOC54499
COX7AP2
PPAP2A
SRP19
COX7A2
METTL7A
FAM78A
AKAP12
MYO5C
SHANKS
ZNF827
AKAP12.
AKAP12..
FHIT

'Yl t mH X
ZNF827.
STK32B
Unknown
(244740_at)
Unknown
(227388 _at)
ZNF91
Unknown
(230441 _at)
'Yt mH X!
Unknown

201978_s_at
203781_at
209248_at
217731_s_at
1570185 _at

235901_at
226789 _at

223017 _at
215450 _at
213629 x at
208716 s at
217249 x at
210946_at
205335 s at
201597 _at
207761 s at
227002_at
1555395 at
218966 at
227923 at
243618 s at
241679 at
227530 _at
206492 at
210517 s at
228046 _at
219686 _at
244740 _at

227388 _at

206059_at
230441_at

227529 s at
215028_at

0.710897378
1.590817778
0.87751713
1.01223592

0.759764607

1.300217381

1.580648571

0.781353543
1.072435973
1.45165087
1.468452539
0.906253199
1.054668698
0.817362746
0.801864974
1.687467961
1.35316581
-2.643127448
-1.305441477
-3.76397613
-3.167649282
-3.212610217
-2.648595041
-2.200485527
-3.907135431
-2.017206814
-3.069238994
-2.198463872

-1.869299136

-1.411647206
-1.927226199

-2.416001719
-2.511394633

3.37E13
4.33E13
4.60E13
5.32E13
5.36E13

6.28E13

6.85E13

6.85E13
7.48E13
9.23E13
1.06E12
1.08E12
1.13E12
1.42E12
1.47E12
1.48E12
1.48E12
1.06E22
2.64E21
5.00E21
1.04E19
2.64E18
2.34E17
2.48E17
6.57E17
7.16E17
8.69E17
1.97E16

2.31E16

2.66E16
8.06E16

9.12E16
2.20E15
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