Prognostic and Functional
Relevance of microRNAS In
Acute Myeloid Leukemia

Su Ming Sun



Prognostic and Functional Relevance of
microRNAs in Acute Myeloid Leukemia

De prognostische en functionele relevantie van
microRNAs in acute myeloide leukemie

proefschrift
ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam
op gezag van de
rector magnificus
Prof.dr. H.G. Schmidt

en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op
dinsdag 12 maart 2013 om 13:30 uur
door

Su Ming Sun

geboren te Delft

2afns

-« ERASMUS UNIVERSITEIT ROTTERDAM



Promotiecommissie

Promotor: Prof.dr. B. Lowenberg

Overige leden: Prof.dr. H.R. Delwel
Prof.dr. L.H.J. Looijenga
Prof.dr. G.J. Ossenkoppele

Copromotor:  Dr. M. Jongen-Lavrencic

ISBN: 978-94-6169-358-7

Copyright © 2013 Su Ming Sun, Rotterdam, The Netherlands.

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval system
or transmitted in any form or by any means without permission from the author or, when
appropriate, from the publishers of the publications.

Cover design: Su Ming Sun
Layout: Egied Simons
Printing: Optima Grafische Communicatie, Rotterdam



CONTENTS

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

General introduction

Transition of highly specific microRNA expression patterns in
association with discrete maturation stages of human granulopoiesis

MicroRNA expression profiling in relation to the genetic
heterogeneity of acute myeloid leukemia

Prognostic and functional relevance of aberrant microRNA-9/9*

expression in acute myeloid leukemia

The prognostic relevance of miR-212 expression with survival in
cytogenetically and molecularly heterogeneous AML

General discussion

Nederlandse samenvatting
Dankwoord

Curriculum Vitae
Publications

PhD portfolio

Appendix

Color section

27

39

61

107

121
125
127
129
131
132
160






Aan mijn ouders






General introduction



Chapter 1

Acute Myeloid Leukemia

The process in which the various blood cells are produced is called hematopoiesis. In adult
humans this takes place in the bone marrow. All functional hematopoietic cells develop
from hematopoietic stem cells. These cells have a self-renewal capacity and can give
rise to the different mature blood lineages. This differentiation process follows a highly
hierarchical order, through various specific progenitor stages and maturation steps towards
the different highly specialized mature blood cells (Figure 1). The mature blood cells have
a limited lifespan and need to be constantly produced. This process is strictly regulated
by specific hematopoietic growth factors to ensure that appropriate numbers of blood cell
types are available to maintain homeostasis.!

Acute myeloid leukemia (AML) is a type of blood cancer where the maturation in the
myeloid lineage, i.e. towards granulocytes and monocytes, is impaired, while the survival
and proliferation of these aberrant cells is enhanced. These functional deficiencies are
caused by cellular defects in various pathways, for example transcription machinery and
the receptor signaling pathway, which control the physiological processes of cell survival,
proliferation and differentiation. Genetic and epigenetic abnormalities may underline
these regulatory anomalies. As a consequence of the maturation capability of the leukemic
progenitor cells, the number of relatively immature cells increases and this eventually
leads to bone marrow failure. The lack of functional mature granulocytes, monocytes,
erythrocytes and platelets is responsible for the clinical symptoms, such as infections,
fatigue and hemorrhage.?

From a molecular biology point of view, AML is a heterogeneous disease. Each AML
is characterized by different underlying genetic and epigenetic abnormalities, such as
particular chromosomal rearrangements or other genetic abnormalities of which many are

recurrent (Table 1) and are involved in the pathogenesis/biology of AML.

Biology of AML

Many genetic and cytogenetic aberrations involve specific hematopoietic transcription
factors and genes that play a role in signal transduction. Over the years a lot of these
aberrations have been extensively studied for their role in the pathogenesis of AML.
Studies with various mouse models have demonstrated that most single aberrations
do not lead to a full AML phenotype in mice. This has led to the postulation of the multi-
hit model, where multiple hits are required for the development of AML. Based on this
model, and in a somewhat simplified concept, the great variety of genetic aberrations has
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Figure 1. Schematic representation of the hematopoiesis.

Scheme is adapted from Reya.’ The hematopoietic stem cells (HSCs) can be divided into long-term HSCs,
short term HSCs and multipotent progenitors. They branch off to give rise to common lymphoid progenitors
and the common myeloid progenitor. The common lymphoid progenitor gives rise to all lymphoid cells,
i.e. B-cells, T-cells, natural killer cells (NK cells) and dendritic cells. The common myeloid progenitor
branches off again into granulocyte macrophage precursors (GMPs) and megakaryocyte erythrocyte
precursors (MEPs). Subsequently GMPs give rise to granulocytes, macrophages and dendritic cells and
MEPs to megakaryocyte precursors (MkPs) and erythrocyte precursors (ErPs), which differentiate further
into platelets and red blood cells respectively.
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Table 1.
Recurrent cytogenetic and Related fusion Frequency References
genetic aberrations gene
Chromosomal aberrations
Normal karyotype u.d. 45%
Complex* u.d. 11%
t(15;17)(q22;21) PML-RAR II 10% 87
plus 8 u.d. 9%
7/7q- u.d. 8%
5/5q u.d. 7%
Y u.d. 4%
abn(12p) u.d. 3%
plus 21 u.d. 3%
del(9q) u.d. 2%
Inv(16)(p13q22)/t((16;16) CBFB-MYHI11 1II 6%
(p13:922)
t(8;21) AMLI-ETO 1I 5% 3,88
11923 abnormalities MLL fusions I 2%
t(9;11) MLLT3-MLL 1I 2%
inv(3)(q21q26)/t(3;3)(q21;q26) u.d. 1%
(6;9) DEK-CAN u.d. 1%
NPM1 u.d. 25-35% 89
DNMT3A u.d. 20-22% 16,90
FLT3-ITD 1 21-24% 11,91
ASXL1 u.d. 17-23% 92,93
CEBPA II 5-14% 94,95
TET2 u.d. 7.6-13.2% 14,15
WTI u.d. 10% 90,96
IDH1/IDH2 u.d. 6-10% 97,98
KIT 1 3-9% 99
NRAS I 10% 100,101
FLT3-TKD 1 5-7% 24,90
KRAS 1 5% 101
JAK2 u.d. 2% 102

u.d., undetermined

* Complex karyotype has been defined as the presence of 3 or more chromosome abnormalities in the
absence of t(8;21), inv(16) or t(16;16), and t(15;17)

t Frequencies based on Mrozek et al, Dohner et al and Takahashi et al 201122103104
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been classified into two different cooperating classes.'”" Class I aberrations lead to a
proliferative advantage and Class II aberrations result in an impairment of differentiation.
The model hypothesizes that mutations in both classes (Table 1) are needed to develop
AML. In line with this model, many of these aberrations are mutually exclusive from each
other. To illustrate the biology of AML, some of the most frequent aberrations in AML are

now described.

Core-binding factor leukemia, involving translocation t(8;21) or inv(16) is
characterized by a fusion between the genes coding for members of the core binding
transcription factor and other proteins. In the case of translocation t(8;21), these genes
are runt-related transcription factor 1 (RUNXT) with eight twenty one (£70). In inv(16)
translocation, however, these involve fusions of the core binding factor beta (CBFB) with
myosin heavy chain 11 (MYHII). The core-binding factor transcription complex is an
important master hematopoietic regulator expressed in hematological tissues. The gene
fusions lead to an altered function of the master regulator. ETO is normally a repressor
that interacts with nuclear co-repressors and histone deacetylases. Fusion with RUNX1
alters the function of RUNXI from an enhancer to a suppressor.’ In the case of inv(16),
the binding capacity of the fusion product is enhanced due to an additional RUNX domain.
The fusion gene disturbs the function of normal CBF complex by interacting with repressor
proteins and by sequestering the wildtype RUNX1 in the cytoplasm, thereby preventing
binding to DNA.*

In 14% of the AML patients, CAATC binding protein alpha (CEBPA), another key
gene coding for an important hematopoietic transcription factor, is mutated. Mutations
sometimes occur in a single allele but in most cases both alleles are affected. Mutations
in CEBPA in AML are generally located at the N-terminus or at the C-terminus. The
N-terminal mutations result in shortened protein that acts as a dominant negative.
C-terminal mutations are located in the basic-leucine zipper region and are suggested to
have a loss of function effect on the DNA binding of CEBPA %

Another example of recurrent aberration in AML is translocation t(15;17), which
occurs in about 10% of the AML cases (Table 1). Translocations involving t(15;17) result
in the fusion of the genes coding for promyelocytic leukemia (PML) and retinoic acid
receptor-alpha (RARA). Normally PML is the main constituent of nuclear bodies, which
are involved in various biological processes. RARA is a nuclear receptor that forms a
complex with retinoid X receptor (RXR) and in the absence of a ligand the complex acts
as a repressor. Upon binding with a ligand, gene-activating proteins are recruited resulting
in gene activation. The fusion product PML-RARA is suggested to result in an altered

"




Chapter 1

response to the physiological ligands and is thought to act as a constitutive repressor.” In
addition, the fusion also changes the localization of the nuclear bodies in a more micro-
speckled localization pattern.® Leukemia with translocation t(15;17) is a prime example
of how biological understanding can lead to better treatment. Namely, treatment with
high dose all-trans retinoic acid (ATRA) induces differentiation of malignant cells, which
significantly contributes to improved survival outcome of AML patients with PML-
RARA‘9,10

Another type of mutation implicated in the biology of AML is found in the gene coding
for FMS-like tyrosine kinase 3 (FLT3), which is a membrane-bound receptor kinase.
FLT3 is normally expressed in myeloid and lymphoid progenitors and the expression is
lost when the cells differentiate. Upon ligand binding, FLT3 attenuates the proliferation
and differentiation of normal progenitor cells, through a series of signaling cascades. An
internal tandem repeat mutation (FLT3-ITD) in the juxtamembrane domain results in
constitutive activation of the receptor and subsequent downstream signaling, leading to
increased proliferation.!!?

Recently, a new class of mutations has been identified, including mutations in
Ten-Eleven-Translocation 2 (TET2)"*' and DNA (cytosine 5) methyl transferase 3A
(DNMT3A).'*'* These genes are involved in the regulation of the methylation status of
DNA, by exchanging the 5-methyl cytosine for a 5-hydroxy methyl cytosine and denovo
methylation of DNA respectively. This suggests that epigenetic changes also play a role in
the pathogenesis of these AMLs.

Classification and Prognosis

Inthe past AML was classified solely by morphology, as described by the French-American-
British classification. The current World Health Organization (WHO) classification also
considers recurrent genetic aberrations.*' In terms of survival outcome, there is considerable
variation between different AML subtypes. Identifying disease-related prognostic risk
factors at diagnosis is useful for determining the proper treatment decision strategy for
each individual AML patient. Many of the recurrent genetic aberrations involved in the
pathogenesis of AML, predict survival outcome in patients with AML (Table 2). These
aberrations with prognostic relevance are used for risk stratification, such as the method
recommended by the European Leukemia Net* or another risk stratification approach
involving monosomal karyotype in AML.% Various other leukemia-related prognostic
factors have been identified, for example altered gene expression levels that are specific
for particular AML subtypes (Table 2).

12
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Table 2 .
Prognostic Markers Favorable/Adverse Subset References
Cytogenetic
inv(16) Favorable 105
t(15;17) Favorable 105
t(8;21) Favorable 105
FLT3-TID Adverse 106
MLL fusion Adverse 107
1(6;9) Adverse 108
t(9;11) Adverse 105
CEBPA Favorable Normal Karyotype 109
DNMT3A Favorable 14,90
NPM1 Favorable Normal Karyotype 110
IDH1/2 Adverse 98,111
TET2 Adverse 14,15
TP53 Adverse 112,113
WT1 Favorable 114
miR-181a Favorable Normal Karyotype 115
miR-3151 Favorable Normal Karyotype 116
BAALC Adverse Normal Karyotype 117
CD34+ Adverse Intermediate 118
ERG Adverse Normal Karyotype 119
EVI1 Adverse 120
MN1 Adverse Normal Karyotype 121
ID1 Adverse Normal Karyotype 122

miRNAs

In 2001, the human genome project reached its first milestone with the sequencing of the
human genome. About 2% of the human genome was found to encode around 20,000
genes. The function of the remaining 98% of DNA that does not code for protein was
unknown and was previously designated as junk DNA.** With the completion of the
human genome Encyclopedia of DNA Elements (ENCODE) project it became clear that
76% of the DNA in the full genome was transcribed, even though only 2% encodes for
proteins, suggesting a large fraction of non-coding RNA. 2> Among the different classes of
non-coding RNA, a subclass has been identified and designated microRNAs (miRNAs).

1
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Chapter 1

miRNAs comprise a class of conserved negative regulators, consisting of single-
stranded non-coding RNA of 20~22 nt (nucleotides) long. Initially the first miRNA,
lin-4 was discovered in Caenorhabditis elegans (C. elegans) in 1993.2%?7 Lin-4 is an
essential gene for the normal temporal control of different developmental stages. Worms
carrying /in-14 mutations, which lead to elevated levels of /in-14, display almost identical
phenotypes as lin-4 null worms. In addition,/in-4 null mutations result in increased levels
of lin-14, suggesting a role of /in-14 as a negative regulator for /in-4. Surprisingly, the
interaction between /in-4 and /in-14 was not mediated by a protein, but was mapped to an
antisense RNA-RNA interaction in the 3’UTR of /in-14.

Although at first they were considered to be a fluke of nature specific to worms, wider
interest in miRNAs was sparked by the discovery of a second miRNA, let-7 in the same
organism C. elegans.”® The discovery that let-7 was conserved across species triggered
a revolution in the field of miRNAs.?® In 2001, more of these tiny RNA fragments were
discovered and were assigned potential regulatory roles. To accommodate the growing
number of miRNAs, the repository database “miRbase” was established. At the start of the
database, there were 555 human mature miRNAs. This number increased rapidly to the
2154 mature miRNAs currently deposited in the database (miRbase v18).%

Biogenesis and function

miRNAs are processed in a specific manner (Figure 2). miRNAs are located in introns or
exons of protein coding genes. They are either transcribed via their own promoter*®3 or
they appear as by-products following the transcription of protein coding genes.**** When
initially transcribed from the genome, the transcripts start of as primary-miRNA (pri-miR)
transcripts characterized by a unique hairpin structure. Subsequently they have to undergo
successive processing steps to become a fully fledged mature miRNA. The first processing
step takes place in the nucleus, where the unique hairloop structure of the pri-miRNA
is recognized and cleaved by the DROSHA/DGCRS complex. This yields a precursor-
miRNA (pre-miR), which has a stemloop structure of about 60 nt with a 3’overhang.?*-¢
Next the pre-miR is transported into the cytoplasm and is recognized and cleaved again
by DICER, with a RNase III activity, at about 22 nt away from 3’overhang. This results
in a duplex about 22 nt long called miRNA-miRNA* complex. One or both mature
miRNAs are then selected to be loaded on to the RNA induced silencing complex (RISC)
complex.’’*® The miRNA then guides the RISC complex to a specific 3°UTR of mRNAs.

14
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Figure 2. Schematic representation of the miRNA biogenesis.

miRNA genes are transcribed to generate primary miRNA transcripts (pri-miRNAs). The transcripts are
recognized and cleaved by the Drosha—DGCRS complex, generating a structure of about 70 nt with a
stemloop and a ~2 nt 3’overhang called pre-miRNAs. The pre-miRNAs are subsequently exported out of
the nucleus into the cytoplasm. RNase III member protein, DICER is involved in the second processing step
and cleaves the pre-miRNAs, yielding duplex RNA. Selection of the mature miRNA occurs and the other
RNA strand is degraded. The mature miRNA is loaded into the RISC complex. The miRNA-RISC complex
consequently acts on target mRNAs and either degrades the mRNA transcript or inhibit its translation.

The targeting of the miRNA to the 3’UTR is based on partial complementation between
the miRNA and the 3’UTR, which is mainly determined by a seed sequence at the position
2-8 bp from the 3°.3%° The RISC complex can exert its effect on mRNA in two different
ways. In the case of a perfect sequence complementation between the miRNA and the
target 3°UTR, the mRNA transcript will be cleaved. In the case of partial complementarily,

the translation from the mRNA transcript will be inhibited.**
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Due to the nature of a seed sequence of 6-8 nt long, each miRNA can potentially
interact with a large number (~1000) of targets and conversely a 3’UTR of a single mRNA
can contain multiple binding sites for the same but also other miRNAs.* However, it is
highly unlikely that a certain miRNA in each cell will truly downregulate all predicted
targets. The presence of specific RNA binding proteins can mask the miRNA binding site
in a cell-context-specific manner and interfere with miRNA function.*43

Moreover, multiple miRNAs can have the same seed sequence and belong to the
same miRNA family; together they potentially can regulate the same set of targets.
Furthermore, some miRNAs are located in clusters in the genome and are transcribed
together. These miRNA families and genomic clusters can act together to regulate mRNA
in a combinatorial fashion.*

In addition, miRNA sequencing studies show that miRNAs are prone to modifications
as well that result in so-called iso-miRs.*”*® Iso-miRs add additional complexity by either
influencing the processing of miRNAs or by changing the target set of miRNAs through
alterations of the seed sequence. One class of modifiers is adenosine deaminases acting
on RNA (ADAR), which modify adenosine to inosine in long double-stranded RNA
structures like pri-miRNA structures.”->! Another example of a post-transcription modifier
is terminal uridylyltransferase 4 (TUT4) that recognizes, for example, the GCAG sequence
of let-7 and consequently adds an uridine tail to the pre-let-7.This prevents processing of
pre-miRNA transcription by DICER.?**

The current prevailing consensus is that miRNAs downregulate protein levels
by binding to the 3° UTR regions of mRNA together with the RISC complex and that
miRNAs have a ‘fine tune’ function, which comes on top of the regulation provided by
the transcription factors. To achieve this fine control, miRNA and transcription factors, act
together in regulatory loops.’** Some other modes of miRNA action have been reported
as well. These include, for example, the regulation of transcripts by binding to 5’UTR and

even protein coding region.#

miRNA in biological processes

An increasing body of evidence shows that miRNAs are important for the normal
functioning of a cell. Studies that deplete most of the mature miRNAs in specific lineages,
by conditional knockout of DICER, suggest that miRNAs are essential for normal lineage
development.>** Many miRNAs have a function in biological processes and are involved
in important regulatory networks. For example, miR-34a is involved in the feedback loop
with P53. It regulates P53 protein levels but is also regulated by P53. In addition, miR-34a

16
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also directly regulates the protein levels of a subset of P53 targets, like B-cell lymphoma
2 (BCL2), sirtuinl (SIRT1) and c-MYC.

In other cases, miRNAs have been shown to be important for cell fate decisions. In the
megakaryocyte-erythrocyte progenitor, miR-150 expression drives the cell differentiation
toward megakaryocytes at the cost of erythrocytes, by regulating the transcription factor
myeloblastosis (MYB).®! The miRNAs miR-1 and miR-133 are specifically expressed in
skeletal and cardiac muscle tissues. This tissue specificity is conserved between species.
In the genome, both miR-1 and miR-133 are located next to each other and transcribed
from a single primary miRNA transcript. Both contribute to muscle differentiation
but in a different manner. Expression of miR-1 in myoblast cells induces myogenesis.
However, expression of miR-133 promotes the proliferation, by regulating the levels of
histone deacytelase 4 (HDAC4) and serum response factor (SRF).2 miRNAs are also
important for the self-renewal capacity of hematopoietic stem cells. One example is miR-
125a that is highly expressed in long-term hematopoietic stem cells. Increased expression
of miR-125a causes an increased number of hematopoietic stem cells.®* Another prime
example of miRNA function is their ability to generate induced pluripotent stem cells
(iPSc). Anokye-Danso et al reported an efficient induction of pluripotent stem cells by the
introduction of the miR-307/367 cluster, which is partially due to induction of octamer-
binding transcription factor 4 (OCT4) by miR-367.%

miRNAs are clearly involved in many different physiological processes. Deregulation
of miRNA expression may have many undesired effects and contribute to the development

of disease.

miRNAs in cancer

miRNAs have been proposed to have a role in the development of cancer. The first two
miRNAs identified in cancer were miR-15 and miR-16. These microRNAs are often
deleted or downregulated in chronic lymphocytic leukemia (CLL) and were shown to
regulate apoptosis by down regulating BCL2.°>% Since then, an increasing number of
studies have reported the deregulation of miRNAs in cancer. For example miR-34a, which
has been described to be involved in apoptosis, is downregulated in many solid tumors.
The miRNAs of the let-7 family and the miR-17-92 cluster are often found deregulated
in various types of cancer and have been shown to target classical oncogenes such as
RAS and MYC.5® Conversely, many of the oncogenes like MYC and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) regulate the expression of these
oncomiRs.*”7° A single oncomiR, miR-21 is sufficient to induce the cancer following the

17
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introduction of miR-21 in bone marrow cells and results in pre-B-cell lymphoma in vivo.”
miRNAs may also promote tumor metastasis. miR-10b is upregulated in breast cancer by
the transcription factor TWIST related transcription factor 1 (TWIST1). miR-10b then
upregulates homeobox D10 (HOXDI10), which in turn upregulates the pro-metastatic
gene RAS homologue gene family member C (RHOC).”? Another example is miR-9,
which is upregulated in breast cancer cell lines and regulates the levels of E-cadherin,
which promotes cell mobility via the f-catenin pathway. E-cadherin in turn contributes to
elevated vascular endothelial growth factor A (VEGFA) levels, consequently leading to
stimulation of angiogenesis.”” The diverged homeodomain gene (GAX) is important for
promoting angiogenesis in vascular endothelial cells. It contains two miR-130a binding
sites. miR-130a can negatively regulate GAX levels as well as the levels of anti-angiogenic
homeodomain gene 5A (HOX5A).™

Classification/Prediction with miRNAs

New techniques that allow the high throughput determination of miRNA expression levels
have made it possible to perform miRNA profiling studies. The first large study, which was
performed by Lu et al in a panel of normal tissues and tumor cell lines, has demonstrated
characteristic miRNA expression patterns of the different tissues and tumor cell lines.”
Since then many miRNA profiling studies have been performed in different cancer types,
adding further support to the idea that miRNAs are deregulated in cancer.”*”® Mi et al
showed that acute lymphoblastic leukemia (ALL) can be distinguished from AML by
differences in miRNA expression profiles.” Likewise, miRNA expression profiling studies
have shown that miRNAs can be used to distinguish cancer from normal tissue.?*%!

In terms of prognosis and association with survival, Takamizawa et a/ showed that
high expression of let-7 in human lung cancer was associated with better survival. In lung
cancer patients who underwent potential curative resection, unsupervised clustering based
on miRNA expression revealed two clusters. Interestingly, the cluster of patients with low
let-7 expression levels had unfavorable survival when compared to the cluster of patients
with high let-7 expression.*? In breast cancer, high miR-21 expression is associated with
several unfavorable clinical features, such as lymph node metastasis, late stage breast
cancer and unfavorable survival outcome.®! Since the publication of these first studies
a variety of miRNAs and miRNA signatures have been reported to be associated with

survival in cancers.®-%
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Aim and outline of this thesis

It is becoming increasingly clear that miRNAs are important in biological processes of
normal and malignant tissues. The aim of this thesis was to explore the role of miRNAs
in AML.

Our first question was whether specific miRNAs expression patterns correlate with
AML subtypes and subsequently whether miRNAs can be used to classify AML. We
also determined the miRNA expression patterns in normal human granulocytic subsets
(Chapter 2). This provided a reference for the AML studies and a possible lead to the
potential functional importance of these expression patterns. In Chapter 3 we set out to
conduct a miRNA expression study in a cohort of 215 patients with recently diagnosed
AML. The aim was to assess the potential of miRNAs to classify and class predict AML
subsets. We focused on two specific miRNAs that might have a biological functional role
in AML. In Chapter 4, we studied miR-9 and miR-9* in greater detail. The choice for these
miRNAs was based on the results obtained in Chapters 2 and 3, as these two miRNAs
were not expressed during normal myeloid differentiation but were highly expressed in
AML. We studied their association with clinical outcomes and examined the functional
impact of ectopic miR-9 and miR-9* expression on myeloid differentiation in vitro.

In Chapter 5 we addressed the question as to whether certain selected individual
miRNAs might predict clinical outcome, i.e. survival, among patients with AML. Finally

Chapter 6 discusses the results described in this thesis and their future perspectives.
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Chapter 2

ABSTRACT

Normal human neutrophil development is a complex biological process, where the
balance between cell proliferation, differentiation and apoptosis is tightly regulated by a
transcriptional program that results in the production of appropriate numbers of circulating
mature neutrophils. MicroRNAs (miRNAs) are small non-coding RNAs of 18~25 nt that
affect cellular protein levels. Only limited data is available on miRNA expression patterns
during normal granulocytic differentiation of primary human cells.

We have examined miRNA expression patterns in distinct stages of granulocytic
differentiation sorted from human bone marrow and identified highly stage-specific
expressed miRNAs. Some of these differentially expressed miRNA are related to each
other in terms of seed sequence (miRNA families) and location on the genome (miRNA
clusters). These data reveal distinct expression patterns of specific miRNA sets that
closely follow the transition of discrete maturation stages along the myeloblast-neutrophil

pathway.
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Transition of highly specific microRNAs patterns in association with discrete maturation stages of human granulopoiesis

INTRODUCTION

The process of granulopoiesis involves the development of terminally differentiated
segmented granulocytes from morphologically defined myeloblasts via promyelocytes,
myelocytes and metamyelocytes. The regulation of granulopoiesis is tightly controlled by
external stimuli and transcription factors.'?

MicroRNAs (miRNAs) are a class of small non coding RNAs that regulate cellular
protein levels by either inhibition of translation or cleavage of the mRNA transcripts.® Not
much is known about miRNA expression in neutrophil development. The expression of
limited number of miRNAs was previously determined in various cell lines*” and primary
human neutrophils.®® Evidence for the importance of miRNAs in granulocytic differentiation
has recently been put forward. CEPBA and PU.1 are implicated in the regulation of miR-
223" that is specifically up-regulated in the granulocytic differentiation!! and functions as
a negative regulator of the myeloid transcription factor MEF2C.!? Furthermore, GFI1 is
another important granulocytic transcription factor that regulates the expression miR-21
and miR-196b."

In this study we set out to systematically characterize the miRNA expression patterns
in successive morphologically defined stages of normal human neutrophilic development.
We sorted myeloblasts, promyelocytes, metamyelocytes and mature neutrophils from
normal human bone marrow using specific cell surface markers and determined the
miRNA expression profiles of 365 miRNAs.
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MATERIAL AND METHODS

Isolation of consecutive morphologically distinct cellular stages of normal human
granulopoiesis

Bone marrow samples were collected from healthy individuals following the declaration
of Helsinki principles. Different successive stages of terminal granulocytic differentiation,
myeloblasts, promyelocytes, metamyelocytes and neutrophils, were FACS-sorted using
cell type specific markers' i.e. CD10-APC, CD11b-APC-Cy7, CD34-Pe-Cy7, CD45-
PerCP, CD117-PE (Becton Dickinson) and CD36-FITC (Beckman Coulter). The purity of
sorted samples was determined by immunophenotyping and morphology of the cytospins,

stained with May Griinwald Giemsa.

RNA isolation and Quality control
Total RNA was isolated from cells using Trizol (Invitrogen) and the quality of the RNA
was checked with the RNA 6000 Nanoassay on the Agilent 2100 Bioanalyzer (Agilent).

MiRNA expression profiling

The miRNA TAQMAN low density array (TLDA) v1.0 panel, a quantitative reversed
transcriptase polymerase chain reaction (RQ-PCR) platform, was used for the detection of
365 miRNAs (Applied Biosystems).'

Data analysis

miRNAs with Ct values above 35 and miRNAs with non determined calls were considered
as not expressed and their ACt values were set to minimum value of 16.!¢ 22T was used
with RNU48 as endogenous control.'® The expression values were geometric mean centred
and log2 transformed. MiRNAs with standard deviation of 0 were left out. Further analyses
were done with Partek Genomic suite software version 6.4 including principal component
analysis and ANOVA, corrected by false discovery rate.!” Myeloblast-, metamyelocyte-
and neutrophil-specific miRNAs were identified by significant pairwise comparison
between the subsequent maturation stages. Chromosomal locations were obtained from
miRBase release 138 and miRNAs within 500 bp were considered as genomic cluster.
MiRNA families were obtained from TargetScan release 5.1." OmniViz Desktop version

6.0.1 was used to generate the heatmap figures.
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Figure 1. miRNA expression in cell sorted neutrophilic differentiation stages of normal human bone
marrow (A) Gating strategy for FACS cell sorting of bone marrow cellular morphological maturation
stages (myeloblasts, promyelocytes, metamyelocytes and neutrophils). The following different cell surface
markers were used, CD117, CD34, CD11b, CD10 and CD36. DAPI was used to distinguish living from
dead cells. (B) Cytospins, stained with May Griinwald Giemsa, of cells taken from the different sorted
maturation stages. (C) Heatmap of log2 transformed geometric mean centred miRNA expression showing
significantly differentially expressed miRNA determined by ANOVA and corrected for multiple testing
of the sorted neutrophil stages of maturation, depicted on the rows and columns respectively. MiRNA
expression was represented by colour scale, where green reflects lower expression, the black colour reflects
mean expression and red reflects higher expression.
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Table 1. Differential expression of miRNA families
miRNA family (no. miRNAs measured) miRNA
miR-15/16/195/424/497 (5) hsa-miR-15b

hsa-miR-15a, hsa-miR-16, hsa-miR-195

hsa-miR-424
hsa-miR-20a, hsa-miR-20b
hsa-miR-106b, hsa-miR-93
hsa-miR-17-5p
miR-181 (6) hsa-miR-181d
hsa-miR-181b
hsa-miR-181c
miR-25/32/92/92ab/363/367 (4) hsa-miR-92
hsa-miR-25
hsa-miR-32
miR-30a/30a-5p/30b/30b-5p/30cde/384-5p (5) hsa-miR-30c
hsa-miR-30e-5p
hsa-miR-30b
hsa-miR-30a-5p
let-7/98 (8) hsa-let-7b
hsa-let-7¢
hsa-let-7f, hsa-let7d
hsa-let-7a
hsa-miR-130a, hsa-miR-301
hsa-miR-130b
hsa-miR-99a, hsa-miR-100
hsa-miR-99b
miR-10 (2) hsa-miR-10a, hsa-miR10b
miR-125/351 (2) hsa-miR-125b
hsa-miR-125a
miR-133 (2) hsa-miR-133a, hsa-miR-133b
miR-146 (2) hsa-miR-146a, hsa-miR-146b
miR-148/152 (2) hsa-miR-148b
hsa-miR-148a
miR-19 (2) hsa-miR-19a, hsa-miR-19b
miR-196ab (2) hsa-miR-196b
hsa-miR-196a
hsa-miR-200c
hsa-miR-200b
hsa-miR-221, hsa-miR-222
hsa-miR-26a, hsa-miR-26b

miR-17-5p/20/93.mr/106/519.d (6)

miR-130/301 (3)

miR-99ab/100 (3)

miR-200bc/429 (2)

miR-221/222 (2)
miR-26ab/1297 (2)

miR-27ab (2) hsa-miR-27b
hsa-miR-27a
miR-29abc (2) hsa-miR-29a
hsa-miR-29¢

Stage specific change
Metamyelocyte, 1
Metamyelocyte , 1
Various, 1
Metamyelocyte, |
Metamyelocyte, 1
Various, |
Metamyelocyte, |
Neutrophiles, |
Various, |
Metamyelocyte, |
Metamyelocyte, 1
Various, 1
Metamyelocyte, |
Various, 1
Various, 1
Various, 1
Metamyelocyte, 1
Metamyelocyte, |
Neutrophil, |
Various, |
Metamyelocyte, 1
Various, |
Metamyelocyte, |
Metamyelocyte, |
Metamyelocyte, |
Metamyelocyte, |
Various, |
Various, |
Metamyelocyte, |
Metamyelocyte, 1
Various, 1
Neutrophil, |
Metamyelocyte, |
Various, |
Metamyelocyte, 1
Various, 1
Metamyelocyte, |
Various, 1
Neutrophil, |
Metamyelocyte, 1
Metamyelocyte, 1

Various, 1

Note: miRNA family as determined in TargetScan version 5.1, the number of members measured in this
study has been depicted between (). Up- and down- regulation have been depicted as 1 and |.
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RESULTS AND DISCUSSION

Myeloblasts, promyelocytes, metamyelocytes and neutrophils have characteristic
miRNA expression profiles

Normal bone marrow cells were sorted into fractions of different granulocytic maturation
stages using specific cell surface markers (Figure 1A). Morphologic examination together
with immunophenotyping confirmed the various granulocytic maturation stages with
average purity > 80%. (Figure 1B, Supplementary Table 1).

The miRNA expression of the different cellular stages was profiled by RQ-
PCR platform. One third (118/365) of the miRNAs was not expressed in any subset
(Supplemental Figure 1 and Supplemental Table 2). Unsupervised PCA analysis of the
expressed miRNAs revealed sharp distinctions between the sequential granulocytic
maturation stages (Supplemental Figure 2) Hundred and twenty-five miRNAs were
significantly differentially expressed between two or more granulocytic maturation stages
(Figure 1C). Some miRNAs showed entirely granulocytic maturation stage specific
expression (Figure 1C and Supplementary Table 3). Specific sets of miRNA were found
differentially expressed in myeloblast (1 miRNA), metamyelocytes (46 miRNAs ) and
neutrophils (11 miRNAs).

It is of particular interest to note that defined sets of miRNAs in a coordinated way are
subject to up-regulation or down-regulation at these discrete maturation stages, indicating
that regulation of expression of miRNAs is subject to switch control along the maturation
pathway. These changes in miRNA expression patterns mark highly characteristic
transitions between subsequent cellular stages and suggest an important function of

miRNAs in protein level regulation, necessary for normal neutrophilic development.

Differential expression of miRNA-families and genomic miRNA-clusters in
granulopoiesis

MiRNAs are related to each other in terms of sharing the seed sequence (miRNA-families)
and in terms of same chromosomal location (miRNA-clusters). miRNAs sharing the same
seed, potentially target the same set of targets and therefore combined expression of
miRNA family members can enhance down regulation of targets.

The miRNA families, let-7/98 (5 out of 8), miR-15/16/195/424/497 (5 out of 6),
miR-30a/30a-5p/30b/30n-5p/30cde/384-5p (4 out of 5), miR-17-5p/20/93.mr/106/519.d
(5 out of 6), miR-130/301 (3 out of 3), miR-181 (3 out of 3) and miR-99ab/100 were
differentially expressed in neutrophil maturation (Table 1). The majority of those



miRNA family members showed coordinated expression in the same direction and at
the same maturation stage. One example is the miR-181 family with 3 family members,
showed down-regulation in a sequential manner, leading to a consistent decline of the
cumulative miR-181 seed expression. The miR-15/16/195/424/497 family have functions
in cellular apoptosis and cell cycle regulation.?®* Concomitant up- regulation of miR-
15/16/195/424/497 family member may enhance the down-regulation of apoptosis and
cell cycle related targets needed for maturation towards to neutrophils. Furthermore, miR-
17-5p/20/93.mr/106/519.d family is down-regulated in neutrophils. This is in concordance
with other studies where miR-17-5p/20/93.mr/106/519.d family have been implicated in
the regulation of stem cell differentiation.?

Combined expression of the miRNAs in a cluster might regulate different targets
involved in the same pathway.?* We found 12 significantly differentially expressed genomic
miRNA clusters (Supplemental Table 4). Besides cluster members that displayed similar
expression behaviour, we observed that the expression pattern of miRNA from same
cluster was not always synchronised such as miR-17-92 cluster on chromosome 13 and the
clusters found on chromosome 17, 19, 22 and the X chromosome. For example the miR-
17-92 cluster, contained 6 significantly differentially expressed miRNAs in granulopoiesis
with different expression patterns. MiRNA-20a, miR-92 expression was switched down
in metamyelocytes, miR-18a, miR-19a and miR-19b were down-regulated in neutrophils,
whereas the miR-17-5p expression gradually decreased from myeloblasts onwards.

This is the first comprehensive study of miRNA expression in normal human
granulocytic differentiation that provides support for a critical and complex role of miRNAs
in the regulation of granulocytic maturation. These data provide a basic framework for the
molecular characterisation of stage-specific granulocytic cells, further investigations of
the functional role of the individual miRNAs, miRNA families and clusters in neutrophilic
differentiation and the identification of abnormal miRNA expression and function in case

of myeloid disease.
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ABSTRACT

Acute myeloid leukemia (AML) is a highly diverse disease characterized by various
cytogenetic and molecular abnormalities. MicroRNAs are small non-coding RNAs that
show variable expression during myeloid differentiation.

MicroRNAs expression in marrow blasts in 215 cases of newly diagnosed and (cyto)
genetically defined AML was assessed using quantitative RT-PCR for 260 known human
microRNAs. In the same series mRNA gene expression profiles were established, allowing
a direct comparison between microRNA and mRNA expression.

We show that microRNA expression profiling following unsupervised analysis reveals
distinctive microRNA signatures that correlate with cytogenetic and molecular subtypes of
AML i.e AMLs with t(8;21), t(15;17), inv(16), NPM1 and CEBPA mutations. Significantly
differentially expressed microRNAs for genetic subtypes of AML were identified.
Specific microRNAs with established oncogenic and tumor suppressor functions, such
as microRNA-155, microRNA-21, let-7 appear to be associated with particular subtypes.
Combinations of selected sets of microRNAs could predict cytogenetically normal AML
with mutations in the genes of NPM1 and CEBPA and FLT3-ITD with similar accuracy as
mRNA probe set combinations defined by gene expression profiling (GEP). MicroRNA
expression apparently bears specific relationships to the heterogeneous pathobiology of
AML. Distinctive microRNA signatures appear of potential value in the clinical diagnosis
of AML.



INTRODUCTION

The pathogenesis of acute myeloid leukemia (AML) is a heterogeneous multi-step
process affecting cell differentiation, proliferation and apoptosis, which ultimately leads
to malignant transformation of hematopoietic progenitors. Deregulated gene-expression,
disrupting cellular pathways, has been used for the classification of AML."> The prognosis
of AML depends on well-defined leukemia-specific prognostic factors, such as the
cytogenetic abnormalities t(15;17), t(8;21), inv(16) with a relatively favorable prognosis
and the 3q26 abnormalities, -5/-5q, -7/-7q with an unfavorable prognosis.®® Furthermore,
various molecular abnormalities in AML with normal karyotype have apparent prognostic
significance, such as the somatic gene mutations in nucleophosmin-1 (NPM1), FMS-like
tyrosine kinase 3 (FLT3 (internal tandem duplications (ITD)), and CCAAT/enhancer
binding protein alpha (CEBPA).>'* NPM1 mutations frequently occur in association with
FLT3-ITD mutations. Several studies on the clinical impact in AML subgroups revealed
that the subset of AML with NPMI mutations lacking FLT3-ITD mutations have a
significantly better overall survival.!*

MicroRNAs are a class of small non-coding RNAs that regulate translation of protein
coding mRNAs and thereby protein expression, by translation inhibition or cleavage of the
mRNA transcripts." There is an accumulating body of evidence indicating that microRNAs
play important roles in cellular growth and differentiation.'® MicroRNA expression profiles
of tumor samples have recently been shown to provide phenotypic signatures of particular
cancer types.'”? MicroRNAs can act as tumor suppressors and oncogenes. For instance,
expression of some microRNAs, such as let-7* and the microRNA15a/16-1 cluster,*
have been reported to be reduced in lung cancer and chronic lymphocytic leukemia (CLL)
respectively, suggesting tumor suppressor activities. In contrast, microRNA-17-92 cluster®
and microRNA-155/BIC?***" have been shown to be overexpressed in B-cell lymphomas,
indicative of their oncogenic potential. A characteristic microRNA expression signature
may aid in the diagnosis of certain types or subtypes of cancers. It has been shown that
microRNA profiles of bone marrow samples from patients with acute lymphoblastic
leukemia (ALL) discriminated subsets of ALL with different molecular aberrancies.!’

In AML, information about microRNA expression has only been gathered in a
limited series of patients so far. Debernardi et al.®® reported in 30 AML patients with
normal cytogenetics, that microRNA-181a correlates with cytological subclass. They also
reported that the expression of microRNA-10a, microRNA-10b and microRNA-196a, that
are located in intergenic regions in the HOX gene clusters, in AML correlates positively



with HOXA4 and HOXB gene expression, suggesting a role of these microRNAs in aberrant
regulation of proliferation and differentiation in leukemogenesis®. It was recently reported
that microRNA expression signatures discriminate ALL from AML? and AML from
normal bone marrow CD34+ cells.*

Here we addressed the question whether microRNA expression signatures could be
used to classify a heterogeneous disease such as AML. We used a microRNA quantification
method based on reverse transcriptase (RT) reaction using stem-loop primers followed
by real-time quantitative PCR analysis® for 260 known human microRNAs to study the
expression profile in 215 clinically and molecularly well-characterized de novo AML bone
marrow samples. Furthermore, we sought to identify microRNAs associated with known
AML cytogenetic and molecular abnormalities. Finally, we set out to directly compare
microRNA based class predictors of AML subgroups with predictors identified by mRNAs
GEP in the same patient cohort.

MATERIALS AND METHODS

Patients and cell samples

Patients used in this study had a newly diagnosed AML determined by cytological
examination of bone marrow (Table 1A-B). All patients provided written informed consent
and were treated according to the protocols of the Dutch-Belgian-Hematology-Oncology-
Cooperative group (available at www.hovon.nl).3>* A total of 215 patients provided bone
marrow aspirates at the time of diagnosis. Blast and mononuclear cells were purified by
Ficoll-Hypaque (Nygaard) centrifugation and cryopreserved. After thawing the AML
samples contained 80-100% blast cells, regardless of the blast count at diagnosis. CD34+
cells from four healthy control subjects were sorted from bone marrow aspirates using a

fluorescence-activated cell sorter.

RNA isolation and quality control of RNA

After thawing, total RNA was isolated from cells using Trizol reagent according to
manufacturer’s protocol (Invitrogen, Breda, NL). Quality control of RNA was done by
using RNA 6000 Nano assay on the Agilent 2100 Bioanalyzer (Agilent). All RNA samples
showed high quality (without RNA degradation or DNA contamination).



Table 1A. Clinical characteristics of the cohort of 215 patients with newly diagnosed AML

Characteristics Number of cases %

Sex- number of cases and %

Male 117 54,4%
Female 98 45,6%
Total 215 100,0%

Age (years) — number of cases and % distribution

Median 49,7

Range 18-77,2

<35 45 20,9%
35-60 118 54,9%
>60 52 24,2%
Total 215 100,0%

White cell count - x 10%/1
Median 33
Range 0,3-510

Marrow blasts - %
Median 60
Range 0-93
Platelet count - x 107/1
Median 64,5
Range 8-931

French-American-British classification - number of cases and %

MO 6 2,8%
Ml 47 21,9%
M2 55 25,6%
M3 6 2,8%
M4 37 17,2%
M5 44 20,5%
M6 2 0,9%
Not determined 18 8,4%
Total 215 100,0%
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Chapter 3

Table 1B. Cytogenetic and molecular characteristics of the cohort of 215 patients with newly
diagnosed AML

Characteristics Number of cases %

Cytogenetic abnormalities
-9q 5 2.3%
-8 11 5.1%
11923 6 2.8%
-5/-5(q)/-7/-7(q) 16 7.4%
Complex 5 2.3%
Inv(16) 15 7.0%
normal karyotype (NK) 100 46.5%
t(15;17) 6 2.8%
(6;9) 2 0.9%
t(8;21) 12 5.6%
1(9;22) 2 0.9%
-X/Y 3 1.4%
Other 30 14.0%
Not determined 2 0.9%
Total 215 100.0%

Molecular abnormalities

FLT3-TKD 20 9.3%
FLT3- ITD 62 28.8%
N-RAS 22 10.2%
K-RAS 1 0.5%
CEBPA 22 10.2%
NPM1 68 31.6%
Total patients 215 100.0%
Normal Karyotype 100 100.0%
with FLT3-TKD 10 10.0%
with FLT3-ITD 45 45.0%
with N-RAS 11 11.0%
with K-RAS 0 0.0%
with CEBPA 19 19.0%
with NPM1 55 55.0%
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Mutation analyses
Sequence analyses for FLT3-ITD, FTL3-TKD (tyrosine kinase domain), NPM1 and
CEBPA mutations were performed as described previously.'*

MicroRNA profiling using Multiplex real-time quantitative RT-PCR

A multiplexing RT-PCR method was used for the detection of multiple microRNAs.3¢
MicroRNA specific RT primers for 260 mature human microRNAs including several
small nuclear RNAs (RNU19, RNU24, RNU38B, RNU43, RNU44, RNU48, RNU49,
RNU49 and RNUG66) that were used for internal normalization were divided into 7 pools
containing 32-47 primers per pool (Applied Biosystems) and used for multiplexing RT
reaction. RT reactions of 10 pl contained: 1 pl 10x RT buffer (Applied Biosystems), 0.2
pl ANTPs (100 mM each), 1 ul MultiScribe Reverse Transcriptase (50 U/ul), 0.125 ul AB
RNase Inhibitor (20 U/ul), 2 ul 5X multiplex RT primers, 2 ul of 50 ng/ul total RNA and
3.675 pul H20. Reactions were incubated in a Primus HT Thermocycler (Biotech) in a 96-
well plate for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C and then held at 4°C.

Single real-time quantitative PCR reactions of 10 ul were set up in 384-well plates for
each of the 260 microRNAs. Real-time quantitative PCR reactions contained 2.5 pl of 4X
Universal Master Mix® (Applied Biosystems, Nieuwerkerk a/d IJssel, NL), 1.6 ul of 20-
fold diluted multiplex RT product, 2.5 pl of 5-fold H20 diluted 20X Tagman MicroRNA
primer/probe Assay® (Applied Biosystems) and 3.4 ul H20O. Caliper Sciclone ALH3000
pipetting robot (Caliper LS, Mountain View, CA, USA) was used to dispense 2.5 ul primer/
probe assays into 384-well plates. This facility was kindly provided by A.G. Uitterlinden
(Internal Medicine, Erasmus MC Rotterdam, the Netherlands). Real-time quantitative
RT-PCR was performed on an AB 7900 HT Sequence Detection System (SDS) (Applied
Biosystems, Nieuwerkerk a/d IJssel, NL) in a 384-well plate format, under following
conditions: first a hot start of 95°C for 10 minutes, followed by 40 cycles of 95°C for 15
s, and 60°C for 1 min. A Twister robot (Applied Biosystems, Nieuwerkerk a/d [Jssel, NL)
was used to load 384-well plates automatically into the 7900 HT SDS. Reproducibility was
tested studying microRNA expression in 10 AML samples in duplicate. RNA was isolated
in two independent experiments and subsequently cDNA synthesis and real-time RT-PCR
steps were also performed in two separate experiments. High correlation in microRNAs
expression between two independent experiments was found, with correlation coefficient

R of 0.97. (Supplementary Figure 1).



Normalization and filtering

SDS 2.3 software (Applied Biosystems) was used to analyze Real-time RT-PCR data.
The geometric mean of RNU24, RNU43, RNU48 and RNU66 was used for internal
normalization’” since these RNUs showed the most consistent expression in our cohort
(Supplementary Figure 2). The relative quantification method, 29“*was used to calculate
the expression relative to the mean of the RNUs.*® The relative expression (24" of the
microRNAs was normalized with the geometric mean of each microRNA for all patients.
To obtain a normal linear distribution, a log2 transformation was performed. MicroRNAs
that were unreliably quantifiable or not expressed (Ct value of 35 or higher) or not
differentially expressed as defined by inter-quartile range < 0.1 were excluded from further

analysis, leaving a set of 178 microRNAs.

mRNA gene expression profiling (GEP)
Atotal of 215 AML cases were analyzed for mRNA GEP using Affymetrix Human Genome
U133 Plus 2.0 GeneChips (Affymetrix, Santa Clara, CA) as described previously.?

Unsupervised cluster analyses

We used the unsupervised cluster analyses as described previously.> A total of 215
AML patient bone marrow specimens were grouped based on Pearson correlation of
the microRNA expression using the Correlation View visualization tool of the OmniViz
package version 4.0.0. The groups of patients were ordered based on absolute correlation.
Clinical and molecular data was projected next to the correlation plot using the software

program Heatmapper.*

Significance Analysis of Microarrays (SAM)

All supervised analyses were done using SAM with the statistical program R version 2.4.1
with the bioconductor package version 2.0 implemented.*® The differentially expressed
microRNAs were identified by comparing specimens with specific cytogenetic (e.g.
t(15;17), t(8;21), inv(16)) or molecular abnormalities (NPMI, CEBPA and FLT3-1TD
mutations) with all remaining AML patients in the cohort using SAM with a threshold of

minimal 2-fold change in expression and a false discovery rate (FDR) of 0%.

Prediction Analysis of Microarrays (PAM)
Supervised class prediction of AML with cytogenetic abnormalities such as t(15;17),
t(8;21) and inv(16) and molecular aberrations such as NPMI, CEBPA and FLT3-1TD



mutations, using microRNAs and mRNA expression data was performed using PAM.*!
The total cohort of 215 different AML patients as described in Table 1, was randomly
divided in to a training set of 143 patients to build the class predictor and a validation
set of 72 patients to test the predictor independent from the training set. The 10-fold
method of cross-validation was applied to assess the class predictor in the training set. The
minimum numbers of microRNAs and probe sets of genes (mRNA) that were identified
were subsequently tested on the validation set. The accuracy of the specific class predictor
was described by the number of truly predicted and false positively predicted cases in the

validation set.

RESULTS

Unsupervised analysis of microRNA expression reveals signatures that correlate
with particular cytogenetic and molecular subgroups of AML

Using an approach of unsupervised ordering (i.e. a priori not taking account of morphologic
subtype, cytogenetics, molecular abnormalities or other external information) 215 cases of
AML were classified into the subgroups with similar expression patterns of microRNAs.
The correlation view of Figure 1 (right section) shows the clusters with distinctive
microRNA signatures. Figure 1 (left section) visualizes the distinct signatures of up- and
down-regulated microRNAs. Certain microRNA expression patterns correlated with
specific cytogenetic or molecular abnormalities (also shown in Figure 1). Thus microRNA
clustering appears representative of particular (cyto)genetic subtypes of leukemia. The
microRNA clustering that was evident from unsupervised clustering, was frequently driven
by a selected number of microRNAs. Detailed information about cluster distribution, and
clinical, cytogenetic and molecular data are presented in the Supplementary Table 1.

The 6 cases of AML with t(15;17) aggregated in cluster #16. One of the AML
cases, that clustered together with specimens expressing t(15;17) in cluster #16, had not
been reported to carry the t(15;17). However, a subsequent PCR analysis showed the
presence of the PML-RARA fusion gene suggesting that the t(15;17) had been missed
by cytogenetic analysis. MicroRNA signature of cluster #16 signature was characterized
by a set of strongly upregulated microRNAs (microRNA-382, -134, -376a, -127, -299-
5p, and -323). Most AMLs with inv(16) were found in microRNA expression cluster #10
(60%; 9/15) and the other six cases showed variable signatures scattered over various
clusters. The majority (83%; 10/12 cases) of AML with t(8;21) shared the microRNA
signature of cluster #7 that was characterized by mainly downregulated microRNAs.



Interestingly, some AML cases carrying a inv(16) clustered into the cluster characterized
by t(8;21) and vice versa. A similar global downregulation of microRNAs was evident in
microRNA expression cluster #8 that contained AMLs with CEBPA mutations. Three of six
AMLs with 11g23 chromosomal abnormalities shared the microRNA expression profile
of cluster #18. The microRNA expression profiles of all AMLs with NPM1 mutations
(n=68 cases) were restricted to the 6 clusters #2, #4, #6, #9, #11 and #13 that appeared
following unsupervised analysis. Clustering in these instances was mainly determined
by a limited set of overexpressed microRNAs (microRNA-10a, -10b -196a and -196b).
No characteristic clusters of AMLs with FLT3-ITD nor FLT3-TKD mutations appeared
following unsupervised analysis nor were they apparent for the subsets of AML’s with dual
FLT3-ITD and NPM1 mutations. Several AML’s aggregated together in clusters #1, #14
and #15 and thus shared three characteristic microRNAs expression signatures. However
no currently known cytogenetic or known molecular abnormalities were associated with
these clusters. Normal bone marrow CD34+ specimens revealed a specific microRNA
signature (cluster #20).

Significantly differentially expressed microRNAs in relation to cytogenetic
translocations and molecular abnormalities

In order to identify the most significantly differentially expressed microRNAs that are
associated with specific subtypes of AML, we performed a supervised analysis using SAM.
MicroRNA expression for each of the cytogenetic, t(15;17), t(8;21), inv(16) and molecular
(NPM1, CEBPA and FLT3-ITD mutations) subtypes was compared to the microRNAs
expression patterns of the remaining AMLs of the cohort. Several discriminating
microRNAs were identified for each subtype. None of these microRNAs was localized in
the chromosomal region specific for the corresponding cytogenetic translocation such as
t(15;17), 4(8;21) and inv(16). The detailed data on SAM are presented in the Supplementary
Table 2.
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Figure 1.

Correlation view based on unsupervised clustering of 215 AML specimens involving 178 differentially
expressed mature human microRNAs (right section) and the relative expression levels of microRNAs that
characterize each of the individual clusters (left section)In the Pearson’s correlation view the red squares
indicate a positive correlation and the blue squares a negative pairwise correlation between the microRNAs
expression signatures. Using the program Heatmapper *° cytological, cytogenetic and molecular data
were plotted along the diagonal. Cytogenetic abnormalities and FAB classifications are indicated with
different colors. The presence of molecular abnormalities, such as NPM1, CEBPA, FLT3-ITD and FLT3-
TKD mutations are indicated in red and absence in green. On the left part of the Figure 1 each individual
microRNA expression cluster with a particular (cyto)genetic AML subtype is indicated (‘subtypes with
(cyto)genetic abnormality’). The total number of cases in each cluster and % of (cyto)genetic subtype
of AML in cluster are presented in the columns. In addition, also the percentages of these (cyto)genetic
subtypes present within each microRNA expression cluster (thus also indicating relative proportion of
cases with the abnormality that are located outside the cluster) is given (‘% of total (cyto)genetic subtype).
The levels of expression of 178 microRNAs of each of the 22 clusters including normal bone marrow
CD34+ cells are presented in the Heatmap on the left side of the Correlation view. The scale bar indicates
an increase (red) or decrease (green) in the level of expression by a factor of 7 relative to the geometric
mean of all samples.



Class prediction of subgroups of AML with cytogenetic or molecular abnormalities
by microRNA expression profiling, GEP (mRNA) or the combination of both
methods

Using PAM we determined the minimal set of microRNAs and transcripts (mRNA) that
could predict a particular (cyto)genetic subtype of AML in the cohort. Furthermore, we
performed PAM by combining microRNA and mRNA expression data, to investigate
whether microRNAs would improve the accuracy of the prediction. The number of
correctly predicted (true positive) and number of false positive cases in the 10-fold cross
validation of the training set for individual subtypes as well as the numbers of microRNAs
and transcript probe sets (mRNA) in the class predictors are presented in Table 2 and
Supplementary Table 3.

A class predictor of 10 microRNAs could predict AML with t(8;21) and a set of 7
microRNAs predicted AML with t(15;17). We constructed a predictor of 72 microRNAs
for AML with inv(16). Class prediction of AML subgroups with cytogenetic abnormalities
using mRNA-GEP was more accurate since there were no errors in the validation set and
it required only 2 mRNA probe sets for t(8;21), 1 mRNA probe set for inv(16) and 8 probe
sets for t(15;17).

As regards AML with molecular aberrations, sets of microRNAs were derived that
were characteristic for AML with NPM1, CEBPA and FLT3-1TD mutations, respectively.
Defined sets of 28 microRNAs could predict AML with CEBPA mutations and 10
microRNAs were predictive of AML with NPM[ mutations. A selection of as many as
48 microRNAs were required to predict AML with FLT3-ITD mutations. MicroRNA
and mRNA-GEP based class predictors of AML molecular subtypes showed comparable
accuracies. MicroRNA-10a and microRNA-10b were included in the mixed microRNA-
mRNA expression predictor of AML with NPM1 mutations (Supplementary Table 3).
In addition, two microRNAs (microRNA-155, microRNA-10b) were included in the
combined microRNA-mRNA class predictor of AML with FLT3-ITD (Supplementary
Table 3). However, the combination did not improve the overall accuracy of prediction
of AML with mutant NPMI nor mutant FLT3-ITD as compared to the mRNA predictor

alone.



Table 2. microRNA and mRNA class predictors for subsets of AML with (cyto)genetic abnormalities
identified using Prediction Analysis of Microarrays (PAM)*

microRNA Class Predictor

Training set (N=143) Validation set (N=72) Class
Predictor

(Cyto)genetic # of True False # of True False # micro-
subset Cases  Prediction positive Cases  Prediction positive RNAs
t(15;17) 5 5 3 1 1 4 7
t(8;21) 8 7 8 4 3 3 10
Inv(16) 6 5 10 9 4 2 72
NPM1 47 46 21 21 20 6 10
CEBPA 17 2 3 5 4 1 28
FLT3-ITD 46 33 22 16 14 5 48

Training set (N=143) Validation set (N=72) Class

Predictor

(Cyto)genetic # of True False # of True False
subset Cases Prediction positive Cases Prediction positive
t(15;17) 5 4 0 1 1 1 8
t(8;21) 8 8 0 4 4 0 2
Inv(16) 6 6 0 9 9 1 2
NPM1 47 23 11 21 20 2 7
CEBPA 17 13 4 5 3 2 20
FLT3-ITD 46 31 7 16 13 2 36

* PAM was performed to define microRNA and mRNA class predictors containing a minimal number
of microRNAs and probe sets (mRNAs), respectively, that could predict whether a case belonged to a
particular (cyto)genetic subset (first column). The cohort was randomly segregated into a training set and
a validation set. The number of cases in the Training set (column 2) and the Validation set (column 5)
are given. The 10-fold method of cross-validation, applied on the training set was used to compute truly
predicted cases and errors. The cases that were truly predicted (column 3) or were false positive (column
4) in the Training set are indicated. The minimal number of microRNAs or probe sets (mMRNAs) that were
identified in the Training set were subsequently tested on the Validation set. The number of cases correctly
predicted ie true prediction, this set (column 6) or were false positively predicted (column 7) are shown.
The characteristics of the microRNAs and probe sets (mMRNAs) are presented in Supplementary Table 3.
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DISCUSSION

Our study demonstrates that the heterogeneity of AML can be resolved according their
variable microRNAs expression signatures. We used quantitative real-time RT-PCR to
study the expression of 260 known human microRNAs.

The cohort of 215 AML cases represents a cross section of a mixed diversity of clinical
AML. Others*** and we® have previously established that gene expression profiling can
comprehensively classify the disorder. We now demonstrate that the expression profiling
of a limited set of known human small non-coding microRNAs can also be used to identify
subgroups with distinctive microRNA expression patterns, that notably correlate with
particular cytogenetic and molecular AML entities.

The unsupervised clustering method revealed an association between the majority of
the AMLs with t(8;21), t(15;17), inv(16) and characteristic microRNAs expression profiles
(clusters # 7, #16, #10) (Figure 1, Supplementary Table 1). However, not all AMLs with
the latter cytogenetic abnormalities clustered together. For example, several cases of AML
with inv(16) and t(8;21) expressed microRNA patterns that were discrepant from the more
common clusters #10 and #7. Interestingly 2 cases with t(8;21) clustered together with
AMLs with inv(16) and 1 case with inv(16) was found in the cluster # 7 mainly containing
cases with t(8;21). Another study * had reported that some cases with inv(16) clustered
together with cases with t(8;21) and vice versa using mRNA expression profiling. Whether
these variations of microRNA and mRNA profiles among the latter cytogenetic subtypes
are to be explained by the presence of other coexisting underlying genetic abnormalities in
these not yet elucidated leukemias, remains to be seen.

Using supervised analysis, we identified the microRNAs signatures characteristic of
AMLs with cytogenetic abnormalities: t(15;17), t(8;21) and inv(16). A prominent signature
(microRNA-382, -134, -376a, -127, -299-5p, and -323), predominantly comprised of
upregulated microRNAs, was identified for AML with t(15;17). Most of these microRNAs
were found to be located on chromosome 14 and therefore appear not directly implicated
in chromosomal translocation of AML with t(15;17) itself. The functions of the latter
microRNAs in AML with t(15;17) are currently not known and the predicted targets are
yet to be experimentally validated.

AML with t(8;21) was characterized mainly by a set of downregulated microRNAs.
We found two members of a known tumor suppressor microRNA family, let-7b and let-
7¢ to be downregulated in AML with t(8;21) and also in AML with inv(16). Previous

reports have linked let-7 microRNAs to human cancer®**" showing that they regulate



the expression of oncogenes RAS*™ and HMGA2.** Reduced expression of the let-7 in
lung cancer is associated with poor prognosis.” It is tempting to speculate that, similar
to the gain of function of RAS due to gene mutations®>? RAS overexpression due to
downregulation of let-7 may be a cooperating event in the pathogenesis of AML with
inv(16). Combining our microRNA and mRNA expression data sets we did not find a
significant negative correlation between the expression levels of let-7 and its targets RAS
and HMGA. However, microRNAs mainly regulate gene expression by translational
inhibition and to a lesser extent by degradation or cleavage of mRNA targets. Therefore,
despite a lack of a negative correlation of microRNA and mRNA expression levels,
we cannot exclude the possibility of downregulation of let-7 in AML with inv(16) and
t(8;21) resulting in increased protein levels of RAS and thereby contributing to malignant
transformation in CBF leukemias. SAM also showed microRNA-127 to be significantly
downregulated in AML with inv(16). MicroRNA-127 has been reported to function as a
tumor suppressor and may be silenced by hypermethylation in cancer models. Epigenetic
activation of microRNA-127 results in a downregulation of the BCL6-proto-oncogene.™
Thus altogether it is conceivable that let-7 and microRNA-127 would contribute to the
pathobiology of core binding factor leukemias with inv(16) and AML with t(8;21).

SAM also revealed differentially expressed microRNAs in certain molecular
subgroups of AML. One prominent signature, predominantly containing upregulated
microRNA-10a, microRNA-10b, microRNA-196a and microRNA-196b was identified in
AML carrying NPM I mutations. NPM[-mutations are present in approximately 35% of
patients with AML and are the most common molecular abnormality in patients with AML.
They are specially prevalent in AML with a normal karyotype.'* It has been demonstrated
that NPMI mutations are associated with specific gene expression signatures.’>3+36
These transcript signatures are characterized by overexpression of homeobox genes
(HOXA4, HOXB families and TALE genes). Interestingly, the microRNAs (-10a, -10b,
-196a, -196b) that are upregulated in AML with mutant NPM1, are all located within the
genomic cluster of HOX genes. Yekta et al have reported that microRNA-196a directs
translational inhibition (cleavage) of HOXB8 mRNA.>" These observations are consistent
with an aberrant regulatory circuit including NPM1, HOX genes and microRNAs, which
might be engaged in the arrest of cellular differentiation of hematopoietic progenitors and
development of AML with mutant NPMI. Obviously, functional studies are required to
provide formal evidence about the pathogenetic role of these candidate microRNAs.

In AMLs with FLT3-ITD we found oncogenic microRNA-155 to be significantly
upregulated. Apart from the oncogenic potential of microRNA-155 in lymphomas*>* and



its role in immune function®* this particular microRNA has been postulated to have a role
in myeloid differentiation.®!

AML with CEBPA mutations was associated with a distinct set of mainly downregulated
microRNAs. The possible cause of the phenomenon of downregulation remains entirely
elusive. One possibility to be considered is that differential regulation of microRNA
processing, i.e. expression levels of enzymes Drosha and Dicer, would result in a global
downregulation of microRNA expression in one subtype of AML and upregulation in
another. However, no differential expression of Drosha and Dicer was observed in AML
patients with CEBPA mutation (data not shown), therefore other players may be implicated
in this regulation.

Since microRNAs may have independent roles in the pathobiology of AML, not
related to the underlying cytogenetic and molecular abnormalities, we performed a
supervised analysis to identify differentially expressed microRNA between all AML
samples and normal CD34+ bone marrow samples. We found microRNA-21 to be
consistently upregulated in AML. In earlier studies this microRNA has been demonstrated
to be associated with various cancers. Several tumor suppressors have experimentally
been validated as targets of microRNA-21%%%, Furthermore, microRNA-21 was found to
contribute to cancer growth by modulating PTEN expression®. Conditional deletion of
PTEN in adult hematopoietic cells produced myeloproliferative disease and transplantable
leukemias.®*%¢ Potential function of microRNA-21 in relation to PTEN and AML deserves
further investigation.

The microRNAs expression profiles were used for the class prediction of various
subtypes of AML. We were able to predict AMLs with t(8;21), t(15;17) and inv(16) by
limited sets of selected microRNAs. We also used PAM to compare the ability of class
prediction by microRNA expression with that by transcript expression profiles in the same
series of patients. Prediction of AML with t(8;21), t(15;17) and inv(16) using microRNAs
required a greater number of microRNAs than mRNA probe sets. That the mRNA predictor
required a smaller set of probes than the classifier constructed by microRNAs, is not at all
surprising. MicroRNA analysis made use of a restricted number of only 260 microRNA’s
which is in sharp contrast to 54675 probes that were included on the microarray employed
for mRNA profiling. As a matter of fact, the observed predictability of AML subtypes on
the basis of a limited number of microRNAs demonstrates the power and potential of the
approach of microRNA expression profiling for AML subtypes. The number of known

human microRNAs continuously increases and more than 1000 of them are predicted in



silico. Therefore, in the future, new microRNAs with specific expression in the subsets
of leukemia will likely enhance the possibilities for classification and class prediction of
AML by microRNA expression.

To this end, the study presented here demonstrates that AML can be classified
according their variable and distinctive microRNA expression profiles. Application of
SAM and PAM methods revealed significant differentially expressed microRNAs that
characterize and categorize the subgroups of AML with different cytogenetic and molecular
aberrations, in particular AML with t(8;21), inv(16), t(15;17) and AML with NPM1 and
CEBPA mutations. In comparison with mRNAs the microRNAs class predictor was less
accurate in predicting AML with t(15;17), t(8;21) and inv(16). Combinations of selected
sets of microRNAs could predict AMLs with mutations in the genes of NPM1, CEBPA
and FLT3-ITD with similar accuracy as mRNA probe set combinations. Furthermore,
several established oncogenic and tumor suppressor microRNAs, such as microRNA-155,
microRNA-21, let-7 appear to be associated with specific subtypes of AML. These data
suggest that microRNAs are implicated in the pathogenesis of AML and may have a useful

role in future diagnostics.
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Chapter 5

ABSTRACT

Acute myeloid leukemia (AML) is a highly heterogeneous disease, characterized by
various cytogenetic and molecular abnormalities, many of which may express prognostic
value. MicroRNAs (miRNAs) are a class of small regulatory RNAs. The prognostic value
of miRNAs in AML is yet to be determined.

Here we set out to identify miRNAs that are consistent significant prognostic
determinants, independent from other known prognostic factors. A discovery cohort
(n=167) and a validation cohort (n=409) of a heterogeneous AML population were used to
reliably identify miRNAs with prognostic value.

We report miR-212 as an independent prognostic factor, significantly associated with a
prolonged overall survival (OS) and also event-free and relapse-free survival in a discovery
cohort (HR=0.77, P=0.015 for OS) which was subsequently confirmed in an independent
validation cohort of 409 cases (HR=0.83, P=0.016). The prognostic significance and the
prevalence of high miR-212 did not correlate with specific (cyto)genetic subtypes of AML.
High miR-212 expression levels are associated with a gene expression profile which is
significantly enriched for genes involved in the immune response.

MiR-212 may improve the current prognostic risk stratification of mixed AML

including normal karyotype AML and AML with cytogenetic and molecular abnormalities.
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INTRODUCTION

Acute myeloid leukemia (AML) is a complex heterogeneous disease, caused by a chain
of events involving genetic and epigenetic changes. These alterations lead to a disease
phenotype that is characterized by an accumulation of immature progenitors due to an
increased proliferation and block in differentiation. Several of these molecular and genetic
changes have been shown to have prognostic relevance and are useful for risk classification
in treatment protocols.'

Currently the panel of prognostic markers known in AML include clinical
characteristics and cytogenetic abnormalities, such as t(8;21)%3, inv(16)*, t(11q23)° as well
as, molecular aberrations, including somatic gene mutations in nucleophosmin (NPM1)%7,
CCAAT/enhancer binding protein o. (CEBPA)®’, internal tandem duplications in the FMS-
like tyrosine kinase 3 gene (FLT3-ITD)! and DNA (cytosine-5)-methyltransferase 3A
(DNMT3A)."-"% In addition, overexpression of particular genes, e.g. high transcript levels
of ecotropic virus integration site 1 (EVII)" , v-ets erythroblastosis virus E26 oncogene
homolog (ERG), brain and acute leukemia, cytoplasmic (BAALC), meningioma (disrupted
in balanced translocation) 1 (MN1) or cluster of designation 34 (CD34) have recently been
proposed as prognostic biomarkers.!>!8

MicroRNAs (miRNAs) are short non coding RNAs (20-25 nt) capable of regulating
protein levels by either cleavage of mRNA transcript or inhibition of translation." There is
an increasing body of evidence supporting the important role of miRNAs in hematopoiesis
and cellular processes such as differentiation, proliferation and apoptosis.”® Previously
others and we have shown that different miRNA expression patterns reflect the cytogenetic
and molecular heterogeneity of AML.?> Recent findings have shown that several
miRNAs have functional importance in the development of AML.?*?” In a cohort of 122
AML patients, Garzon et al showed association of miR-199a, miR-199b, miR-191, miR-
25 and miR-20 with adverse survival and were able to validate the association of miR-199
and miR-191 in an independent cohort of 60 AML patients.”! Marcucci et al reported
the prognostic value of a miRNA signature in normal karyotype AML (NK-AML).?
Subsequently in a cohort of 187 normal karyotype AMLs, the expression of miR-181a,
one of the miRNAs of the signature, predicted better survival.?®

In the current study we identified miR-212 in a discovery cohort (n=167) as a
prognostic relevant miRNA that is widely expressed in AML and that can be confirmed
as predictor in an independent validation cohort of heterogeneous AML patients (n=409).

We report here that miR-212 expression positively correlates with survival, independently
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of known clinical, molecular and cytogenetic prognostic markers. Thus the study reveals
a profound independent prognostic impact of a single miRNA in a large heterogeneous
cohort of AML including leukemia with normal karyotype as well as those with various

cytogenetic and molecular abnormalities.

MATERIALS AND METHODS

Patients, treatment and mutational analysis
All patients included in this study had a newly diagnosed AML according the 2001
WHO classification. All patients provided written informed consent in accordance with
the Declaration of Helsinki and accord with assurance filled with and approved by the
institutional review board of the Erasmus University Medical Center. The analysis was
done in an initial discovery cohort consisting of 167 patients, treated according the
protocols 04, 04A, 29 and 42 of the Dutch-Belgian-Hematology-Oncology-Cooperative
group (HOVON) (www.hovon.nl). The validation cohort originated from two different
sources, i.e. 183 patients of AML treated according to protocol HOVON-42A and 226 AML
patients treated according the AML German-Austrian Study Group (AMLSG) protocol
98A%. The two cohorts showed similar distribution in miR-212 expression and some
differences in patient characteristics. (Supplemental Figure 1, Supplemental Tablel). To
increase power and to minimize differences, the latter two series were combined resulting
in a validation cohort of 409 patients. Demographic, hematological and genetic features of
the discovery cohort and the validation cohort are given in Table 1. Both cohorts showed
similar overall survival (OS) (Supplemental Figure 2).

Samples, from either bone marrow aspirates or blood at the time of diagnosis, were
purified with Ficoll-Hypaque (Nygaard, Oslo, Norway) centrifugation resulting in >80%
of blast cells and subsequently cryopreserved.”*® Mutation analyses were performed as

described previously.”*!

RNA isolation, miRNA expression, data normalization and miRNA selection

After thawing total RNA isolation, quantitative RT-PCR and analysis were performed
as described previously.?>*? Briefly, total RNA was extracted using Trizol according to
manufacturer’s protocol (Invitrogen, Breda, The Netherlands). The miR-212 expression
in the discovery cohort was determined by real time quantitative RT-PCR assays for
miRNAs (Applied Biosystems, Nieuwekerk a/d IJssel, The Netherlands) in multiplex

manner as described previously*? and for the validation cohort real time quantitative
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Table 1. Patients characteristics in the discovery and validation cohorts

Discovery cohort Validation cohort

(n=167) (n=409)
%o of cohort % of cohort

Clinical parameters

Age (mean) 43 44
Range (min-max) 15 60 18 60
WBC, x 10 ? /L (mean) 54 45
Range (min-max) 0.8 263.4 0.8 427
Sex
male 92 (55%) 205 (50%)
female 75 (45%) 204 (50%)
ELN genetic risk (0%)
Favorable 51 (31%) 143 (35%)
Intermediate-I 53 (32%) 128 (31%)
Intermediate-II 36 (22%) 69 (17%)
Adverse 27 (16%) 69 (17%)
Cytogenetics
+8 12 (7%) 16 (4%)
-5 or -5q 0 (0%) 3 (1%)
-7 or -7q 7 (4%) 9 2%)
-9q 4 2%) 8 2%)
11923 5 (3%) 10 (2%)
t(6:9) 2 (1%) 2 (0%)
t(8;21) 9 (5%) 28 (7%)
t(9;11) 4 (2%) 9 (2%)
inv(3) or t(3;3) 0 (0%) 3 (1%)
inv(16) 9 (5%) 36 (9%)
Normal karyotype 84 (50%) 204 (50%)
Complex karyotype 14 (8%) 45 (11%)
Other 18 (11%) 37 (9%)
Molecular genetics*
CEBPA single 4 (2%) 6 (1%)
CEBPA double 12 (7%) 20 (5%)
FLT3-ITD 39 (23%) 71 (17%)
FLT3-TKD 7 (4%) 28 (7%)
NPMI 49 (29%) 109 (27%)

* Molecular data determined in NK-AML

RT-PCR was performed in a singleplex manner according to manufacturer protocol. MiR-
212 expression was determined centrally at one location and validation cohorts from the

two different trials showed similar distribution in expression. A shift in distribution was
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observed between discovery and validation cohort, which correlates with the difference of
single and multiplex RT-PCR reaction (Supplemental Figure 1)

Data was normalized using the endogenous control RNU48, which was found to be
stable expressed in AML samples®>*? and other cell types.*>** A minimal threshold was set
for Ct values above 35 to a ACt value of 16.5. The relative quantification method, 24 %
was used to calculate the expression relative to RNU48. Finally the expression data was
log transformed to obtain symmetrical distribution. The 167 cases of the discovery cohort
were analyzed for gene expression profiling (GEP) using Affymetrix Human Genome
U133 Plus 2.0 GeneChips (Affymetrix, Santa Clara, CA) as described previously.*® The
gene expression data are available at http://www.ncbi.nlm.nih.gov/geo/ as accession
GSE6891.

Definition of survival endpoints, molecular cytogeneticrisk and statistical analysis
Overall survival (OS), event-free survival (EFS), relapse-free survival (RFS) and
complete remission (CR) were defined according to recommendation of the European
LeukemiaNet (ELN).! Genetic risk groups are reported according to the ELN criteria' with
one minor adjustment, namely, instead of any mutation of CEBPA only double mutations
in CEBPA were considered favorable: Favorable group includes inv(16)(p13.1q22),
t(16;16)(p13.1;q22), t(8;21)(q22;q22), NK-AML with mutation in NPM1 without FLT3-
ITD®” and NK-AML with CEBPA double mutation.?’ Intermediate-I refers to remainder
of the NK-AML. Intermediate-II involves t(9;11)(p22;q23) and various other cytogenetic
abnormalities not classified as favorable or adverse. Adverse risk designates inv(3)
(921g26.2) or t(3;3)(q21;926.2), t(v;11q23), t(6;9)(p23;q34), -5 or 5g-, -7, abnl(17p) and
complex karyotype.!

To test for the association to the various survival outcomes, i.e. OS, EFS and RFS, the
miRNA expression was used as a continuous variable in both univariable and multivariable
analyses using Cox proportional hazards model (reported p-values correspond to the Wald
test). The proportional hazards assumption was tested using scaled Schoenfeld residuals.
To represent graphically the prediction capabilities of single miRNAs we used Kaplan
Meier curves dichotomizing the expression based on the median expression value. Cox
proportional hazards model with a penalized spline for miR-212 (df=4) was fitted to
assess, whether the miR-212 expression has a linear effect on the hazard function. The
test for the nonlinearity (OS: P=0.28/0.6 (univariable analysis, discovery/ validation
cohort) and P=0.18/0.69 (multivariable analysis, discovery/ validation cohort)) suggests

that it is appropriate to treat the miR-212 expression as a continuous linear variable.
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Similar conclusion was obtained from an analogous analysis with EFS and RFS and a
logistic regression model for CR. The shapes of the fitted spline curves did not indicate
a better referral cutoff value than the median value. Logrank test was then used to test
for differences in survival distributions. Logistic regression was used to assess the
association between the miRNA expression and CR, univariably and in a multivariable
fashion correcting for known prognostic markers (age, log(WBC) and ELN genetic
risk). Treatment was added to the multivariable analysis to adjust for the differences in
treatment protocols. Andersen-Gill model was used to model the association of survival in
relation to a time dependent covariate of transplantation. Spearman correlation analysis
was performed to determine the association between two continuous variables, Wilcoxon
rank sum test between a continuous and a categorical variable (two categories) and Fisher’s
exact test between two categorical variables.

To identify genes differentially expressed in miR-212 high/low groups (as determined
by the median value), Wilcoxon rank sum analysis was performed, controlling for the false
discovery rate (FDR) by the Benjamini-Hochberg procedure (FDR<0.05). The expression
values for every gene were determined from either a single probe or a combination of
multiple probes. Only probes expressed above lower detection limit (30) in more than 20%
of the cases were taken into account in the analysis. In case of multiple probes per gene,
log-transformed MASS normalized expression intensities were combined by performing
a principal component analysis using the first principal component. The expression values
were then standardized to have zero mean and standard deviation one.

All performed statistical tests were two-sided. Survival and association analyses
were done using Stata/Se v11.1 and the gene expression data analysis was performed in R
(version R-2.13.0). Ingenuity systems was used to determine overrepresented pathways in

the selected genes.
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RESULTS

High miR-212 expression is predictive for favorable survival

Using univariable analysis in the discovery cohort (n=167), we observed high miR-212
expression to be highly predictive for better OS (HR=0.78, P=0.007). Higher miR-212
expression was also found to be strongly associated with higher CR rate, better EFS
and RFS (Table 2). These findings were confirmed in the independent validation cohort
(n=409), for OS (HR=0.81, P=0.001), EFS and RFS. The relationship between high miR-
212 and higher CR rate could not be reproduced in the confirmatory cohort (Table 2).
Kaplan-Meier curves for OS (Figure 1), EFS and RFS (Supplemental Figure 3) depict the
estimates of survival distribution in patients with high versus low miR-212 expression, as

determined by a median expression value.
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Figure 1. Kaplan-Meier survival curves of patients with high and low miR-212 expression. Patients
were dichotomized into high miR-212 and low miR-212 groups based on median expression value of miR-
212. Patients with high miR-212 expression had significantly better survival in both the discovery cohort
(A) and the validation cohort (B).

Independent prognostic value of miR-212

To correct for established prognostic factors, cytogenetic abnormalities and molecular mutations in the
genes NPM1, FLT3-ITD according to ELN criteria and were included in the multivariable Cox proportional
hazard model together with age and log(WBC). A minor modification was made with regards to the ENL
criteria, normal karyotype with CEBPA, only double mutations were considered favorable instead of any
mutated CEBPA.
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Table 2. Association of miR-212 expression levels with achievements of complete response and
survival in the discovery and validation cohorts

Discovery cohort Validation cohort

z P- [95% Inter- 0 P- [95%  Inter-
value Conf. val] value Conf. val]

Univariable analysis

CR 1.74 046 232 0.020 1.10 299 1.04 0.15 035 0.727 0.80 1.38
EFS 0.75 0.07 -3.14 0.002 059 0.89 0.86 0.06 -2.67 0.008 0.73 0.95
RFS 073 0.10 -255 0.011 052 092 0.82 0.07 -2.70 0.007 0.67 0.94
(O] 0.78 0.08 -2.72  0.007 0.60  0.92 0.81 0.06 -336 0.001 0.69 0.91
Multivariable analysis*

CR 1.78 048 2.03 <0.001 1.02 298 091 0.14 -0.67 0.501 0.67 1.21
EFS 0.78 0.08 -2.86 0.004 0.61 091 0.89 0.06 -1.87 0.062 0.76 1.01
RFS 077 0.10 -232 0.020 0.55 095 0.85 0.07 -2.07 0.038 0.70 0.99
oS 0.79 0.08 -244 0.015 0.62 095 0.85 0.06 -242 0.016 0.72 0.97

*Multivariable Cox proportional hazard model adjusted for treatment, included known prognostic factors,
i.e. age, log(WBC) and molecular genetics (ENL genetic risk)

Univariable/multivariable logistic regression used for CR and Cox proportional hazards model for EFS,
RFS and OS. Hazard ratio (HR) >1 or <I indicate an increased or decreased risk. Odds ratio (OR) >1 or <1
indicate increased or decreased odds for reaching complete remission. The sample sizes for OS and EFS
of the discovery cohort and validation cohorts were n=167 and n=409, respectively. For RFS the sample
sizes were n=141 and n=319 for discovery and validation, respectively. P values <0.05 depicted in bold, P
values<0.1 & >0.05 depicted in italic.

Difference intreatment protocols were taken along to adjust for treatment related differences.
The overall proportionality hazards assumption test was not significant (Supplementary
Table 2). In the discovery cohort, high miR-212 remained highly significantly associated
with better OS (HR=0.79, P=0.015) as well as with the other survival endpoints, EFS and
REFS. In the validation cohort we were able to confirm the independent prognostic value
of miR-212 for OS (HR=0.79, P=0.016) (Table 2, Supplementary Table 2). Additionally,
miR-212 was also significant as a favorable determinant of RFS in both the discovery
(HR=0.77, P=0.020) and the validation cohort (HR=0.85, P=0.038). It was borderline
significant in the validation cohort for EFS (HR=0.89, P=0.062) (Table 2, Supplementary
Table 2). The interaction term between miR-212 expression and the different genetic risk
group was found insignificant for the discovery (P=0.733) and validation cohort (P=0.320)
(data not shown).

To determine whether the prognostic value of miR-212 is also independent of the
allogeneic stem cell transplantation treatment that is known as a common factor to impact
on relapse probability, we considered the Andersen-Gill model with transplantation
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as a time dependent covariate for the discovery cohort. After addition of allogeneic
transplantation in the model, miR-212 retained its significance (OS: HR=0.77, P=0.014;
EFS: HR=0.75, P=0.004; RFS: HR=0.70, P=0.009).

Relationship of high miR-212 expression with other clinical and hematological
features

The associations of the clinical and genetic characteristics with the expression levels of
miR-212 in the discovery and validation cohorts are summarized in Table 3. Overall, there
was no consistent relationship between the distribution of miR-212 expression levels
and clinical parameters. Among the genetic subsets only the presence of inv(16) was
consistently associated with higher miR-212 in the discovery cohort and in the validation
cohort.

Table 3. Relationship of miR-212 expression levels with clinical and genetic features of AML patients
in the discovery and validation cohorts.

Discovery cohort (n=167) Validation cohort (n=409)

Median difference / Median difference /
P-value . P-value .
Spearman correlation Spearman correlation

Clinical parameters

Age 0.345 rho=0.073 0.467 rho=-0.036
WBC 0.695 rho= 0.030 0.022 rho=-0.113
Sex* 0.820 -0.043 0.179 -0.086
Cytogenetics
+8 0.202 -0.093 0.250 0.192
t(8;21) 0.966 -0.053 0.642 -0.167
inv(16) 0.059 -0.501 0.004 -0.432
Normal karyotype 0.851 0.033 0.541 -0.060
Complex karyotype ~ 0.961 0.103 0.009 0.220
Other 0.392 0.093 0.052 -0.279
Molecular Genetics**
CEBPA double 0.072 0.417 0.242 -0.280
FLT3-ITD 0.976 0.042 0.187 -0.433
NPM1 0.012 -0.060 0.684 0.212

Table reports P-values of Spearman correlation test (together with Spearman correlation coefficients) or
Wilcoxon rank sum test (together with median differences in positive vs negative groups) to assess the
association between the miRNA expression and different clinical and molecular parameters for the subtypes
consisting of more than 5% of the cohort.

* Median difference between females vs males

** Molecular data only determined in patients with normal karyotype
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Genes involved in immune response are enriched in patients with high miR-212
expression

To gain more biological insight in AML characterized by high miR-212 expression we
studied differential gene expression in the discovery cohort (n=167). We found 867 genes/
probes to be differentially expressed in between cases with high and low miR-212 expression
(as determined by the median expression value) (Supplemental Table 3). Analysis using
Ingenuity pathway analysis showed that most enriched pathways among the molecular and
cellular functions belong to cell to cell interaction (P=5.44-10%), cell death (P= 6.69-10%),
antigen presentation (P=8.52:10"®) and cellular movement (P=8.52-10"%). At the level of
physiological system development and function the pathways most significantly enriched
pathways were hematological system development and function (P=8.52-10*), hummoral
immune response (P=8.52-10%), immune cell trafficking (P=8.52-10%) and hematopoiesis
(P=3.64-10*) (Figure 2).

Strikingly many of the genes in the differentially expressed genes between AML
patients with high and low miR-212, in these enriched pathways are involved in immune
response which largely was found upregulated in high mir-212 expression cases. Among
these involved in chemotaxis of immune cells such as chemokine (C-C motif) ligand
3 (CCL3), chemokine (C-C motif) ligand 4 (CCL4), chemokine (C-C motif) ligand 5
(CCLY5). We identified other genes like MN1, BAALC and urokinase plasminogen activator
receptor (PLAUR) being differentially expressed between AMLs with high and low miR-

212 expression.
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Figure 2. Differentially expressed probes between patients with high and low miR-212 expression in
AML.

The left panel shows a heatmap of 867 genes differentially expressed (FDR < 0.05) between high (above
median) and low (below median) miR-212 expression groups (845 of these genes were also detected by
Spearman correlation analysis (FDR < 0.05) using continuous miR-212 expression). Patients (columns) are
ordered from the left to the right by increasing miR-212 values. Genes (rows) have been sorted according to
their expression patterns by hierarchical clustering. Green color indicates expression values lower than the
mean expression value (black) and red color indicates expression values higher than the mean expression
value. The enriched pathways of the selected genes are depicted in the right panel. Columns represent top
enriched pathways, where the black color indicates the involvement of the particular gene in the above
mentioned category.
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DISCUSSION

The relevance of miRNAs as prognostic markers in heterogeneous patient population
of AML is largely unknown. In this study we have investigated the role of miR-212 as
prognostic factor in AML that are independent of established confounders and can be
used as predictors for survival. In the present study we were able to validate the strong
prognostic value of miR-212 in an independent validation cohort.

MiR-212 shows significant association with various survival endpoints using
univariable and multivariable analysis including well established prognostic confounders
in two independent cohorts. Thus miR-212 emerged from the analysis as a notably
robust prognostic determinant of overall survival, event-free survival and relapse-free
survival. MiR-212 expression level predicts better prognosis and adds to the prognostic
effect of various previously established molecular and cytogenetic markers in a highly
mixed population of AML. Previously, several other molecular prognostic markers have
been identified in AML, such as mutations in the genes NPM1, FLT3-ITD, CEBPA, and
high expression of the transcripts of ERG, BAALC, CD34 and miR-181. However these
molecular biomarkers express prognostic impact which is mainly restricted to leukemia
without cytogenetic abnormalities, so called normal karyotype AML. Furthermore, a
portion of these molecular markers like ERG, BAALC, CD34 and NPM1 show strong
correlations with each other and or interact with other specific molecular subtypes.'>'#2

The expression level of miR-212 does not associate with any particular known AML
subtype. It presents an independent prognostic marker that may contribute to the current
risk classification of AML patients. In addition, the present study involves patients of
age 60 and younger, additional studies in independent cohorts with younger and elderly
patients are warranted to determine the overall prognostic relevance of miR-212.

To derive some biological insights in AML characterized by high miR-212 expression,
we identified genes differentially expressed between patients with the highest and lowest
miR-212 expression. Interestingly, we found a significant enrichment of genes involved
in the immune response, in particular those involved in chemotaxis of immune cells. For
example, CCL3 and CCL4, upregulated in high miR-212 expression cases, belong to the
CCL2-4/CXCL1/8 class of chemokines and the release of these chemokines, influence
the T- and NK-cells chemotaxis.***” Conceivably stronger chemotaxis of immune cells by
leukemic cells might contribute to their anti-leukemic effects as part of the immune response
resulting in a better response to therapy in patients with high miR-212 expression.****

Among the differentially expressed genes, we also find genes with previously
reported prognostic significance in AML. BAALC" and MN1'® were downregulated and




Chapter 5

PLAUR® were upregulated in patients with high miR-212 expression. These markers were
not included in the multivariable analysis. Following the addition of these factors to other
previously indicated prognostic markers in the multivariable analysis miR-212 remained
significant indicating the prognostic ability of miR-212 independent of those molecular
prognostic factors (Supplemental Table 4).

The function of miR-212 in AML and other hematopoietic malignancies is unknown.
An increased expression of miR-212 was observed in pancreatic cancer where it has been
suggested to act as an oncomiR by down modulation of retinoblastoma tumor suppressor.*!
In gastric cancer miR-212 has been reported to be differentially expressed in certain
subtypes with a possible function in regulation of methylation via methyl-CpG-binding
protein.*** In head and squamous cell carcinoma and non-small cell lung cancer cell
lines miR-212 is shown to modulate the cell survival, either by down regulating PED and
thereby causing an increase in tumor necrosis factor alpha (TNFa) related apoptosis* or
overcoming cetuximab resistance by targeting heparin-binding EGF-like growth factor
(HB-EGFR).*® This indicates the importance of miR-212 in regulating cell survival, the
role of the aforementioned targets in AML is unclear as the targets are not among the
genes found to be differentially expressed between patients with high and low miR-212
expression. Further research is required necessary to elucidate the biological role of miR-
212 in AML.

In conclusion, we identified and validated that high expression of miR-212 predicts
for better survival independently of other reported prognostic factors among molecularly

and cytogenetically heterogeneous AML
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Chapter 6

Almost two decades have passed since the discovery of the first miRNA. Knowledge
about miRNAs has since increased rapidly. The interest in miRNAs in relation to cancer
was sparked by initial publications in 2006 that demonstrated deregulation of miRNA
expression in cancer.!” Functional studies with miRNAs in biological processes and
diseases have led to the discovery that miRNAs are important regulators of protein levels.
Knockout studies of the miRNA machinery show that miRNAs are essential in many cell
types and cellular processes.*

AML is a heterogeneous disease, characterized by a block in cell differentiation and
increased proliferation abilities of the cells. Many cytogenetic, genetic and epigenetic
types of aberrations underlie this disease. The role of miRNAs in human AML remains
largely elusive, i.e. in AML as a whole as well as in the distinct AML subtypes. The aim
of this thesis was to study the expression profiles of miRNAs in AML, their relevance as

predictors of clinical outcomes and their possible function in the biology of AML.

miRNA expression in granulocytic development: Can we identify miRNAs that
discriminate between distinct myeloid differentiation stages?

Chapter 2 illustrates that myeloid cells at distinct maturation stages show different
miRNA expression signatures. Some miRNAs are specifically expressed in immature
cells, whereas others are particularly elevated in more mature subsets. We also found
stage specific miRNAs, i.e. miRNAs that are selectively expressed in metamyelocytes,
for example. Similar observations are made for miRNA families and clusters, where it is
striking that some families are upregulated progressively in concert during maturation.
One apparent example in this regard is the miR-181 family. Progressive downregulation
of targets of miR-181 family may be functionally important for myeloid differentiation. So
although the distinct differentiation stages belong to the same myeloid lineage, the miRNA
expression patterns change between the successive stages.

The precise function of these unique miRNAs expressed in particular stages remains
an interesting question for future studies. Recently, unique locked nucleic acid (LNA)
inhibitors, that are capable of reducing the expression of specific miRNAs in a particular
matter became available. The use of LNA inhibitors in functional studies might make
it possible to unravel which miRNAs restrictedly expressed in myeloid progenitors, i.e.
myeloblasts, are essential for development towards neutrophils. Furthermore, revealing
the functional role of particular miRNA signatures in normal myelopoiesis could provide

insights into the role of these regulatory RNAs in the development of leukemia.
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miRNA expression in AML: Can we identify miRNA expression profiles that
associate with the distinct cytogenetically and genetically defined AML subtypes?

Cytogenetic and other genetic changes in AML distinguish different AML subtypes. The
discovery that AML cases with similar cytogenetic and genetic abnormalities correlated
strongly with their miRNA expression pattern (Chapter 3) suggested that miRNAs are
related to the different AML subtypes.®!® In fact, we identified limited sets of selected
miRNAs that are able to predict AML subtypes, for example AML with translocations
t(8;21), t(15;17), and inv(16). This finding is reminiscent of the previously reported
pattern of expression of coding genes (mRNA) with the ability to predict AML subsets.!!?
In Chapter 3 we directly compared the mRNA and miRNA expression predictive abilities
for cytogenetic and genetic AML subtypes. The miRNA information does not result in
markedly improved AML subtype prediction suggesting that most of the information of
the miRNA expression is also contained in the coding gene expression. Thus either the
miRNA expression or the mRNA expression has similar value in terms of predicting the
specific subtypes.

miRNAs associated with distinct subtypes of AML can be identified. However
AML is phenotypically characterized by impairment in the myeloid differentiation. The
maturation arrest in AML happens at various stages of myeloid differentiation, which
is reflected by different morphologically defined AML subtypes. The miRNAs that are
differentially expressed between AML subtypes might in part be a reflection of distinct
myeloid differentiation stages rather than AML specific miRNA expression. Identifying
AML-specific changes in miRNA expression proved to be a challenge. We profiled the
miRNA expression of different stages of granulopoiesis, with the idea of using this as
reference set to identify AML-specific miRNAs. It is not known if the morphological
properties of AML cells are a result of the pathogenic event or a reflection of the cell
type in which the event occurred. In addition, the different miRNA expression profiling
procedures and the relative quantification methods used for miRNA profiling in Chapters
2 and 3 make a direct comparison of the expression difficult. Identifying strictly AML-
specific miRNAs by combining expression profiling data of normal myeloid differentiation
and AML datasets is therefore still a challenge. miR-125b, for instance, was found to be
upregulated in AML cases with translocation t(15;17) and t(2;11).5!* Similarly, miR-196b is
highly upregulated in AML with upregulated HOX genes. miR-451 is upregulated in AML
compared to normal myeloblast (CD34+) cells. In normal granulocytic differentiation
the expression of these miRNAs is high in immature cells and is downregulated in more

mature cells. Based on this observation it can be speculated that these miRNAs might be
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associated with an immature differentiation stage rather that reflecting pathobiology of
particular AML subset. A more direct inclination of AML-specific miRNAs are those not
expressed in normal granulocytic differentiation but expressed aberrantly in AML. miR-9
and miR-9* (miR-9/9*), described in Chapter 4, are two examples of such miRNAs.
Unique sets of miRNA can be distinguished for both AML subtypes as well as distinct
stages of granulocytic differentiation. Our current knowledge can be improved, as the
development of next-generation sequencing techniques allows more in-depth analyses in
terms of quantitative data of a complete pool of miRNAs and information on miRNA
modifications. This is likely to improve classification and to allow more quantitative

comparisons between various cell subsets in the future.

miRNAs as prognostic factors in AML: Is there a correlation of miRNAs expression
levels with clinical outcome in AML?

The expression levels of specific miRNAs in AML at diagnosis may also be used as
prognostic information for relapse and post-treatment survival. This information could be
useful for classifying AML according to risk. It is well established that certain cytogenetic
and genetic abnormalities correlate strongly with treatment outcome and predict survival
values. Recently the monosomal karyotype index was identified as an independent
prognostic factor that improved classic cytogenetic risk stratification.'* Furthermore, a
significant amount of data has been generated in recent years that showed prognostic
relevance of a range of gene mutations and aberrant expression of protein-coding genes.!>"
The question arises as to whether the assessment of the expression levels of particular
miRNAs would contribute to the improvement of the existent risk classification.

There is limited knowledge about the prognostic relevance of single miRNAs. High
expression levels of one particular miRNA, i.e. miR-181, predict for better prognosis in
normal karyotype AML.?® Recently, miR-3151, located in intronl of the BAALC gene,
was identified by RNA deep sequencing. In AML with normal karyotype, the expression
of miR-3151 is strongly correlated with BA4ALC expression and like BAALC, high miR-
3151 expression associates with adverse survival outcomes.?' In Chapter 4 we described
how AML cases with high expression of the aberrantly expressed miRNAs miR-9/9* are
associated with favorable survival in subset of patients with AML aged 60 years and less.
In Chapter 5 we demonstrated that high miR-212 expression predicts for better survival
in AML, independently from other established clinical parameters and cytogenetic and
genetic markers included in the ENL prognostic risk score. Many prognostic factors
in AML appear to have a biological role in AML as well. The difference observed in
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expression of genes involved in immune response between patients with high and low
miR-212 expression makes miR-212 an interesting candidate for further functional studies.

In conclusion, miRNAs add prognostic value and may further refine the current risk
stratification of AML. Of the 2154 miRNAs currently registered in miRbase version 18,
only a fraction have been investigated so far for their potential prognostic value in AML.
Therefore, the full potential of miRNAs to improve risk stratification in AML needs to be
further established.

The function of miRNAs in AML: What are the functional contributions of miRNAs
to the biology of AML?
miRNA profiling studies in AML have revealed an association of specific miRNA patterns
with different subtypes of AML. This has raised the question as to whether miRNAs are
functionally involved in the biology of AML.57-10:22

Many of the miRNAs have been studied functionally in MLL-fusion-related
AMLs due to the access of various models to study the leukemogenic effect of MLL
fusions. For instance, in a subset of clinical AML with MLL-AF9 fusions, miR-196b is
found upregulated. Using specific miRNA antisense inhibitors against miR-196b in in
vitro colony assays, it has been demonstrated that miR-196b contributes to MLL-AF9
induced transforming capacities by increasing cell proliferation, partially blocking cell
differentiation and enhancing cell survival.>® Similarly miR-155 was found upregulated
in AML with MLL-fusions.®® In addition, in vivo experiments using mouse models with
high miR-155 expression in hematopoietic stem cells showed that miR-155 results in a
myeloproliferative phenotype in the bone marrow.* In another study involving AML-
bearing MLL rearrangements, miR-495 was found to be downregulated. Importantly, the
data pointed to a mechanism in which the downregulation of miR-495 is a consequence of
MLL fusion proteins. Restoration of miR-495 expression in MLL-AF9 transduced bone
marrow cells, suppressed colony forming capacities in vitro and delayed leukemogenesis
in vivo. This suggests that miR-495 acts as a tumor suppressor in vitro and in vivo. In
human cell lines and MLL-AF9 induced leukemic bone marrow cells, miR-495 directly
targets Pre-B-cell leukemia transcription factor 3 (PBX3) and Homeobox protein Meis1
(MEISI) and contributes to the MLL-AF9 induced leukemogenesis by promoting cell
growth and cell viability.”®

In AML with chromosomal translocation t(2;11), miR-125b, which is located near
the chromosomal breakpoint, is found to be specifically upregulated. Introduction of miR-

125b into the myeloid cell lines or normal CD34+ primary hematopoietic cells interferes
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with cellular differentiation in vitro towards granulocytes and monocytes.!*?¢ In addition,
miR-125a and miR-125b are highly expressed in hematopoietic stem cells and appear to
regulate the stem cell numbers.?”?® Transplantation of fetal liver cells overexpressing miR-
125b causes the generation of leukemia, although mainly B and T cell leukemias were
found rather than AML.”

These studies provide strong evidence indicative of the functional impact of miRNAs
in the development of AML. However a few remarks can be made. These miRNAs are
generally not restricted to one subtype. Many of these miRNAs, as shown in Chapter 3, are
also found differentially expressed in other AML subtypes, like miR-196b, which besides
MLL abnormalities is also highly associated with AML carrying mutation in NPM1. It
remains unclear if miR-196, for example, has the same function in other than MLL-fusion
AMLs. In addition, the up/down regulation of the miRNAs in the overexpression or
knockdown experimental models generally have a much larger magnitude than observed
in AML patients. Recently Mukherji et a/ demonstrated using a reporter assay that the
effect of a miRNA is dependent on the levels of its targets.’*® Below a certain threshold
value the downregulating effect of the miRNA increase dramatically, thereby shifting from
fine-tuning to a switch like function. It is likely that this phenomenon is also dependent
on the miRNA levels and therefore the functional effect of miRNAs is probably dosage
dependent.

Another important miRNA is miR-223, a miRNA that is predominantly expressed in
hematopoiesis.?! In Chapter 2 we showed that expression of miR-223 is greatly enhanced
in mature granulocytes. These data may suggest a role of miR-223 in granulocytic
differentiation. Surprisingly miR-223 was found to be dispensable for granulocytic
development, but it appeared important for maintaining the homeostasis as a negative
regulator, as miR-223 knockout mice show an expanded granulocytic compartment.*
In addition, miR-223 is reported to be downregulated in specific AML subtypes®*-*, in
particular the subtypes where CEBPA is deregulated. Downregulation of miR-223 might
contribute to leukemogenesis by enhancing proliferation through the upregulation of E2F1
and MEF2C. As a matter of fact miR-223 appears to play a key role in an autoregulatory
loop involving CEBPA, E2F 1 and NF-A.*23435 Nevertheless, it remains difficult to envision
what the anti-proliferative effect of miR-223 in the remaining AML subtypes is, as the
differential expression of miR-223 might be a reflection of morphological differences
embedded in the different AML subtypes.

By combining the information we obtained on miRNA expression levels from the

studies in Chapters 2 and 3, we aimed to identify candidate miRNAs with a potential role in
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leukemogenesis, irrespective of granulocytic differentiation. We selected miRNAs, miR-9
and miR-9*(miR-9/9%), which have low expression or are expressed below detection level
during normal granulocytic differentiation. Although AML with translocation t(8;21) and
AML with double mutations in CEBPA gene lack measurable miR-9/9* expression levels
, miR-9/9* are highly expressed in the other AML subtypes (Chapter 4). The expression
in the latter group therefore seems abnormal. Our in vitro studies show that enforced
expression of miR-9/9* results in the inhibition of myeloid cell differentiation (Chapter
4). The high expression found of miR-9/9* in AML is similar to the levels obtained in the
overexpression studies. Interestingly miR-9/9* overexpression also resulted in inhibition
of myeloid differentiation. This is similar to AMLI-ETO fusion and mutant CEBPA that
both disrupt the myeloid maturation process. In addition, AMLI-ETO downregulates
CEBPA? and recent data show that AML1-ETO, which acts as a repressor, shares the same
DNA binding sites as ERG.”” We identified FRG as a miR-9/9* target and showed its
downregulation in AML with high miR-9/9* expression. We hypothesize that miR-9/9%*,
CEBPA and AMLI-ETO interrupt myeloid development by disrupting the same pathways

in different manners, thereby playing a critcal role in the pathogenesis of AML.

Future perspective and directions

Studies from the past two decades on the role of miRNAs have revealed their regulation of
cellular processes in hematopoietic development, such as proliferation and differentiation,
and added an extra dimension to the complexity of normal hematopoiesis and
leukemogenesis. The results described in this thesis contribute to a better understanding of
the role of miRNAs in the prognosis and biology of AML. Nevertheless, the endeavor to
understand the role of miRNA in AML has only just begun. In our studies a comprehensive
miRNA expression profiling revealed AML subtypes with specific miRNA signatures. We
also selected miRNA candidates to further study their role in risk stratification and their
biological function in the development of AML. Many questions remain unanswered. We
would like to address several of these with respect to potential approaches and the future

studies.

miRNA targets identification and experimental validation

How should we identify miRNA target genes experimentally? In Chapters 4 and 5 we
selected potential relevant targets of specific miRNA of interest by studying the inversed
correlation of miRNA and mRNAs expression levels in AML using information provided

by target prediction algorithms. Target identification is important to further distinguishes
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the functions of miRNAs. The further experimental validation of in silico predicted miRNA
targets is therefore essential. Although information obtained at the transcriptional level
may be a good reflection of the effect of miRNAs, some miRNA targets are unchanged at
transcript level but altered at the protein level only. A proteomics approach should be used
to include those potential miRNA targets, such as stable isotope labeling with amino acids
in cell culture (SILAC).*® SILAC is a highly efficient and quantitative labeling method
based on metabolic incorporation of heavy amino acids in cell culture that is followed by
tandem mass spectrometry analysis of the whole proteome. For miR-9/9*, for example, in
vitro model miR-9/9* targets may be identified in the 32D cell line by studying proteome
changes upon enforced expression of these miRNAs. The identification of direct miRNA
targets relies on the different target algorithms. A more unbiased and direct approach
would be the isolation of the RISC complex together with the miRNA-mRNA complexes
using high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation
followed by sequencing (HITS-CLIP).*

After putative target identification, studies are warranted to elucidate the direct
functional contribution of candidate targets to the observed miR-9/9* induced inhibition
in myeloid cell differentiation. One approach would be to apply in vitro shRNAs to
knockdown the expression of identified candidate target genes and thereby phenocopy
the miR-9/9* inhibitory effect on cell differentiation. This would functionally verify the
role of these targets in the observed phenotype. /n vivo studies are essential for gaining
an understanding of the functions of miRNAs under more physiological conditions. In
addition, in vivo studies with appropriate mouse models harboring specific leukemic
genetic aberrations will address potential interactions of miRNAs with known cytogenetic
and genetic aberrations in AML and would provide insights into the functional contribution
of miRNA in the biology of AML. It would be interesting to study the contribution of
miR-9/9* in a pre-leukemic in vivo model characterized by cell proliferative advantage.
In primary human AML, overexpression of miR-9/9* is also associated with FLT3-1TD
abnormality. FLT3-ITD knock-in murine model shows a myeloproliferative phenotype.
These mice develop chronic myeloproliferative disease with a 100% penetrance that
does not progress to acute leukemia. We hypothesize that introducing miR-9/9*, in
hematopoietic progenitors of FLT3-ITD knock-in mice, will result in the development of
AML.
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miRNAs for treatment of AML

The development of new drugs currently focuses on the discovery of small molecules and
other biological inhibitors of protein-coding genes.

Modulation of miRNAs expression and function offers a new therapeutic window.
An example of miRNA-based therapy is locked nucleic acid (LNA) inhibitor against
miR-122. This has been shown to be effective against the replication of the hepatitis C
virus in vivo in mice and non-primate monkeys. Currently one miR-122 inhibitor is in
a clinical phase 2 trial that aims to study the efficacy of this approach in the treatment
of patients with hepatitis C.***! A similar therapeutic possibility could be based on
increasing miRNA expression, for example by applying miRNA mimics.** miR-29b has
been reported to be downregulated in certain subtypes of AML and ectopic expression of
this miRNA resulted in induced apoptosis and inhibition of cell proliferation in AML in
vitro models.* Interestingly, treatment of xenograft AML tumors with miRNA-29b mimic
resulted in decreased tumor growth indicating a potential opportunity for miRNA based
therapeutic targeting. Performing functional screens using currently available miRNA
inhibitor libraries in appropriate AML models may further enable miRNA based treatment
discovery and development in AML.
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NEDERLANDSE SAMENVATTING

Acute myeloide leukemie (AML) is een vorm van bloedkanker, waarbij de aanmaak en
rijping van witte bloedcellen uit stamcellen in het beenmerg verstoord is. De cellen die
zich ontwikkelen tot AML cellen hebben verstoringen in twee verschillende processen.
Een toegenomen aanmaak in combinatie met verstoorde cel uitrijping, differentiatie, heeft
als gevolg dat de abnormale cellen, de normale cellen in het beenmerg overgroeien een
tekort komt aan normale rijpe bloed cellen.

AML kan onder worden verdeeld in verschillende subtypes. Dit kan aan de hand van
hun uiterlijk (cytomorfologie), waarop de Franse - Amerikaanse - Britse (FAB) classificatie
gebaseerd is, of aan de hand van een gezamenlijke (cyto)genetische afwijking. Dat zijn
afwijkingen in de chromosomen of in genen. Deze afwijkingen leiden tot een verstoorde
functie van bepaalde genen en zijn waarschijnlijk ook betrokken bij het ontstaan van deze
specifieke subtypes van AML. In het beenmerg van een AML patiént kunnen meerdere
afwijkingen gevonden worden, die samen bijdragen aan de ziekte beeld. Verschillende
(cyto)genetische afwijkingen zijn vaak ook geassocieerd met de overleving kansen van de
patiént. Het is dus belangrijk om de specifieke afwijkingen in kaart te brengen, om zo tot
een juiste prognose en therapie te komen voor een individuele patiént met AML.

MicroRNAs (miRNAs) zijn kleine fragmenten van RNA, van ongeveer 20-25
nucleotiden lang en vooralsnog relatief weinig bestudeerd. Deze kleine miRNAs coderen
niet voor eiwitten, zoals RNA vaak doet, maar reguleren de hoeveelheid van specifiecke
eiwitten. Dat doen ze door samen met het RISC complex aan het uiteinde (de 3 ‘UTR)
van lange stukken coderend RNA te binden (zogenaamde messenger transcripten). Na
de binding wordt ofwel de translatie tot eiwit tegen gehouden of het gebonden RNA
afgebroken. In beide gevallen leidt dit tot een verlaagde hoeveelheid eiwit.

De precieze functie van miRNAs in AML was voorheen niet bekend. Het doel van
dit proefschrift is om meer inzicht te krijgen in de expressie patronen van miRNAs en de
mogelijke bijdrage van miRNAs in het ontstaan van AML. Tevens willen we bestuderen
of miRNAs gebruikt kunnen worden voor de voorspelling van de verschillende AML
subtypes en de prognose van patiént.

Voordat we de expressie van miRNAs in een abnormale situatie bestudeerden, in het
geval van AML, hebben we eerst het expressie profiel van miRNAs tijdens de normale
rijping van neutrofielen, in kaart gebracht (hoofdstuk 2). Hiermee is duidelijk geworden
dat elk rijping stadium een specifieck miRNA expressie profiel vertoond en dat miRNAs
expressie dus de verschillende cel types reflecteert. Dit suggereert dat miRNAs een functie
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hebben binnen de normale differentiatie van neutrofielen. Verder laten we zien hoe sommige
miRNA families, miRNAs die de dezelfde eiwitten kunnen reguleren, trapsgewijs tot
expressie komen tijdens de differentiatie, zoals de miR-181 familie, waarbij in sequenti€le
stadia, een miRNA familie lid verhoogd tot expressiec komt. Het is dus duidelijke dat
verschillende stadia van rijping, ook een verschillende miRNA expressie patroon hebben
en dat de verscheidene miRNAs waarschijnlijk een rol spelen in de differentiatie proces.

In hoofdstuk 3 hebben we gekeken hoe het expressie profiel is van ongeveer 260
verschillende miRNAs in AML cellen van 215 goed gekarakteriseerde verschillende AML
patiénten. De belangrijkste bevinding is dat op basis van de miRNA expressie patronen er
groepen van AML patiénten ontstaan die gekenmerkt zijn met dezelfde al bekende (cyto)
genetische afwijkingen. Dit duidt erop dat miRNAs in AML niet willekeurig verstoord
zijn, maar dat er specifiecke miRNA patronen te herkennen zijn. Zo is een hoge expressie
van miR-10a, miR-10b, miR-196a en miR-196b geassocieerd met AML met een mutatie in
NPMI1 gen en hebben AML patiénten met t(15;17) en deel van de patiénten met een -5/-7
deletie een verhoogt expressie van een groep miRNAs afkomstig van chromosome 14q32.
AML patiénten met t(8;21) en mutaties in CEBPA gen lijken een al gehele verlaging van
miRNA expressie te vertonen. Verder blijkt het mogelijk om de verschillende subtypes
aan de hand van de expressie niveaus van een kleine set miRNAs te voorspellen. Hieruit
blijkt dat miRNAs de verschillende AML subtypes reflecteren en mogelijk betrokken zijn
bij het ontstaan van AML.

In hoofdstuk 4 hebben we meer in detail gekeken naar miR-9 en miR-9* (miR-
9/9%). In hoofdstuk 3 vinden we dat miR-9/9* een hogere expressie heeft in AML ten
opzichte van jonge normale beenmerg cellen. In hoofdstuk 2 blijkt ook dat miR-9/9*
expressie, naast jonge beenmerg cellen, ook laag blijven in expressie in de rest van de
gemeten neutrofielen rijpings stadia. We kunnen dus constateren dat miR-9/9* abnormale
expressie vertoont in de meerderheid van de subtypes van AML. Dit hebben we bevestigd
in hoofdstuk 4, waar we de expressie van miR-9/9* hebben bepaald in groot aantal AML
pati€énten (n=647). Verder hebben we de expressie van miR-9/9* gekarakteriseerd, in
het bijzonder de relatie met de verschillende AML subtypes. Hier vonden we dat miR-
9/9* een specifieke expressie vertoont in het geval van AML patiénten met een dubbele
mutatie in CEBPA gen of t(8;21) tonen een lagere miR-9/9* expressie en gevallen met een
FLT-ITD mutatie en mutaties in NPM1 tonen een hogere miR-9/9* expressie. Verder is
gebleken dat hoge miR-9/9* expressie is geassocieerd met een betere overleving in een
specifieke AML subset. Om de functie van abnormale hoge miR-9 en miR-9* expressie in

AML te onderzoeken hebben we in het 32D cel-lijn model de miR-9 en miR-9* expressie
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niveau verhoogd. Dit had als gevolg dat de cellen, die normaal gesproken zich kunnen
ontwikkelen tot volwassen neutrofiele cellen, een verstoring in de rijping proces krijgen.
Uit ons onderzoek blijkt dat dit mogelijk gebeurt door het remmen van de productie van
het ERG gen product en eiwit, een belangrijke regulator van de hematopoiese. Dit toont
aan dat miRNAs direct kunnen bijdragen aan het proces dat leidt tot AML.

Hiernaast wilden we graag weten of de expressie niveaus van miRNAs die we
beschrijven in hoofdstuk 3, een voorspellende waarde heeft voor de overleving van
patiénten met AML en dus een klinische relevantie hebben. In hoofdstuk 5 hebben we
een aantal miRNAs gevonden die waren geassocieerd met overleving, daarvan hebben
we gekeken of deze hun associatie met overleving behouden in een onathankelijke
groep. Het blijkt dat hoge miR-212 expressie een robuuste voorspeller is van een betere
overleving in AML. Daarnaast blijkt deze relatie onafhankelijk te zijn van andere bekende
prognostische factoren. Patiénten met een hogere miR-212 expressie reageren beter op
gegeven behandeling en leven daardoor langer dan patiénten met lage expressie van miR-
212. Gen expressie analyses tussen patiénten met een hoge en lage miR-212 expressie,
wijst uit dat dit mogelijk komt door een beter immune response.

Tot slot wordt er in het afsluitende hoofdstuk 6 de belangrijkste bevinden in een
breder context gezet en de bijdrage van miRNAs aan de verschillende aspecten van AML
besproken. Met het onderzoek door ons en anderen staat vast dat miRNAs betrokken zijn
met het normale neutrofiele rijpings proces als mede de processen die betrokken zijn in
AML en dat miRNAs zowel in staat zijn pati€nten in verschillende AML subgroepen te

classificeren, als het schatten van een prognose.
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Appendix

APPENDIX

Chapter 2

Supplemental Table 1. Purity cell sorted granulocytic maturation stages

Sample Blast Myeloblast & Promyeloblast Metamyelocytes Neutrophils

1 >90 % 91% 95% 92%
2 >90 % 86% 97% 83%
3 >90 % 94% 94% 90%
4 - 96% 84% -
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Supplemental table 2. Nonexpressed miRNAs

miRNA not expressed in granulopoiesis

hsa-miR-105
hsa-miR-124a
hsa-miR-129
hsa-miR-139
hsa-miR-147
hsa-miR-153
hsa-miR-182*
hsa-miR-184
hsa-miR-184
hsa-miR-187
hsa-miR-193b
hsa-miR-198
hsa-miR-200a
hsa-miR-203
hsa-miR-205
hsa-miR-206
hsa-miR-211
hsa-miR-220
hsa-miR-299-3p
hsa-miR-299-5p
hsa-miR-299-5p
hsa-miR-302a
hsa-miR-302b
hsa-miR-302b*
hsa-miR-302¢
hsa-miR-302d
hsa-miR-323
hsa-miR-325
hsa-miR-329
hsa-miR-368

Supplemental Table 3. is available on the British Journal of Haematology website.

hsa-miR-369-3p
hsa-miR-369-5p
hsa-miR-371
hsa-miR-373*
hsa-miR-376a*
hsa-miR-379
hsa-miR-380-3p
hsa-miR-380-5p
hsa-miR-409-5p
hsa-miR-448
hsa-miR-449b
hsa-miR-453
hsa-miR-488
hsa-miR-489
hsa-miR-490
hsa-miR-492
hsa-miR-506
hsa-miR-507
hsa-miR-508
hsa-miR-512-3p
hsa-miR-512-5p
hsa-miR-513
hsa-miR-515-5p
hsa-miR-516-5p
hsa-miR-517
hsa-miR-517b
hsa-miR-518a
hsa-miR-518¢
hsa-miR-518¢*
hsa-miR-518d

hsa-miR-518f
hsa-miR-519b
hsa-miR-519d
hsa-miR-519¢
hsa-miR-520a
hsa-miR-520b
hsa-miR-520c
hsa-miR-520d
hsa-miR-520h
hsa-miR-521
hsa-miR-523
hsa-miR-524
hsa-miR-544
hsa-miR-548a
hsa-miR-548b
hsa-miR-548c¢
hsa-miR-549
hsa-miR-552
hsa-miR-553
hsa-miR-554
hsa-miR-558
hsa-miR-562
hsa-miR-563
hsa-miR-569
hsa-miR-570
hsa-miR-570
hsa-miR-575
hsa-miR-578
hsa-miR-585
hsa-miR-586

hsa-miR-587
hsa-miR-588
hsa-miR-591
hsa-miR-593
hsa-miR-597
hsa-miR-600
hsa-miR-603
hsa-miR-606
hsa-miR-607
hsa-miR-608
hsa-miR-609
hsa-miR-613
hsa-miR-614
hsa-miR-615
hsa-miR-617
hsa-miR-622
hsa-miR-626
hsa-miR-631
hsa-miR-644
hsa-miR-645
hsa-miR-647
hsa-miR-649
hsa-miR-653
hsa-miR-654
hsa-miR-657
hsa-miR-658
hsa-miR-661
hsa-miR-662
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Supplemental Table 4. Differential expressed genomic miRNA clusters

Chromosome Start
3 49032585
49032585
49033055
3 161605070
161605227
7 99529119
99529327
99529552
9 95978060
95978450
9 96887311
96887548
11 64415185
64415403
13 49521110
49521256
13 90800860
90800860
90801006
90801146
90801320
90801447
90801569
17 6861658
6861954
19 56887677
56887851
56888319
22 20337270
20337593
X 73423664
73423846
X 133131074
133131234
133131367
133131505
133131737
X 133508024
133508310

miRNA
hsa-miR-425, 1
hsa-miR-425-5p, 1
hsa-miR-191, 1
hsa-miR-15b, 1
hsa-miR-16, 1
hsa-miR-25, 1
hsa-miR-93, 1
hsa-miR-106b, 1
hsa-let-7a, 1
hsa-let-7f, 1
hsa-miR-23b,-
hsa-miR-27b, 1
hsa-miR-192, 1
hsa-miR-194, 1
hsa-miR-16, 1
hsa-miR-15a, 1
hsa-miR-17-3p, -
hsa-miR-17-5p, 1
hsa-miR-18a, 1
hsa-miR-19a, 1
hsa-miR-20a, 1
hsa-miR-19b, 1
hsa-miR-92, 1
hsa-miR-195, 1
hsa-miR-497, -
hsa-miR-99b, 1
hsa-let-7e, -
hsa-miR-125a, 1
hsa-miR-301, 1
hsa-miR-130b, 1
hsa-miR-545, 1
hsa-miR-374, -
hsa-miR-363%, -
hsa-miR-92, 1
hsa-miR-19b, 1
hsa-miR-20b , 1
hsa-miR-18b, -
hsa-miR-503, 1
hsa-miR-424, 1

Note: Chromosomal location are obtained from miRBase release 13. Genomic miRNA clusters has been
defined as miRNA within chromosomal distance of 500 kb with eachother. Up- and down- regulation have

been depicted as T and | and - as non-differential expressed .

134



Down regulation Up Regulation
Level of microRNA Expression

Supplemental figure 1. miRNA expression of different stages of granulocytic differentiation.
Heatmap of geometric mean relative miRNA expression showing all miRNAs of the different granulocytic
maturation stages, depicted on the rows and columns respectively. Expression was represented by colour
scale, where green reflects lower expression; black reflects mean expression and red reflects higher
expression.
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PCA Mapping (59.2%)
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Supplemental Figure 2. Principal Component Analysis.

Principal Component Analysis plot, depicting the coordinates of the samples in three principal

components space derived from their miRNA expression.
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Chapter 3

Supplementary table 1 can be found on the Blood website.

Supplemental Table 2.
Abnormality  Gene ID

11923
11923
11923
11923
11923
11923
11923
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)
5/7(q)

0 OO0 o0 o0 0 OO o o0 K oo o

CEPBA
CEPBA
CEPBA
CEPBA
CEPBA
CEPBA

hsa-miR-9
hsa-miR-9
hsa-miR-9
hsa-miR-429
hsa-miR-213
RNU49
hsa-miR-146a
hsa-miR-125a
hsa-let-7e
hsa-miR-130a
hsa-miR-203
hsa-miR-99a
hsa-miR-148a
hsa-miR-10b
hsa-miR-182
hsa-miR-9
hsa-miR-9
hsa-miR-9
hsa-miR-223
hsa-miR-124a
hsa-miR-124a
hsa-miR-124a
hsa-miR-9
hsa-miR-9
hsa-miR-9
hsa-miR-335
hsa-miR-181a
hsa-miR-181b
hsa-miR-181b
hsa-miR-213
hsa-miR-335
hsa-miR-181a
hsa-miR-497
hsa-miR-224
hsa-miR-218
hsa-miR-218

Score(d)

2.97
2.97
2.97
2.49
-1.88
-2.10
-2.90
2.99
2.79
2.62
1.93

-1.48
-1.52
-1.52
-1.52
-2.38
-2.38
-2.38
-2.53
2.55

2.55

2.55

2.28

2.28

2.28

-2.24
-2.49
-2.59
-2.59
-2.75
3.01

2.26
-1.26
-1.45
-1.51
-1.51

Fold
Change
8.63
8.63
8.63
2.37
0.35
0.19
0.17
2.16
2.11
2.14
6.40
0.27
0.43
0.24
0.37
0.15
0.15
0.15
0.36
3.40
3.40
3.40
2.00
2.00
2.00
0.28
0.41
0.40
0.40
0.30
2.26
2.02
0.47
0.07
0.40
0.40

Chromosome

15

O 3 = © = O 2

v X

Start

153203206
87998427
87712252

195559830

159844937
56888319
56887851
57165247
103653495
16833280
25762779
176840538
129004174
87998427
153203206
87712252
65021733
65454260
9798308
61280297
153203206
87998427
87712252
129729903
124534275
195559659
124535543
195559830
129729903
124534275

150797618
168127729
20206167

End

153203294
87998513
87712341

195559939

159845035
56888404
56887929
57165335
103653604
16833360
25762846
176840647
129004283
87998513
153203294
87712341
65021842
65454368
9798392
61280383
153203294
87998513
87712341
129729996
124534384
195559768
124535631
195559939
129729996
124534384

150797698
168127838
20206276

Strand

+ o+ o+

4k
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Abnormality  Gene ID Score(d) Fold Chromosome Start End Strand
Change
CEPBA hsa-miR-511 -1.75 0.36
CEPBA hsa-miR-214 -1.76 0.31 1 168839595 168839704 -
CEPBA hsa-miR-193a -1.88 0.48 17 26911128 26911215 aF
CEPBA hsa-miR-365 -1.91 0.36
CEPBA hsa-miR-99b -2.32 0.46 19 56887677 56887746 +*
CEPBA hsa-miR-500 -2.55 0.42
CEPBA hsa-miR-21 -3.38 0.40 17 55273409 55273480 4
CEPBA RNU49 -3.40 0.44
CEPBA hsa-miR-149 -3.50 0.44 2 241115408 241115496 4
CEPBA hsa-miR-196a -3.73 0.50 17 44064851 44064920 -
CEPBA hsa-miR-196a -3.73 0.50 12 52671789 52671898 aF
CEPBA hsa-miR-9 -3.95 0.17 5 87998427 87998513
CEPBA hsa-miR-9 -3.95 0.17 1 153203206 153203294 -
CEPBA hsa-miR-9 -3.95 0.17 15 87712252 87712341 4
FIt3-ITD hsa-miR-155 4.92 2.43 21 25868163 25868227 4
FIt3-ITD hsa-miR-10b 4.71 2.26 2 176840538 176840647 4+
FIt3-ITD hsa-miR-511 2.78 3.31
FIt3-ITD hsa-miR-135a 1.97 2.14 12 96460058 96460157 4
FIt3-ITD hsa-miR-135a 1.97 2.14 3 52303275 52303364 -
FlIt3-ITD hsa-miR-203 -1.18 0.50 14 103653495 103653604 o
FlIt3-ITD hsa-miR-214 -1.30 0.48 1 168839595 168839704
FIt3-ITD hsa-miR-130a -1.83 0.49 11 57165247 57165335 4
FIt3-ITD hsa-miR-145 -2.41 0.36 5 148790402 148790489 4
FIt3-ITD hsa-miR-182 -2.51 0.28 7 129004174 129004283 -
FIt3-ITD hsa-miR-30a-3p -2.63 0.50 6 72169975 72170045 -
FIt3-ITD hsa-miR-338 -2.71 0.47 17 76714278 76714344 -
FIt3-ITD hsa-miR-143 -2.74 0.41 5 148788674 148788779 aF
Inv16 hsa-miR-365 3.23 2.51
Inv1l6 hsa-miR-511 3.20 2.36
Inv16 hsa-miR-424 3.03 2.63 X 133406164 133406261 -
Inv16 hsa-miR-199b 2.96 2.57 9 128086554 128086663 -
Inv16 hsa-miR-193a 2.75 2.12 17 26911128 26911215 4+
Inv16 hsa-miR-335 2.40 2.47 7 129729903 129729996 F
Inv16 hsa-miR-432 -1.38 0.11
Inv16 hsa-miR-296 -1.40 0.45
Inv16 hsa-miR-218 -1.41 0.34 5 168127729 168127838 -
Inv1l6 hsa-miR-218 -1.41 0.34 4 20206167 20206276 o
Inv16 hsa-miR-135b -1.55 0.26 1 202149087 202149183 -
Inv16 hsa-miR-148a -1.56 0.35 7 25762779 25762846 -
Inv16 hsa-miR-135a -1.63 0.08 12 96460058 96460157 4+
Inv16 hsa-miR-135a -1.63 0.08 3 52303275 52303364 -
Inv16 hsa-miR-155 -1.77 0.41 21 25868163 25868227 4
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Abnormality  Gene ID Score(d) Fold Chromosome Start End Strand

Change
Inv16 hsa-let-7b -1.86 0.34 22 44830085 44830167 A
Inv16 hsa-miR-127 -2.01 0.02 14 100419069 100419165 +
Inv16 hsa-miR-192 -2.18 0.47 11 64415185 64415294 -
Inv16 hsa-miR-196b -2.76 0.18 7 26982339 26982422 -
Inv16 hsa-miR-196a -3.00 0.17 12 52671789 52671898 A
Inv16 hsa-miR-196a -3.00 0.17 17 44064851 44064920 -
Inv16 hsa-miR-10a -3.33 0.01 17 44012199 44012308 -
Inv16 hsa-miR-10b -3.80 0.02 2 176840538 176840647 4+
NPM1 hsa-miR-10b 10.08 5.19 2 176840538 176840647 A
NPM1 hsa-miR-10b 10.08 5.19 2 176840538 176840647 +
NPM1 hsa-miR-10a 9.63 5.31 17 44012199 44012308 -
NPM1 hsa-miR-10a 9.63 5.31 17 44012199 44012308 -
NPM1 hsa-miR-196a 5.83 225 12 52671789 52671898 A
NPM1 hsa-miR-196a 5.83 2.25 17 44064851 44064920 -
NPM1 hsa-miR-196a 5.83 2.25 17 44064851 44064920 -
NPM1 hsa-miR-196a 5.83 2.25 12 52671789 52671898 4
NPM1 hsa-miR-196b 5.76 2.31 7 26982339 26982422 -
NPM1 hsa-miR-196b 5.76 2.31 7 26982339 26982422
NPM1 hsa-let-7b 4.85 2.25 22 44830085 44830167 A
NPM1 hsa-let-7b 4.85 2.25 22 44830085 44830167 A
NPM1 hsa-miR-152 3.63 2.30 17 43469526 43469612 -
NPM1 hsa-miR-152 3.63 2.30 17 43469526 43469612 -
NPM1 hsa-miR-135a 2.77 241 3 52303275 52303364 -
NPM1 hsa-miR-135a 2.77 241 12 96460058 96460157
NPM1 hsa-miR-135a 2.77 2.41 12 96460058 96460157
NPM1 hsa-miR-135a 2.77 2.41 3 52303275 52303364 -
NPM1 hsa-miR-323 -0.99 0.50 14 100561822 100561907
NPM1 hsa-miR-203 -1.02 0.31 14 103653495 103653604
NPM1 hsa-miR-193b -1.04 0.41
NPM1 hsa-miR-224 -1.12 0.15 X 150797618 150797698 -
NPM1 hsa-miR-494 -1.22 0.43
NPM1 hsa-miR-99b -1.30 0.50 19 56887677 56887746 4+
NPM1 hsa-miR-485-5p -1.34 0.28
NPM1 hsa-miR-370 -1.46 0.17 14 100447229 100447303 +
NPM1 hsa-miR-299-5p -1.47 0.23 14 100559884 100559946 +*
NPM1 hsa-miR-134 -1.48 0.18 14 100590777 100590849 +*
NPM1 hsa-miR-382 -1.57 0.10 14 100590396 100590471 A
NPM1 hsa-miR-497 -1.66 0.48
NPM1 hsa-miR-379 -1.87 0.16 14 100558156 100558222
NPM1 hsa-miR-379 -1.87 0.16 14 100558156 100558222 4+
NPM1 hsa-miR-511 -1.93 0.46
NPM1 hsa-miR-511 -1.93 0.46
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Abnormality  Gene ID Score(d) Fold Chromosome Start End Strand
Change

NPM1 hsa-miR-376a -1.96 0.09 14 100576872 100576939 F

NPM1 hsa-miR-376a -1.96 0.09 14 100576872 100576939 F

NPM1 hsa-miR-143 -2.03 0.49 5 148788674 148788779 aF

NPM1 hsa-miR-143 -2.03 0.49 5 148788674 148788779 o

NPM1 hsa-miR-432 -2.07 0.15

NPM1 hsa-miR-432 -2.07 0.15

NPM1 hsa-miR-433 -2.26 0.23

NPM1 hsa-miR-433 -2.26 0.23

NPM1 hsa-miR-146a -2.37 0.48 5 159844937 159845035

NPM1 hsa-miR-146a -2.37 0.48 5 159844937 159845035

NPM1 hsa-miR-151 -2.48 0.43 8 141811845 141811934 -

NPM1 hsa-miR-151 -2.48 0.43 8 141811845 141811934 -

NPM1 hsa-miR-127 -2.49 0.03 14 100419069 100419165

NPM1 hsa-miR-127 -2.49 0.03 14 100419069 100419165

NPM1 hsa-miR-451 -2.95 0.22

NPM1 hsa-miR-451 -2.95 0.22

NPM1 hsa-miR-450 -3.03 0.44 X 133399891 133399981 -

NPM1 hsa-miR-450 -3.03 0.44 X 133399891 133399981 -

NPM1 hsa-miR-365 -3.14 0.40

NPM1 hsa-miR-365 -3.14 0.40

NPM1 hsa-miR-126# -4.31 0.25

NPM1 hsa-miR-126# -4.31 0.25

NPM1 hsa-miR-130a -4.64 0.28 11 57165247 57165335 4

NPM1 hsa-miR-130a -4.64 0.28 11 57165247 57165335 +*

NPM1 hsa-miR-335 -5.11 0.31 7 129729903 129729996 F

NPM1 hsa-miR-335 -5.11 0.31 7 129729903 129729996 F

NPM1 hsa-miR-320 -5.23 0.47 8 22158420 22158501 -

NPM1 hsa-miR-320 -5.23 0.47 8 22158420 22158501 -

NPM1 hsa-miR-424 -7.25 0.08 X 133406164 133406261 -

NPM1 hsa-miR-424 -7.25 0.08 X 133406164 133406261 -

t(15;17) hsa-miR-193b 8.84 35.58

t(15;17) hsa-miR-379 7.56 39.99 14 100558156 100558222 4+

t(15;17) hsa-miR-382 7.34 41.86 14 100590396 100590471 F

t(15;17) hsa-miR-134 6.85 35.64 14 100590777 100590849 F

t(15;17) hsa-miR-376a 6.81 33.05 14 100576872 100576939 aF

t(15;17) hsa-miR-485-5p 6.81 26.56

t(15;17) hsa-miR-452 6.48 15.39

t(15;17) hsa-miR-127 6.48 72.73 14 100419069 100419165

t(15;17) hsa-miR-299-5p 6.46 20.75 14 100559884 100559946

t(15;17) hsa-miR-224 6.39 22.29 X 150797618 150797698 -

t(15;17) hsa-miR-100 6.36 72.75 11 121528147 121528226 -

t(15;17) hsa-miR-432 5.96 26.19
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Abnormality  Gene ID Score(d) Fold Chromosome Start End Strand
Change
t(15;17) hsa-miR-370 5.53 28.64 14 100447229 100447303 F
t(15;17) hsa-miR-99a 5.48 62.54 21 16833280 16833360 4
t(15;17) hsa-miR-494 5.42 12.23
t(15;17) hsa-miR-433 5.12 21.58
t(15;17) hsa-miR-203 4.89 9.52 14 103653495 103653604 o
t(15;17) hsa-miR-323 4.85 10.12 14 100561822 100561907
t(15;17) hsa-miR-125b 431 23.80 21 16884428 16884516
t(15;17) hsa-miR-125b 431 23.80 11 121475675 121475762 -
t(15;17) hsa-miR-365 3.88 11.36
t(15;17) hsa-miR-369-5p 3.85 5.52 14 100601688 100601757
t(15;17) hsa-miR-154 3.67 4.49 14 100595845 100595928
t(15;17) hsa-miR-497 3.23 4.75
t(15;17) hsa-miR-424 3.12 5.91 X 133406164 133406261 -
t(15;17) hsa-miR-450 2.87 3.41 X 133399891 133399981 -
t(15;17) hsa-miR-181a 2.82 4.49 9 124534275 124534384 4
t(15;17) hsa-miR-181b 2.71 4.19 1 195559659 195559768 -
t(15;17) hsa-miR-181b 2.71 4.19 9 124535543 124535631 F
t(15;17) hsa-miR-199b 2.52 3.29 9 128086554 128086663 -
t(15;17) hsa-miR-193a 243 3.52 17 26911128 26911215 A
t(15;17) hsa-miR-181d 2.40 3.35
t(15;17) hsa-miR-213 2.36 3.89 1 195559830 195559939 -
t(15;17) hsa-miR-496 2.04 2.23
t(15;17) hsa-miR-146a 1.91 2.23 5 159844937 159845035 +*
t(15;17) hsa-miR-130a 1.89 2.35 11 57165247 57165335
t(15;17) hsa-miR-409-5p 1.86 2.10
t(15;17) hsa-let-7e 1.82 2.13 19 56887851 56887929 4
t(15;17) hsa-miR-335 1.77 2.29 7 129729903 129729996 +*
t(15;17) hsa-miR-125a 1.75 2.14 19 56888319 56888404 o
t(15;17) hsa-miR-130b 1.73 2.33 22 20332147 20332228 o
t(15;17) hsa-miR-222 1.67 2.69 X 45362675 45362784 -
t(15;17) hsa-miR-196b -3.11 0.00 7 26982339 26982422 -
t(15;17) hsa-miR-196a -3.41 0.01 12 52671789 52671898 4+
t(15;17) hsa-miR-196a -3.41 0.01 17 44064851 44064920 -
t(8;21) hsa-miR-126# 4.51 5.48
t(8;21) hsa-miR-187 -1.52 0.34 18 31738779 31738887 -
t(8;21) hsa-miR-224 -1.58 0.03 X 150797618 150797698 -
t(8;21) hsa-miR-338 -1.59 0.41 17 76714278 76714344 -
1(8;21) hsa-miR-221 -1.66 0.47 X 45361839 45361948 -
t(8;21) hsa-miR-188 -1.79 0.45 X 49471145 49471230 4
t(8;21) hsa-miR-188 -1.79 0.45 X 49471145 49471230 4+
t(8;21) hsa-let-7b -1.82 0.26 22 44830085 44830167 4
t(8;21) hsa-miR-135a -1.82 0.11 3 52303275 52303364 -
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Abnormality  Gene ID Score(d) Fold Chromosome Start End Strand
Change
t(8;21) hsa-miR-135a -1.82 0.11 12 96460058 96460157 4
t(8;21) hsa-miR-19a -1.83 0.50 13 90801146 90801227 4
t(8;21) hsa-miR-107 -1.84 0.47 10 91342484 91342564 -
t(8:;21) hsa-miR-182 -1.95 0.19 7 129004174 129004283 -
t(8;21) hsa-miR-342 -2.00 0.38 14 99645745 99645843 o
1(8;21) hsa-miR-20b -2.34 0.35 13 90801320 90801390 4
t(8;21) hsa-miR-501 -2.34 0.26
t(8;21) hsa-miR-1 -2.47 0.06 18 17662963 17663047 -
t(8;21) hsa-miR-1 -2.47 0.06 20 60561958 60562028 4
t(8;21) hsa-miR-100 -2.49 0.07 11 121528147 121528226 -
t(8;21) hsa-miR-152 -2.70 0.16 17 43469526 43469612 -
t(8;21) hsa-miR-210 -2.70 0.24 11 558089 558198 -
t(8;21) hsa-miR-500 -2.90 0.16
t(8;21) hsa-miR-502 -2.94 0.23
t(8;21) hsa-miR-339 -2.96 0.25 7 835810 835903 -
t(8;21) hsa-miR-125b -3.22 0.07 11 121475675 121475762 -
t(8;21) hsa-miR-125b -3.22 0.07 21 16884428 16884516 4
t(8;21) hsa-miR-148a -3.27 0.09 7 25762779 25762846
t(8;21) hsa-miR-99a -3.29 0.07 21 16833280 16833360 aF
t(8;21) hsa-miR-133a -3.40 0.04 20 60572564 60572665
t(8;21) hsa-miR-133a -3.40 0.04 18 17659657 17659744 -
t(8;21) hsa-miR-10b -3.59 0.01 2 176840538 176840647 4
t(8;21) hsa-let-7¢ -3.67 0.20 21 16834019 16834102 4
t(8;21) hsa-miR-133b -3.73 0.03 6 52121680 52121798 4+
t(8;21) hsa-miR-9 -3.80 0.01 15 87712252 87712341 4
t(8;21) hsa-miR-9 -3.80 0.01 5 87998427 87998513 -
t(8;21) hsa-miR-9 -3.80 0.01 1 153203206 153203294 -
t(8;21) hsa-miR-10a -4.72 0.00 17 44012199 44012308 -
1(8;21) hsa-miR-196a -5.66 0.01 17 44064851 44064920 -
t(8;21) hsa-miR-196a -5.66 0.01 12 52671789 52671898 4
t(8;21) hsa-miR-196b -6.16 0.00 7 26982339 26982422 -
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Supplemental Table 3
mRNA (GEP) miRNA + GEP
Probe Genesymbol Probe/miRNA Genesymbol
hsa-miR-382 241975 _at LOC399959 hsa-miR-382
hsa-miR-379 233364 s at - hsa-miR-193b
hsa-miR-193b 210794 s at MEG3 hsa-miR-379
hsa-miR-485-5p 225381 _at LOC399959 hsa-miR-485-5p
hsa-miR-134 204537 s at GABRE hsa-miR-134
hsa-miR-376a 226210 s at MEG3 hsa-miR-299-5p
hsa-miR-299-5p 227390 _at MEG3 hsa-miR-127
hsa-miR-127 210997 at HGF hsa-miR-376a
205110 _s_at FGF13 hsa-miR-494
hsa-miR-323
241975 at LOC399959
233364 s at ---
210794 s at MEG3
225381 _at LOC399959

miRNA + GEP

mRNA (GEP)

Probe

Genesymbol

Probe/miRNA

Genesymbol

hsa-miR-196b
hsa-miR-196a
hsa-miR-126#
hsa-miR-10a
hsa-miR-133b
hsa-miR-9
hsa-miR-10b
hsa-miR-148a
hsa-miR-133a
hsa-let-7c

205529 s at
228827 at

RUNXIT1

205529 s at
228827 at

RUNXIT1

mRNA (GEP) miRNA + GEP
Probe Genesymbol Probe/miRNA Genesymbol
hsa-miR-10a 201497 x_at MYHI11 201497 x_at MYHI11
hsa-miR-10b 207961 x_at MYHI11 207961 x_at MYHI11

hsa-miR-196b
hsa-miR-196a
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hsa-miR-511
hsa-miR-335
hsa-miR-365
hsa-miR-155
hsa-miR-424
hsa-miR-491
hsa-miR-145
hsa-miR-378
hsa-miR-21
hsa-miR-199b
hsa-miR-135a
hsa-miR-103
hsa-miR-149
hsa-miR-1
hsa-miR-24
hsa-miR-151
hsa-miR-133a
hsa-miR-221
hsa-miR-133b
hsa-miR-193a
hsa-miR-301
hsa-miR-340
hsa-miR-422b
hsa-miR-98
hsa-miR-148b
hsa-miR-331
hsa-miR-422a
hsa-miR-192
hsa-miR-28
hsa-miR-22
hsa-miR-143
hsa-miR-423
hsa-miR-345
hsa-miR-338
hsa-miR-320
hsa-miR-30d
hsa-miR-93
hsa-miR-324-5p
hsa-miR-107
hsa-miR-212
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hsa-let-7i
hsa-miR-374
hsa-miR-505
hsa-miR-127
hsa-miR-23b
hsa-miR-142-3p
hsa-miR-30b
RNU38B
hsa-miR-31
hsa-miR-9
hsa-miR-142-5p
hsa-miR-126#
hsa-miR-25
hsa-miR-99b
hsa-miR-152
hsa-miR-214

GEP

Genesymbol
hsa-miR-10b 236892 s at -
hsa-miR-10a 228904 at HOXB3
hsa-miR-424 205366_s_at HOXB6
hsa-miR-196b 209543 s at CD34
hsa-miR-196a 235521 at HOXA3
hsa-miR-335 213844 at HOXAS
hsa-let-7b 230743 _at LOC404266
hsa-miR-9
hsa-miR-320

hsa-miR-130a

miRNA+ GEP
Probe/miRNA Genesymbol
hsa-miR-10b
hsa-miR-10a
236892 s at ---
228904 at HOXB3
205366_s_at HOXB6
209543 s at CD34
235521 at HOXA3
213844 at HOXAS
230743 _at LOC404266
235753 at HOXA7

CEBPA

GEP

Genesymbol
hsa-miR-196b 202252 at RABI3
hsa-miR-9 223095 _at MARVELDI
hsa-miR-196a 211682 x at UGT2B28
hsa-miR-149 222423 at NDFIP1
hsa-miR-422b 224822 at DLCI1
RNU49 217800 s at NDFIP1

miRNA+ GEP
Probe/miRNA Genesymbol
202252 at RABI3
223095 at MARVELDI
211682 x_at UGT2B28
222423 at NDFIP1
224822 at DLCI1
217800 s at NDFIP1
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hsa-miR-130b
hsa-miR-501
hsa-miR-335
hsa-miR-500
hsa-miR-21
hsa-miR-99b
hsa-miR-378
hsa-miR-148a
hsa-miR-34a
hsa-miR-135a
hsa-miR-10a
hsa-miR-125a
hsa-let-7b
hsa-miR-152
hsa-miR-23a
hsa-miR-22
hsa-let-7e

hsa-miR-17-3p

hsa-miR-339
hsa-let-7i

Fit3-ITD

217853 at
241383 at
200765 _x_at
1555630 a at
210762 s at
201518 at
206726 _at
210448 s at

TNS3
LOC201181
CTNNA1
RAB34
DLC1
CBX1
PGDS
P2RXS

GEP

217853 at
241383 at
200765 _x_at
1555630 a at
210762 s at
201518 at
206726 _at
210448 s at

TNS3
LOC201181
CTNNA1
RAB34
DLC1
CBX1
PGDS
P2RXS

miRNA+ GEP

Probe/miRNA

hsa-miR-155
hsa-miR-10b
hsa-miR-10a
hsa-miR-424
hsa-miR-511
hsa-miR-451
hsa-miR-151
hsa-miR-22
hsa-miR-193a
hsa-miR-182

hsa-miR-30e-5p

hsa-miR-32
hsa-miR-338

hsa-miR-30a-3p

hsa-miR-143
hsa-miR-133a
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235391 _at
209392 at
228011 at
229437 _at
210839 s at
215388 s at
213800_at
201664 _at
227461 at
206341 _at
201663 s at
211269 s_at
1553808 _a_at
228904 _at
228372 _at
205227 _at

Genesymbol
FAM92A1
ENPP2
FAM92A1
BIC
ENPP2
CFH /// CFHR1
CFH
SMC4
STON2
IL2RA
SMC4
IL2RA
NKX2-3
HOXB3
C100rf128
ILIRAP

hsa-miR-155
hsa-miR-10b
235391 at
209392 at
228011 at
229437 at
210839 s at
215388 s at
213800 at
201664 at
227461 at
206341 at
201663 s at
211269 s at
1553808 a at
228904 at

Genesymbol

FAMO92A1
ENPP2
FAMO92A1
BIC
ENPP2
CFH /// CFHR1
CFH
SMC4
STON2
IL2RA
SMC4
IL2RA
NKX2-3
HOXB3
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hsa-miR-150

hsa-miR-200c
hsa-miR-191

hsa-miR-146b

hsa-miR-197
hsa-miR-141

hsa-miR-365
hsa-miR-140
hsa-miR-30b

hsa-miR-103
hsa-miR-30d

hsa-miR-335
hsa-miR-425
hsa-miR-1
hsa-miR-345
hsa-miR-126#
hsa-miR-30c
hsa-miR-101
hsa-miR-26b
hsa-miR-192
hsa-let-7b
hsa-miR-30a-5p
hsa-miR-196a
hsa-miR-145
hsa-miR-194
hsa-miR-339
hsa-miR-342
hsa-miR-142-5p
hsa-miR-26a
hsa-miR-31
hsa-miR-135a
hsa-miR-98

216920 s at

1555037 a_at

209014 at

215806 _x_at

203373 _at
205453 _at

232979 at
213217 at
211144 x at

1555600 s_at

201069 at

209813 x at
204438 at
219615 s at
236892 s at
203372 s at
230743 at
202455 at
200923 at
237108 x at

TARP /// TRGC2

/I TRGV9
IDH1
MAGED1

TARP /// TRGC2

// TRGV9
SOCS2
HOXB2

ADCY2

TARP /// TRGC2

/Il TRGV9
APOL4
MMP2

TRGV9

MRC1 /// MRCI1L1

KCNKS5
SOCS2
LOC404266
HDAC5
LGALS3BP
FLJ42875

228372 at

205227 at
216920 s_at

1555037 a_at

209014 at
215806 _x_at

203373 _at
205453 at
232979 at

213217 at
211144 x_at

1555600 s at
201069 _at
209813 x_at
204438 at
219615 s at
236892 s at
203372 s at
230743 at
202455 _at
200923 _at

C100rf128

ILIRAP

TARP /// TRGC2 ///
TRGV9

IDH1

MAGEDI1

TARP /// TRGC2 ///
TRGV9

SOCS2
HOXB2

ADCY2

TARP /// TRGC2 ///
TRGV9

APOL4
MMP2
TRGV9
MRC1 /// MRCIL1
KCNKS5
SOCS2
LOC404266
HDACS
LGALS3BP
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Supplemental Figure 1.
Four AML samples presented here show high correlation coefficient (R=0.97 to 0.99) when comparing
microRNA expression levels in two independent experiments
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Supplemental Figure 2.

Geometric mean of these four RNUs was used for internal normalization.
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Chapter 4
Supplementary Table 1. Multivariable analysis with continous miR-9/9* expression
HR/OR Std. Err z P-value [95% Conf. Interval]
miR-9 (O] 0.958 0.022 -1.90 0.057 0.916 1.001
EFS 0.971 0.021 -1.39 0.164 0.931 1.012
CR 1.033 0.049 0.69 0.489 0.942 1.134
RFS 0.979 0.028 -0.76 0.447 0.926 1.034
miR-9* (0N 0.957 0.021 -2.00 0.046 0.917 0.999
EFS 0.968 0.020 -1.58 0.114 0.931 1.008
CR 0.973 0.044 -0.60 0.549 0.891 1.063
RFS 0.956 0.025 -1.71 0.088 0.907 1.007

Multivariable models adjusted for treatment, included known prognostic factors, i.e. age, log(WBC),
molecular genetics (ELN genetic risk) and treatment protocol.

Multivariable logistic regression used for CR and Cox proportional hazards model for EFS, RFS and OS.
log2 transformed expression data (-dCT) was used for analysis.

Hazard ratio (HR) >1 or <I indicate an increased or decreased risk. Odds ratio (OR) >1 or <I indicate
increased or decreased odds for reaching complete remission. The sample sizes for OS and EFS (n=496)
and RFS (n=387) for miR-9 and miR-9*, respectively. P values <0.05 depicted in bold, P values<0.1 &
>0.05 depicted in italic.

2 miR-9 distribution in AML N miR-9* distribution in AML

Supplemental Figure 1. Expression distribution.
Histogram showing the distribution of AML patients in percentages with increasing miR-9 (A) and miR-9*
(B) expression.
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pri-hsa-miR-9-1
pri-hsa-miR-9-2
pri-hsa-miR-9-3

hsa-miR-9
hsa-miR-9*

-15 -11.25 75 375 0

Supplemental Figure 2. Primary miRNA transcript levels.

The upper panel shows the expression, depicted as —dCt values, of the pri-miR-9-1, pri-miR-9-2 and pri-
miR-9-3.Expression relative to the endogenous control (PBGD). Lower panel shows the mature miR-9 and
miR-9* expression of the same patients. Expression depicted as - dCt values relative to endogenous control
(RNU24). With black indicating low/below detection, whereas yellow/white indicates higher expression.
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Supplemental Figure 3. Average ERG expression in AML.

Expression (Masb)

1750
1500
1250
1000
750
500
250

ERG(213514_s_at)

P=0|0184

CD34+

AML

Boxplot of MASS expression value for probesets representing ERG expression of CD34+ (n=11) and AML
(n=215), showing lower average ERG expression in AML compared to CD34+ cells in two out of three
probsets. Mann-Whitney U test was used to determine significance between the two means.

152



Appendix

Chapter 5

Supplemental Table 1. Molecular Characteristics different cohorts
Cohortl (n=167) Hovon42a (n=181) AMLGS (n=216)

% of cohort No % of cohort No % of cohort

Cytogenetics

8 12 7.2% 6 3.3% 10 4.6%
-5 or-5q 0 0.0% 1 0.6% 2 0.9%
-7 or -7q 7 4.2% 4 2.2% 5 2.3%
-9q 4 2.4% 5 2.8% 3 1.4%
11923 5 3.0% 7 3.9% 3 1.4%
t(6:9) 2 1.2% 0 0.0% 2 0.9%
t(8;21) 9 5.4% 13 7.2% 15 6.9%
t(9;11) 4 2.4% 2 1.1% 7 3.2%
inv(3) or t(3;3) 0 0.0% 2 1.1% 1 0.5%
inv(16) 9 5.4% 10 5.5% 26 12.0%
Normal karyotype 84 50.3% 81 44.8% 123 56.9%
Complex karyotype 14 8.4% 35 19.3% 10 4.6%
Other 18 10.8% 18 9.9% 19 8.8%
Molecular genetics™*

CEBPA single 4 2.4% 1 0.6% 5 2.3%
CEBPA double 12 7.2% 7 3.9% 13 6.0%
FLT3-ITD 39 23.4% 26 14.4% 45 20.8%
FLT3-TKD 7 4.2% 11 6.1% 17 7.9%
NPM1 49 29.3% 48 26.5% 61 28.2%

* Molecular data determined in NK-AML
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Supplemental Table 2. Full description of multivariable Cox proportional hazards models and multivariable
logistic regression models

Discovery Cohort (n=167): Complete Remission (CR)

Logistic Regression Model

(0) 23 Std. Err z P-value [95% Conf. Interval]
miR-212 1.74 0.48 2.03 0.043 1.02 2.98
age 1.00 0.02 0.21 0.834 0.96 1.05
log(WBC) 0.67 0.15 -1.82 0.069 0.43 1.03
ENL genetic risk*
Favorable 1.66 1.07 0.79 0.432 0.47 5.84
Intermediate II 0.99 0.68 -0.02 0.987 0.26 3.79
Adverse 1.05 0.79 0.07 0.944 0.24 4.58
Treatment protocol** 0.197
Constant 948.84  3090.71 2.10 0.035 1.60 562147.40

* ENL genetic risk group, Intermediate I as reference

Discovery Cohort (n=167): Event Free Survival (EFS)

Cox Proportional Hazards Model

HR Std. Err z P-value [95% Conf. Interval]

miR-212 0.75 0.08 -2.86 0.004 0.61 0.91
age 1.01 0.01 0.77 0.441 0.99 1.02
log(WBC) 1.19 0.09 2.20 0.028 1.02 1.38
ENL genetic risk*

Favorable 0.35 0.10 -3.75 0.000 0.21 0.61
Intermediate 1T 1.13 0.28 0.47 0.636 0.69 1.84
Adverse 1.20 0.33 0.66 0.512 0.70 2.07
Treatment protocol** 0.042

* ENL genetic risk group, Intermediate I as reference
** P value determined by LR test of model with and without treatment protocol
Overall test of proportional hazard assumption: P 0.5811

Discovery Cohort (n=141): Relapse Free Survival (RFS)
Cox Proportional Hazards Model

HR Std. Err z P-value [95% Conf. Interval]

miR-212 0.72 0.10 -2.32 0.020 0.55 0.95
age 1.02 0.01 1.46 0.144 0.99 1.04
log(WBC) 1.12 0.12 1.02 0.305 0.90 1.38
ENL genetic risk*

Favorable 0.25 0.11 -3.27 0.001 0.11 0.57
Intermediate 1T 1.13 0.38 0.35 0.725 0.58 2.19
Adverse 1.19 0.45 0.47 0.640 0.57 2.52
Treatment protocol** 0.160

194



Appendix

* ENL genetic risk group, Intermediate I as reference
** P value determined by LR test of model with and without treatment protocol
Overall test of proportional hazard assumption: P 0.350

Discovery Cohort (n=167) : Overall Survival (OS)

Cox Proportional Hazards Model

HR Std. Err z P-value [95% Conf. Interval]

miR-212 0.77 0.08 -2.44 0.015 0.62 0.95
age 1.02 0.01 1.70 0.089 1.00 1.03
log(WBC) 1.24 0.11 2.46 0.014 1.04 1.46
ENL genetic risk*

Favorable 0.39 0.11 -3.21 0.001 0.22 0.70
Intermediate II 0.99 0.27 -0.05 0.961 0.58 1.68
Adverse 1.27 0.37 0.83 0.406 0.72 2.24
Treatment protocol** 0.357

* ENL genetic risk group, Intermediate I as reference
** P value determined by LR test of model with and without treatment protocol
Overall test of proportional hazard assumption: P 0.669

Validation Cohort (n=407): Complete Remission (CR)

Logistic Regression Model

(0) 2% Std. Exrr z P-value [95% Conf. Interval]
miR-212 0.88 0.14 -0.83 0.407 0.65 1.19
age 0.99 0.01 -0.58 0.560 0.97 1.02
log(WBC) 0.74 0.08 -2.88 0.004 0.60 0.91
ENL genetic risk*
Favorable 6.34 2.68 4.37 0.000 2.77 14.51
Intermediate 11 1.45 0.54 1.01 0.310 0.71 2.99
Adverse 0.38 0.13 -2.74 0.006 0.19 0.76
Treatment protocol 0.53 0.15 -2.26 0.024 0.31 0.92
Constant 0.0214

* ENL genetic risk group, Intermediate I as reference
** P value determined by LR test of model with and without treatment protocol

Validation Cohort (n=409): Event Free Survival (EFS)
Cox Proportional Hazards Model

HR Std. Err z P-value [95% Conf. Interval]
miR-212 0.88 0.06 -1.87 0.062 0.76 1.01
age 1.01 0.01 1.54 0.124 1.00 1.02
log(WBC) 1.20 0.06 3.69 0.000 1.09 1.32
ENL genetic risk*
Favorable 0.30 0.05 -7.43 0.000 0.22 0.41
Intermediate 11 0.51 0.10 -3.57 0.000 0.36 0.74
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Adverse

Treatment protocol

* ENL genetic risk group, Intermediate I as reference

1.51 0.25

2.52

0.012
0.018

1.10

** P value determined by LR test of model with and without treatment protocol

Overall test of proportional hazard assumption: P .111

2.09

Validation Cohort (n=319): Relapse Free Survival (RFS)
Cox Proportional Hazards Model

HR Std. Err z P-value [95% Conf. Interval]

miR-212 0.83 0.07 -2.07 0.038 0.70 0.99
age 1.01 0.01 1.48 0.138 1.00 1.03
log(WBC) 1.30 0.09 3.95 0.000 1.14 1.48
ENL genetic risk*

Favorable 0.31 0.06 -5.80 0.000 0.21 0.46
Intermediate II 0.38 0.10 -3.75 0.000 0.23 0.63
Adverse 1.54 0.36 1.87 0.062 0.98 2.43
Treatment protocol 0.010

* ENL genetic risk group, Intermediate I as reference
** P value determined by LR test of model with and without treatment protocol
Overall test of proportional hazard assumption: P .049

Validation Cohort (n=409): Overall Survival (OS)

Cox Proportional Hazards Model

HR Std. Err Y/ P-value [95% Conf. Interval]

miR-212 0.83 0.06 -2.42 0.016 0.72 0.97
age 1.02 0.01 3.05 0.002 1.01 1.03
log(WBC) 1.31 0.07 5.11 0.000 1.18 1.45
ENL genetic risk*

Favorable 0.29 0.05 -6.64 0.000 0.21 0.42
Intermediate 1T 0.53 0.11 -3.20 0.001 0.36 0.78
Adverse 1.88 0.33 3.65 0.000 1.34 2.65
Treatment protocol 0.686

* ENL genetic risk group, Intermediate I as reference
** P value determined by LR test of model with and without treatment protocol
Overall test of proportional hazard assumption: P 0.6125

Supplemental Table 3 shows differential expressed genes between patients with high and
low miR-212 expression of the discovery cohort and can be found on the Leukemia website.
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Supplemental Table 4. Multivariable Cox proportional hazard model of the discovery cohort (n=167),
including selected differentially expressed factors

Factors HR/OR Std.Err z P-value [95% Conf. Interval]
AGE 1.01 0.01 0.72 0.472 0.99 1.02
log(WBC) 1.30 0.12 2.99 0.003 1.10 1.55
ELN genetic risk*

Favorable 0.33 0.10 -3.66 <0.001 0.18 0.60
Intermediate 11 1.01 0.27 0.04 0.967 0.59 1.72
Adverse 1.10 0.32 0.34 0.733 0.62 1.96
miR-212 0.76 0.09 -2.26 0.024 0.60 0.96
BAALC 1.55 0.27 2.52 0.012 1.10 2.18
MN1 0.76 0.13 -1.65 0.100 0.55 1.05
PLAUR 0.93 0.13 -0.54 0.586 0.70 1.22
S100A8 1.38 0.18 2.53 0.012 1.08 1.77

* ENL risk group intermediate: NK was used as reference
Log transformed summarized (PC) expression values were used as continuous variable

hsa-miR-212 expression distribution

Discovery Validation (HOVON)

-4

Density

Validation (AMLSG)

-12 -10 -8 -6 -4
log (27-dCT)
Graphs by Cohort

Supplemental Figure 1 displays distribution of miR-212 expression in the discovery and validation
sub cohorts.
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Baseline Survival

100

75

50 | Discovery

Overall Survival

Validation (AMLSG)
251 Validation (HOVON)

N
Cohort1 168 101
H42A 183 99
ULM 226 135
Logrank P =.64

0 T 1
0 months 48

At risk:
Cohort1 168 110 85 76 71
H42A 183 112 56 14 3
ULM 226 152 103 86 57

Supplemental Figure 2. The base line overall survival of discovery and validation sub cohorts.
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Discovery cohort

Validation cohort

hsa-miR-212 hsa-miR-212
100 100 1
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N N
0-50% 84 63 0-50% 205 146
50-100% 84 51 50-100% 204 131
Logrank P =.02 Logrank P =.03
0 T T T 1 0 T T T 1
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At risk: At risk:
0-50% 84 37 27 23 2 0-50% 20t 78 51 29 20
50-100% 84 51 42 36 3 50-100% 204 110 64 a1 25
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0-¢ 33 24 2 21 0-50% 156 73 51 28 18
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CRrate Discovery cohort Validation cohort
High miR-212 92.86% 80.30%
Low miR-212 80.72% 76.96%

Supplemental Figure 3. The Kaplan-Meier plots for EFS and RFS of the discovery and validation cohort,
dichotomized by the median miR-212 expression. In addition the percentage of patients reaching complete
remission of the discovery and validation cohort is listed for patients above and below the median miR-212
expression.
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Figure 1. miRNA expression in cell sorted neutrophilic differentiation stages of normal human bone
marrow (A) Gating strategy for FACS cell sorting of bone marrow cellular morphological maturation
stages (myeloblasts, promyelocytes, metamyelocytes and neutrophils). The following different cell surface
markers were used, CD117, CD34, CD11b, CD10 and CD36. DAPI was used to distinguish living from
dead cells. (B) Cytospins, stained with May Griinwald Giemsa, of cells taken from the different sorted
maturation stages. (C) Heatmap of log2 transformed geometric mean centred miRNA expression showing
significantly differentially expressed miRNA determined by ANOVA and corrected for multiple testing
of the sorted neutrophil stages of maturation, depicted on the rows and columns respectively. MiRNA
expression was represented by colour scale, where green reflects lower expression, the black colour reflects
mean expression and red reflects higher expression.
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Figure 1..Correlation view based on unsupervised clustering of 215 AML specimens involving 178
differentially expressed mature human microRNAs (right section) and the relative expression levels of
microRNAs that characterize each of the individual clusters (left section)In the Pearson’s correlation view
the red squares indicate a positive correlation and the blue squares a negative pairwise correlation between
the microRNAs expression signatures. Using the program Heatmapper * cytological, cytogenetic and
molecular data were plotted along the diagonal. Cytogenetic abnormalities and FAB classifications are
indicated with different colors. The presence of molecular abnormalities, such as NPM1, CEBPA, FLT3-
ITD and FLT3-TKD mutations are indicated in red and absence in green. On the left part of the Figure 1
each individual microRNA expression cluster with a particular (cyto)genetic AML subtype is indicated
(‘subtypes with (cyto)genetic abnormality’). The total number of cases in each cluster and % of (cyto)
genetic subtype of AML in cluster are presented in the columns. In addition, also the percentages of these
(cyto)genetic subtypes present within each microRNA expression cluster (thus also indicating relative
proportion of cases with the abnormality that are located outside the cluster) is given (‘% of total (cyto)
genetic subtype).

The levels of expression of 178 microRNAs of each of the 22 clusters including normal bone marrow
CD34+ cells are presented in the Heatmap on the left side of the Correlation view. The scale bar indicates
an increase (red) or decrease (green) in the level of expression by a factor of 7 relative to the geometric
mean of all samples.



Chapter 4

Figure 3. Enforced expression of miR-9/9* leads to a defect in granulocytic maturation. Empty vector
or vector containing miR-9/9* precursor was retroviral transduced in 32D cells, transduced cells were
purified using FACS sorting of GFP positive cells. Three independent experiments were performed. (A)
Average relative expression of miR-9 and miR-9* was measured using quantitative RT-PCR using sno224
and sno234 as endogenous control. Expression is presented as - dCt values. Measurements with values
below detection were set to -13. The error bars represent the standard deviation. (B) Average growth curves
of cells containing no miRNA (EV) and miR-9/9* in red and blue respectively. Growth curve of 32D cells
supplemented with IL-3 (solid line) or G-CSF (dashed lined) for 7 days. Error bars represent the standard
deviation. (C) Representative micrographs of cytospins stained with May Griinwald Giemsa for EV and
miR-9/9* growing on IL-3 (day 0) and on day 3 and day 7 of G-CSF induced differentiation of 32D cells.
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Chapter 5

Discovery cohort (n=167)

Low miR-212 Expression

Down regulation

Figure 2. Differentially expressed probes between patients with high and low miR-212 expression in

AML.

The left panel shows a heatmap of 867 genes differentially expressed (FDR < 0.05) between high (above
median) and low (below median) miR-212 expression groups (845 of these genes were also detected by
Spearman correlation analysis (FDR < 0.05) using continuous miR-212 expression). Patients (columns) are
ordered from the left to the right by increasing miR-212 values. Genes (rows) have been sorted according to
their expression patterns by hierarchical clustering. Green color indicates expression values lower than the
mean expression value (black) and red color indicates expression values higher than the mean expression
value. The enriched pathways of the selected genes are depicted in the right panel. Columns represent top
enriched pathways, where the black color indicates the involvement of the particular gene in the above

mentioned category.
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Chapter 2
Supplemental figures

Down regulation Up Regulation

Level of microRNA Expression

Supplemental figure 1. miRNA expression of different stages of granulocytic differentiation.
Heatmap of geometric mean relative miRNA expression showing all miRNAs of the different granulocytic
maturation stages, depicted on the rows and columns respectively. Expression was represented by colour
scale, where green reflects lower expression; black reflects mean expression and red reflects higher
expression.
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Supplemental Figure 2. Principal Component Analysis.
Principal Component Analysis plot, depicting the coordinates of the samples in three principal
components space derived from their miRNA expression.
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Supplemental figure 2
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Supplemental Figure 2. Primary miRNA transcript levels.

The upper panel shows the expression, depicted as —dCt values, of the pri-miR-9-1, pri-miR-9-2 and pri-
miR-9-3.Expression relative to the endogenous control (PBGD). Lower panel shows the mature miR-9 and
miR-9* expression of the same patients. Expression depicted as - dCt values relative to endogenous control
(RNU24). With black indicating low/below detection, whereas yellow/white indicates higher expression.
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