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ABBREVIATIONS:
AML………………...acute myeloid leukemia
ChIP...........................chromatin immunoprecipitation
CLL………………….common lymphoid leukemia
CLP.............................common lymphoid progenitor
CMP .......................... common myeloid progenitor
DNA…………………deoxyribonucleic acid
DBD ...........................DNA binding domain
DNMT ........................DNA methyltransferase
GMP…………………granulocyte-macrophage progenitor
HAT............................histone acetyl transferase
HDAC.........................histone deacetylase
HMT...........................histone metyltransferase
HSC............................hematopoietic stem cell
H3K4………………...histone 3 lysine 4
IL-3.............................interleukin 3
Kb…………………....kilobase
MEP............................megakaryocyte/erythroid progenitor
miRNA........................microRNA
MPP............................multipotential progenitor
PUER..........................PU.1 gene fused with estrogen receptor (ER)
PUER cells………….myeloid progenitors carrying PUER transgene
RNA………………....ribonucleic acid
RNAi………………..RNA interference
shRNA………………small hairpin RNA
shEgr2-PUER……….PUER cells carrying shRNA construct directed against Egr2
shNab2-PUER………PUER cells carrying shRNA construct directed against Nab2
siRNA……………….small interfering RNA
TAD............................trans-activating domain
Tax…………………. Tamoxifen
TF ...............................transcription factor
TSA………………….Trichostatin
TSS..............................transcription start site
URE............................upstream regulatory element
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Abstract
Hematopoietic differentiation is highly ordered multistep process, where generation
of terminal blood cells is dependent upon coordinated regulation of gene expression by key
regulators: transcription factors and microRNAs.
PU.1 (Sfpi1) is a versatile hematopoetic transcription factor required for the proper generation
of both myeloid and lymphoid lineages. Distinct nuclear levels of PU.1 are required
for macrophage differentiation.
MicroRNAs represent a novel class of 22nt long non-coding post-transcriptional
regulators, associated with differentiation, development and carcinogenesis that inhibit
expression of genes by blocking protein translation or by mRNA degradation.
To identify microRNAs involved in PU.1 dependent myeloid differentiation we used
transgenic PU.1-/- myeloid progenitors (PUER), carrying inducible PU.1 transgene.
Macrophage differentiation of PUER cells affected expression ~ 160 mature miRNAs.
Among them, we observed that PU.1 significantly downregulated microRNAs of an
oncogenic miR-17-92 cluster. The miR-17-92 cluster (Oncomir1) encodes seven related
microRNAs that regulate cell proliferation, apoptosis and development and is overexpressed
in number of malignancies including myeloid leukemias. Presented PhD thesis documents
a novel macrophage specific regulatory mechanisms involving the oncogenic miR-17-92
cluster. We report that upon macrophage differentiation, the transcription factor PU.1 induces
the secondary determinant, the transcription factor Egr2 which, in turn, directly represses
miR-17-92 expression by causing substantial chromatin changes in miR-17-92 gene. These
chromatin changes include the recruitment of the histone demethylase Jarid1b leading
to histone H3 lysine K4 (H3K4) demethylation within the CpG island at the miR-17-92
promoter, leading to repression of miR-17-92 cluster expression. The downregulation step
appears important as the ectopic expression of miR-17-92 prevents macrophage
differentiation.
Conversely we show that Egr2 itself is targeted and inhibited by miR-17-92, indicating
existence of a double negative feedback regulation between miR-17-92 and Egr2, where Egr2
negatively regulates miR-17-92 cluster in differentiating cells and, in turn, miR-17-92 cluster
negatively regulates Egr2 in highly proliferating progenitor cells.
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In addition to miR-17-92 regulation, we identified that PU.1 upregulate another
oncogenic microRNA - miR-155 that is temporary induced in early stages of macrophage
differentiation by mechanism involving histone acetylation.
The identified regulatory mechanisms of miR-17-92 cluster and miR-155 were found
deregulated in acute myeloid leukemia (AML) patients that express elevated levels
of miR-17-92 or miR-155 and simultaneously exhibited significantly downregulated levels
of PU.1 and EGR2. The newly identified regulatory loop is further displayed by restoration
the EGR2 levels in primary AML blasts, where the artificial EGR2 expression causes
downregulation of miR-17-92 and restores expression of its targets p21CIP1 and BIM,
originally downregulated in AML blasts.
This PhD thesis states collectively a novel view on miR-17-92 role in differentiation
and leukemia exemplified by the PU.1-mediated repression of the miR-17-92 cluster by
an Egr-2/Jarid1b mediated H3K4 demethylation upon macrophage differentiation mechanism
whose deregulation may contribute to pathogenesis of acute myeloid leukemia and possibly
other malignancies.
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Abstrakt (česká verze):
Krvetvorba je vysoce uspořádaný hierarchický proces, ve kterém je diferenciace
specializovaných krevních buněk závislá na koordinované regulaci genové exprese dvěmi
klíčovými regulátory: transkripčními faktory a mikroRNA.
MikroRNA jsou nekódující ~22nt dlouhé RNA, jež regulují posttranskripčně genovou
expresi vazbou do nepřekládané oblasti mRNA a tím způsobují umlčení translace.
Předložená disertační práce popisuje nové mechanismy vzájemné regulace a funkce
onkogenních mikroRNA, miR-17-92 klastru a miR-155 a transkripčních faktorů PU.1 a
Egr2, účastnících se makrofágové diferenciace myeloidních progenitorů.
MiR-17-92 (Onkomir1) kóduje sedm příbuzných mikroRNA, které regulují buněčnou
proliferaci, apoptózu a vývoj, které jsou nadprodukovány v nádorových buňkách myeloidních
leukemií a dalších malignit. Tato práce popisuje nový mechanismu regulace miR-17-92
klastru v myeloidních progenitorech. V průběhu makrofágové diferenciace transkripční faktor
PU.1 indukuje expresi sekundárního transkripčního faktoru Egr2. Ten se váže do CpG
ostrůvku v promotorové oblasti miR-17-92 klastru a současně přináší protein Jarid1b,
histonovou demetylázu, jež demetyluje trimetylouvou skupinu na histonu 3 lysinu 4 (H3K4) a
tato změna chromatinové struktury má za následek represi transkripce miR-17-92 klastru.
Nadprodukce miR-17-92 klastru v myeloidních progenitorech prokázala, že vypnutí
exprese miR-17-92 klastru je nezbytným předpokladem makrofágové diferenciace.
Tato disertační práce dále prokazuje, že naopak transkripční faktor Egr2 je cílem miR17-92 klastru, který ho posttranskripčně inhibuje. Tyto výsledky ukazují, že Egr2 a miR-1792 jsou součástí negativního zpětnovazebného mechanismu, kde Egr2 reprimuje miR-17-92
v diferencujících se buňkách a naopak miR-17-92 inhibuje Egr2 v proliferujícíh
progenitorech.
V této disertační práci je dále ukázáno, že PU.1 indukuje expresi miR-155 v časných
fázích makrofágové diferenciace progenitorů mechanizmem zahrnujícím histonovou
acetylaci.
Identifikované mechanismy regulace miR-17-92 klastru a miR-155 jsou narušeny
v průběhu leukemogeneze pacientů s akutní myelodní leukémií (AML), jejichž leukemické
blasty mají významně zvýšenou hladinu miR-17-92 klastru a miR-155 a zároveň sníženou
hladinu transkripčních faktorů EGR2 a PU.1.
Tato disertační práce popisuje nové mechanismy regulace onkogenních mikroRNA
miR-17-92 a miR-155. Tyto mechanismy jsou nezbytné pro diferenciaci makrofágů a jsou
narušeny v průběhu leukemogeneze AML a potenciálně dalších malignit.
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1. Introduction
1.1. Regulation of gene expression
The human genome encodes ~ 22-24 000 individual genes. An adult human body
consists of approximately1015 cells of many types and each single cell carries complete
genetic information in the nucleus. Since fertilization of the oocyte and throughout entire
lifespan every single cell in the body must have active just a certain subset of the genes from
entire genetic information at correct time and place, ensuring specific function of every cell
type. Several hundreds of different mechanisms are involved in this process to control and
regulate gene expression of the cellular fate.
The control of gene expression is the fundamental and vital aspect of life, involving
diverse biological processes including cell growth and division, adaptation to environmental
stress as well as differentiation and development. The gene expression entitles a complex
process of the transformation of genetic information encoded in DNA sequence into the gene
products - proteins that execute the genetic information.
Gene expression is regulated by an array of factors at multiple levels from
transcription to protein degradation. This includes cell signaling, regulation of transcription by
transcription factors (TF), chromatin structure and its modifications, processing of mRNA
(pre-mRNA splicing, polyadenylation, localization and degradation) and protein translation,
modification and degradation (Figure 1). By earlier concepts the limiting factor of gene
expression was the regulation of expression at the level of transcription initiation. There,
however, were recently discovered additional important novel regulators involved in
the regulation of gene expression that include small non-coding RNAs, called microRNAs,
which regulate gene expression at posttranscriptional level. This PhD thesis is based on my
studies accompanied by work of others to describe two of these microRNAs, miR-17-92 and
miR155. Our work aims to advance the current view that the gene expression can be
regulated by both transcriptions factors and microRNAs in a coordinated fahion.
Firstly, the following text briefly introduces the transcription factors and their role in
the regulation of gene expression to establish general background to the specific introduction
of microRNA and their role in hematopoiesis.
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1.2. Transcription factor regulation
The transcription represents the first step of gene expression upon which
RNA polymerase II (Pol II) associates with genes and synthesizes messenger mRNA.
The limiting and input regulatory process of transcription is the initiation of transcription by
transcriptional factors. It is estimated that 5–10% of the coding genes in eukaryotes accounts
for proteins that regulate transcription. The transcription factors play critical roles by binding
to DNA at regions preceding transcription start site designated as promoters and by
association with other regulatory elements in vicinity of the genes thereby promoting
development of RNA polymerase enzyme complex near the core promoter to initiate
mRNA synthesis (Buratowski et al., 1989).
Transcription factors contain several functional domains. They typically contain
the DNA binding domain (DBD) that recognizes sequential motifs thus operating as the keylock system to start and propagate transcription. According to the type (conformation)
of DBD several groups of transcription factors exist, including Basic helix-loop-helix, Helixturn-helix, Zinc finger, Leucine zipper, Winged helix, Winged helix turn helix and other
‘more or less’ unique domain transcription factors.
The domain of transcription factors that serves as protein-protein interaction and
recruitment module is designated as trans-activating domain (TAD). It mediates interaction
with other transcription factors and cofactors such as the basal transcriptional machinery
or chromatin modifying proteins. Transcription factors may also contain a ligand-binding
domain, which senses external signals by interacting with messenger proteins or hormones.
Transcription factors are predominantly nuclear proteins, translocated to the nucleus using
a nuclear localization signal.
There exist a class of general transcription factors that are involved in the formation
of a preinitiation complex, positioning RNA polymerase at the transcription star site (TSS)
or melting of DNA double strand. It includes the TATA binding protein (TBP) that in
complex with TFIID recognizes TATA box sequence located at ~ 30nt upstream of TSS and
allows association of number of other factors including TFIIB, TFIIE, TFIIF, and TFIIH
to form preinitiation complex (Buratowski et al., 1988; Maxon et al., 1994; Nikolov et al.,
1995). In contrast to specific transcription factors, that recognize DNA motifs located in some
but not all genes, general transcription machinery is involved in most genes transcription,
however, the genes lacking a TATA motif also exist.
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The DNA sequence recognized by TF is called a binding site or response element.
To realize their regulatory function, transcription factors cooperate with number
of additional proteins such as coactivators, chromatin remodelers, histone modifying
enzymes, while also playing crucial roles in gene regulation, usually lack DNA-binding
domain (Spiegelman and Heinrich, 2004).
It should be noted here that general and specific transcription factors and their
accompanying cofactors are involved in transcription of microRNAs. It is generally accepted
that similar mechanisms such as transcription factor recruitment, development
of RNA polymerase II complex formation and elongation occur at the genes encoding
microRNAs.

transcription
factor

microRNA
inhibition
transcription
incitation

Figure 1. Scheme of regulation of gene expression. The transcription factors, initiation
of transcription by Pol II and microRNAs are indicated. Abbreviations: RNAPIIRNA Polymerase II,

= microRNA

Adapted from (Orphanides and Reinberg, 2002).
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1.3. Chromatin structure and histone modification
The accessibility of genes to the transcriptional apparatus is largely dependent on
chromatin structure, marked if not determined by chromatin modification and remodeling.
In eukaryotic cell the DNA is packed into the nucleo-protein complex called
chromatin. The nucleosome is the fundamental unit of the chromatin, consisting of 146bp
of DNA wrapped around the octamer of basic histone (H) proteins with a subunit
stoichiometry of (H2A-H2B)-(H3-H4)-(H3-H4)-(H2A-H2B). The H1 (linker histone) binds
the 80-200 nucleotides of DNA interconnecting the two neighboring nucleosomes and by that
H1 forms more complex structure involving accumulated nucleosomes in a three dimensional
view. The chromatin structure is largely determined by posttranslational modification
of histones and by presence of accessory DNA-binding proteins that operate the development
chromatin structure associated with transcriptional activation or repression. Open chromatin
structure associated with activation of transcription is termed euchromatin while higher form
of condensed chromatin structure associated with transcriptional repression is termed
heterochromatin.
The core histones are predominantly globular except for their N-terminal “tails,”
which are unstructured. The N-terminal tails, containing majority of basic amino acids Lysine
and Arginine, protrude outside the nucleosome and mediate interactions among the histones
to form higher-order structure of chromatin.
The histone tails undergo number of postranscriptional modifications including
acetylation, methylation, phosphorylation, ubiquitination, sumoylation, ADP-ribosylation,
deimination or proline isomerization (Bannister and Kouzarides, 2011). The transcription
factors either modify histones directly that may be enabled by the specific domains (such as
SET domain or others) or recruit other proteins with such catalytic activity. There is number
of histone modifying enzymes that are recruited by transcription factors to the regulatory
regions to cause key changes in chromatin structure in the close proximity of promoters and
enhancers. These include: histone acetyltransferases (HATs), histone deacetylases (HDACs),
histone metyltransferases (HMTs), histone demetylases, histone kinases and possibly others
(reviewed in (Kouzarides, 2007)). Certain histone modifications that regulate gene expression
are inheritable during cell division and are thus referred to as epigenetic regulation.
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1.4. DNA methylation
Another mechanism of epigenetic inheritance is DNA methylation. It involves
the addition of a methyl group to the 5 position of the cytosine (C) of CpG dinucleotides (“p”
indicates the phosphodiester bond) and such modification can be inherited through cell
division (Ehrlich et al., 1982). Hypometylated DNA is usually transcriptionally active while
DNA methylation is connected to the transcriptional repression of the genes. Between 60%
and 90% of all CpGs are methylated in mammals. The patterns of global DNA methylation
undergo changes throughout ontogenesis, upon first zygotic division most of the genes are
unmetylated, while throughout the cell divisions it is replaced by the de novo methylated
residues.
The enzymes mediating DNA methylation are DNA methyltransferases (DNMT):
DNMT3a and DNMT3b mediate de novo methylation (Okano et al., 1999) e.g. they are
capable to methylate unmethylated nucleotides. In contrast, the DNMT1 is a maintenance
methyltransferase, necessary to preserve DNA methylation after every DNA replication cycle
(Jaenisch and Bird, 2003).
Unmethylated CpGs are often grouped in clusters creating so called CpG islands,
which are enriched in genome at the 5' regulatory regions of genes. In many
pathophysiological processes, such as cancer, CpG islands at gene promoters acquire
abnormal hypermethylation. There is indication that DNA methylation plays role also in
regulation of mikroRNAs (Fazi et al., 2007).

1.5. Histone code
The histone modifications determine higher-order chromatin structure by affecting
the contacts of the adjacent nucleosomes or their interaction with DNA.
The histone code refers to the histone modifications especially their sequential motif
characteristic for different modes within transcriptionally active or inactive chromatin.
Acetylation of lysine H3K9 represents one of the generally accepted marks
of transcriptionally active chromatin. Of all the currently well studied histone modifications,
acetylation has the most potential to unfold chromatin as it neutralizes the basic charge
of lysines at the histone tails and open the chromatin structure for access of RNA polymerase
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and its cofactors. Unlike acetylation, histone methylation does not alter the charge of histone
tail. Histone methylation mainly occurs at the Lysines and Arginines. There are three possible
states of histone methylation: mono, di and tri methylation. Trimethylation of lysines H3K4,
H3K36 and H3K79 is correlated with transcriptional activation, while demethylation
of H3K4 is correlated with repression of the genes. Trimethylation (me3) of lysines H3K9
and H3K27 is correlated with transcriptional repression. H3K9me3 highly correlates with
constitutive heterochromatin and represents a binding site for the Heterochromatin binding
protein 1 (HP1) that is invoved in the formation of heterochromatin (Kouzarides, 2007).
Interestingly, different states of H3K4me have been described to have a specific
localization within the genome. H3K4me3 is typically localized in the close vicinity
to the TSS (-300 and +100bp). The H3K4 di and mono methylation is more spread around
TSS: -500 and +700 for H3K4me2 and -900 and+1000 for H3K4me1 (Barski et al., 2007).
The trimethylated H3K4 residue associates with actively transcribed genes, while H3K4me1
is enriched at the transcriptionally primed genes and play possible roles during gene
transcription activation (Barski et al., 2007). The list of modifications associated with
indicated transcriptional state is shown in Table 1.

Activation
H3K9Ac

+

H3K4me3

+

H3K4me2

+

H3K4me1

+/-

H3K36me3

+

H3K79me3

+

H3K14ac

+

Repression

H3K9me3

+

H3K27me3

+

H4K20me3

+

Table 1. Histone modifications involved in gene activation or repression as indicated.
Selected from (Kouzarides, 2007 and Barski et al., 2007).
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Some modifications albeit reflecting different transcriptional outcome may occur at
close vicinity. For example, a bivalent chromatin structure with concomitant H3 lysine 27 and
H3 lysine 4 methylation was found in key developmental genes in embryonic stem cells. Such
combination of repressive and activation modifications in “bivalent domains” marks genes
that are primed for expression (Bernstein et al., 2006).
Different histone modifications occur in parallel or with combination with
DNA methylation. There exists an extensive crosstalk among histone modifications and
histone and DNA modifying enzymes; the particular histone modification
or DNA methylation can influence each other and initiate successive changes. Such example
is NuRD repressive complex of histone deacethyleses (Srinivasan et al., 2006) that interact
with DNA metyltransferaseses.
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1.6. MicroRNA - posttranscriptional regulators of gene expression
MicroRNAs represent a class of 19-23 nucleotides (nt) long non-coding RNAs that
negatively regulate gene expression at post-transcriptional level ( Figure 2A). MicroRNAs
target the mRNA of coding genes by sequence-specific complementary Watson-Crick pairing
to the 3´untranslated region (3´UTR), leading to a block of translation or deadenylation and
degradation of mRNA (Bartel, 2004; Lim et al., 2005).
MicroRNAs regulate many basic biological processes including proliferation,
apoptosis, differentiation and development. The importance of microRNAs upon regulation
of gene expression is supported by the fact, that microRNAs are widely deregulated during
carcinogenesis and alterations in microRNA expression are involved in the initiation,
progression, and metastasis of tumors (Volinia et al., 2006). Role of microRNA in
tumorogenesis is supported by the fact that microRNA genes are frequently located at
genomic loci amplified in tumors (He et al., 2005b), or loci frequently undergoing genetic
mutation, breaks or deletions (Zhang et al.,2006). MicroRNA genes and their regulatory
regions are also common targets of viral integrations, leading to deregulation of their
expression (Landais et al., 2007). The vital function of microRNAs is documented by
the genetic inactivation of several components of microRNA metabolism, resulting in early
embryonic lethality (Bernstein et al., 2003; Liu et al., 2004).
It is currently expected, that microRNA genes constitute about 2–5% of the predicted
genes in worms, mice and humans (Griffiths-Jones et al., 2008). At present, miRBase
(www.mirbase.org) contains 1424 microRNAs that have been cloned in human and their
number is predicted to be up to 2000 or even more. The regulation of gene expression by
microRNAs exhibit enormous capacity due to imperfect base pairing required for target
recognition. By computational prediction a single microRNA can target hundreds
to thousands mRNAs. In turn, a single mRNA can be targeted by multiple (up to several
hundreds) microRNAs (Chen and Rajewsky, 2006; Rajewsky, 2006).
MicroRNAs are closely related to and share same metabolic apparatus as
the mechanism of RNA interference (RNAi) mediated by small interfering RNA (siRNA),
discovered at the end of last millennium. Since than, siRNA became broadly used in
experimental biology to silence the gene expression and their discovery by Andrew Fire
a Craig Mello have been awarded in 2006 by Nobel Prize.
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1.6.1. Genomic organization of microRNA
The analysis of metazoan genomes revealed that majority of microRNAs is coded as
independent transcriptional units. Alternatively microRNAs can have exon/intron structure
and undergo splicing as protein coding genes (Kim VN, 2006). Approximately 30% of known
microRNAs are coded in intronic sequences of parental protein coding genes. Such
microRNAs mostly have same direction as coding genes and can be transcribed coincidentally
with their host genes and subsequently excised by the splicing machinery. Transcription
of such host gene can thus theoretically influence through its intronic microRNA transcription
of number of other genes (Rodriguez et al., 2004).
The genes encoding microRNAs are either monocistronic encoding single microRNA
or the microRNA genes are organized in clusters carrying multiple microRNA sequences that
are transcribed as a long polycistronic primary transcript (Figure 2B) that is further processed
into the individual microRNAs. Most probably, the microRNAs associated in single cluster
have the common regulation of their transcription. Up to date more than 36 clusters encoding
together 90 microRNAs have been identified within the human genome (Bartel, 2004; Lim et
al., 2005).

A

B

Figure 2. (A) Example of microRNA hairpin structure. Lin-4 was the first discovered
microRNA. Red colour indicates mature microRNA sequence (Lee et al., 1993). (B) Scheme
of monocistronic microRNA (left) and polycystronic microRNA cluster (right) transcripts.
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1.6.2. Biogenesis of microRNA
MicroRNAs are transcribed in the nucleus by the RNA polymerase II to hairpin stemloop primary transcript (pri-miRNA), which may be several kilobases long (Figure 2B and
3A). Pri-miR is subsequently capped at 5´end by 7-methylguanosine (m7G cap) and
a polyadenylated at 3´end, similarly as the mRNAs of coding genes (Lee et al., 2004).
Further processing of the pri-miRNA is a successive stepwise process. First, the pri-miRNA is
in the nucleus processed by complex, containing a double-stranded specific endonuclease
RNase III (ds-RNAseIII) Drosha and the double-stranded RNA binding domain protein
DGCR8 (specific exclusively for miRNA metabolism), to the ∼70–90 nt long pre-miRNA
hairpin-shaped stem-loop precursor (also known as miRNA precursor, Figure 3B) (Lee et al.,
2003). pre-miRNA is subsequently exported into the cytoplasm by the Ran-GTP-dependent
nuclear receptor exportin-5 (Yi et al., 2003)(Figure 3C). In the cytoplasm, the pre-miRNA is
processed by the enzymatic complex containing RNAseIII endonuclease Dicer (Hutvagner et
al., 2001), earlier described in siRNA metabolism (Bernstein et al., 2001), into the19∼22 nt
long miRNA:miRNA* imperfect duplex that comprises the mature miRNA and similarsized fragment derived from the opposing arm of the pre-miRNA stem loop hairpin (Figure
3D). The 5´strand (arm) of the duplex represents mature miRNA, containing the sequence
complementary to the 3´UTR of target mRNA. The mature microRNA is than incorporated
into the RNA Inducing Silencing Complex (RISC), containing protein Argonaute (Ago) and
other factors including helicases, nucleases and RNA binding proteins (Hutvagner and
Zamore, 2002). The mature miRNA serve as recognition module for the binding of RISC
complex into the 3′UTR of target mRNA and negatively regulates gene expression by causing
either mRNA translational repression or degradation, according to the level
of complementarity of microRNA and 3´UTR (Grimson et al., 2007).
The minority miRNA*s, that are derived from 3´ arm of pre-miRNA stem loop
(named also miR-x-3p see chapter 1.6.6) are usually less abundant than majority
of miRNA derived from partially complementary 5´arm of pre-miRNA (miR-x-5p), but both
miRNA can be functional.
The transcription of pri-miRNAs by RNA polymerase II suggests that miRNA genes
are controlled by the same regulatory machinery as the protein coding genes (Schmeier et al.,
2009). Computational modeling has predicted the promoters of miRNA-encoding genes are
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of a similar type to protein-coding genes and typically located within the first 500 nucleotides
upstream of the transcription start site (Saini et al., 2007; Zhou et al., 2007).

(B)
(A)

(D)

(C)

Figure 3. Scheme of microRNA biogenesis and function. Adapted from (Esquela-Kerscher
and Slack, 2006).The description is included in the text.
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1.6.3. Structure of the binding sequence of microRNA
Crucial role in binding of microRNA to the 3´UTR mRNA of target gene plays
the sequence at the 5´end of miRNA called “seed” region or sequence. The seed sequence
represents the binding site at 1st to 8th nucleotide of mature microRNA, complementary
to the 3´UTR of target mRNA. Minimal functional complementarity is at the position of 2nd
to 7th nucleotide (Figure 4 A) and is called „6mer seed match“ (marginal site), maximal
complementarity is at position 1st to 8th („8mer seed match“) (Grimson et al., 2007).
Importance of seed nucleotide pairing is documented by the fact that mutation or mismatch at
the seed sequence disrupt seed pairing thus aborting the regulatory activity of microRNA
(Doench and Sharp, 2004).
In addition to seed sequence pairing there are additional features that determine
miRNA efficiency. Multiple and closely spaced binding sites act synergistically. Strength
of binding of microRNA to 3´UTR mRNA as well as the level of its degradation enhances
also complementary pairing at remaining nucleotides, especially those at position 12-17 nt
(see figure 4 B).
Efficiency of microRNA-based inhibition is further influenced by the local context of 3´UTR
of targeted mRNA nearby the binding site of miRNA. Both binding and repressive function
of miRNA is augmented by rich AU (Adenosin,Uracyl) content nearby the binding site.
Effective sites preferentially reside near both ends of the 3´UTR. In contrast, the efficiency
of miRNA binding site remain low in the first~15 nucleotide after stop codon or if positioned
in the middle of long UTRs (Grimson et al., 2007).
Binding of individual species of miRNAs and their potential targets are predicted by
freely available databases (e.g. TargetScan: www.targetscan.org , MirBase:
www.mirbase.org, Pictar: http://pictar.mdc-berlin.de/. Valuable is also database
of sequencing-based miRNA expression profiles and of predicted miRNA target sites MirZ,
accessible at www.mirz.unibas.ch.)
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16
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Figure 4. (A) Scheme of binding sequence (“seed“) of microRNA. Upper raw represents
mRNA of target gene in 5´-3´ orientation, the lower raw represents microRNA in 3´-5´ orientation.
(Adapted from Grimson et al., 2007). (B) Efficiency of microRNA is increased by complementary
pairing of remaining nucleotides especially those at position 12-17 nucleotide.
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1.6.4. Mutual regulation of transcription factors and microRNA
microRNAs are among the most abundant regulatory factors in the human genome,
comprising 3%–5% of known human genes (Griffiths-Jones et al., 2008). Hundreds
of miRNA genes have been identified in mammalian genomes, and computational predictions
indicate that thousands of genes could be targeted by miRNAs in mammals (Chen and
Rajewsky, 2006; Rajewsky, 2006). These findings as well as targeted experiments using
deletions or overexpression of microRNAs in mouse and other models suggest that miRNAs
play integral and indispensable role in genome-wide regulation of gene expression.
Transcription factors are the main and limiting regulatory mechanism of metazoan gene
expression, that mediates the initiation of transcription of genes. While transcription factors
physically interact with cis-regulatory DNA elements to activate or repress transcription
of target genes, the microRNAs regulate gene expression post-transcriptionally by repressing
of already transcribed mRNAs. Transcription factors are enriched among the targets
of microRNA and this fact dramatically boost impact of microRNA regulation on cellular
phenotypes (Shalgi et al., 2007).
Transcription factors and microRNAs don’t act independently, but are together
involved in gene regulatory networks. Similar to electronic circuits, gene regulatory
networks are made up of basic subcircuits, such as feedback and feedforward loops (see
Figure 5). The identification of these recurring subcircuits, called network motifs (Milo et al.,
2002), has offered key insights into gene regulation (Tsang et al., 2007). The eukaryote
transcriptional regulation is based mainly on feedforward loop network motives guided by
transcription factors. Feedback motifs are rare in pure transcriptional networks (Milo et al.,
2002) and microRNAs represent a post-transcriptional missing link to form feedback motifs
in gene regulation. Transcription factors and microRNAs build up together complex
multilevel feedforward and feedback gene regulation networks in metazoan gene regulation.
In such regulatory system, the transcription factors and miRs regulation appears at two levels:
1. The transcription factors and microRNAs regulate each other (Figure 5 A),
2. Transcription factors and microRNAs together coregulate target genes (Figure 5 B).
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A
Regulation:

System:

Negative feedback loop

TF

microRNA

Steady state or oscilatory
state; e.g. cell cycle

Double negative
feedback loop

TF

microRNA

Bistable state; e.g.
developement

B

Figure 5. (A) Scheme of the possible regulatory states between a transcription factor and
microRNA. (B) Example of interactions between transcription factor and miRNA and resulting
regulation of the target genes (adapted from Johnston et al., 2005). Abbreviations: microRNA (miR),
transcription factor (TF), Feed forward loop (FFL).
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1.6.5. Feedback and feedforward loops in TF/miR gene regulation
The regulatory network, comprising transcriptional and posttranscriptional regulation,
manifests several recurring architectures, one of which consists of a transcription factors and
a microRNAs that together coregulate a large set of common genes, and that also appear to
regulate one another.
Transcription factors regulate microRNAs positively or negatively, while microRNAs
regulate transcription factors exclusively negatively.
In such regulatory system following possible scenarios can exist:
i. Negative feedback loop, where microRNA inhibits its activating transcription factor is
characteristic for steady state or oscillatory state.
ii. Double negative feedback loop where microRNA inhibits its own repressory transcription
factor - is characteristic for bistable states, which are characteristic for developmental
decisions.
iii. miRs can be involved also in feedforward loop in the case when microRNA inhibits
a repressor of other gene.
Composite miRNA - transcription factor feedback loops likely participate in specific
gene regulatory circuits that precisely control gene expression programs in development
or homeostasis. For instance, single-negative feedback loops (Figure 5A upper panel) can
result in stable expression of both components by reducing stochastic fluctuations in gene
expression (Tsang et al., 2007). Alternatively, such a loop can result in oscillatory expression
of both components, which depends on additional input signals (Hirata et al., 2002). This
could be important in processes such as the cell cycle, molting at different larval stages,
or other cyclic processes.
Double-negative feedback loops can generate mutually exclusive or bistable
expression of the microRNA or transcription factor, and, hence their downstream targets
(Figure 5A lower panel) (Johnston et al., 2005)). A bistable system is capable of a switch
between two states, depending on which of multiple potential input signals are active(Gardner
et al., 2000). Double negative feedback loop is largely employed in developmental decisions
and such negative regulatory circuits can significantly accelerate transcriptional response time
(Rosenfeld et al., 2002) and dampen protein expression fluctuations. As a result, bistable
systems provide robust and noise-free gene expression programs. To summarize this chapter,
transcription factors and microRNAs are involved together in regulatory networks, where
regulate each other and together coregulate target genes.
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1.6.6. MicroRNA terminology
Keeping on mind that microRNAs are novel gene regulators, not included in current
textbooks yet and to avoid confusion in terminology in this PhD thesis, the short microRNA
terminology guide adapted according to (Bartel, 2004; Griffiths-Jones, 2004) and miRbase
database (www.mirbase.org) is presented as follows:

miR-6-1
miR-6-2

miR-92a
miR-92b

miR-17-5p
miR-17-3p

marks two microRNAs, carrying identical
sequence of mature miRNA, but encoded at
different genomic loci (usually result of miRNA
genomic duplication)

marks two related microRNAs, having 1 or 2
nucleotide sequence changes
marks two miRNAs derived from one pre-miR:
miR-17-5p is derived from 5´arm and
miR-17-3p from 3´arm of single pre-miR stem
loop (e.g. pre-miR-17). These miRNAs have
partially complementary sequence. In newer
databases miR-x-5p is equal to miR-x and
miR-x-3p to miR-x*.
miR-17-5p

miR-17-3p
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1.6.7. MicroRNA involved in hematopoiesis
In last decade emerging number of microRNAs associated with hematopoiesis was
described. The following part describes selected microRNAs involved primarily in
hematopoiesis and in hematology diseases.
Lymhocytes:
miR-155 is a product of B-cell integration cluster (BIC, also known se miR155 host gene,
MIR155HG) gene that was first described as a frequent site of integration for the avian
leucosis virus (Tam et al., 2002). Under steady-state conditions, miR-155 is expressed at low
levels in most hematopoietic cells with basal expression higher in hematopoietic
progenitor cells. High levels of miR-155 are present in activated B cells and T cells and in
activated monocytes (Fabbri and Croce).
Mice overexpressing miR-155 in B cells developed a pre-leukemic pre-B-cell
proliferation, followed by a B-cell malignancy (Costinean et al., 2006). Two genetic gain- and
loss-of function studies revealed that miR-155 regulates germinal center reaction and T-helper
cell differentiation by affecting cytokine production (Thai et al., 2007) while second study
showed that miR-155 regulates the function of lymphocytes and dendritic cells leading
to defective immune response (Rodriguez et al., 2007).
The control the immune response by miR-155 is via several tens of genes, among
them the adenosine deaminase (AID), a central player in the germinal center reaction that
mediates class switch recombination (CSR) and somatic hypermutation (SHM). (Dorsett et
al., 2008; Teng et al., 2008).
Interestingly, among the validated targets of miR-155 is also the multiple
hematopoietic transcription factor PU.1. Vigorito et al. has shown that the protein level
of Pu.1 is increased in miR-155−/− B cells and that this is coincident with the differentiation
defect of cells undergoing CSR (Rodriguez et al., 2007; Vigorito et al., 2007).
The importance of miR-155 in lymphocyte development is supported by the fact that
miR-155 is widely dysregulated in hematologic malignancies, leukemias and lymphomas.
miR-155 up-regulation has been indeed repeatedly reported in chronic B-cell lymphocytic
leukemia (B-CLL) (Calin et al., 2004), in its solid indolent form of a small lymphocytic
lymphoma (Eis et al., 2005) and also in aggressive types, including non-Hodgkin (Kluiver et
al., 2007; Metzler et al., 2004) and Hodgkin lymphomas (Metzler et al., 2004).
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miR-150 is selectively expressed in mature resting B and T cells, but not in their progenitors.
Ectopic expression of mir-150 in hematopoietic stem cell progenitors reduces mature B-cell
levels in the circulation, spleen and lymph nodes with little effect on T-cell or myeloid cell
levels. miR-150 blocks the transition from pro-B to pre-B cell and controls B-cell
differentiation by targeting the transcription factor c-MYB (Xiao et al., 2007).
miR-15 and miR-16 are broadly expressed microRNAs in almost all somatic cells. However,
these two miRNAs were identified as consistently downregulated in large portion of CLL
patients (Calin et al., 2002). The del13(q14) is the most common cytogenetic abnormality in
CLL, associated with good prognosis and cluster of miR-15a and miR-16-1, two closely
located microRNA genes (with < 200 bp distance between them), were mapped within
13(q14) region undergoing deletion (Calin et al., 2002). BCL-2 protein represents validated as
target of posttranscriptional repression by miR-15a as well as miR-16-1, suggesting that these
two microRNAs may act as tumor suppressors and that their loss contributes
to the pathogenesis of CLL (Cimmino et al., 2005).
miR-181 is expressed in the thymus and primary lymphoid organs and is involved B and T
lymphocyte maturation by targeting Bcl2 and CD69 (Neilson et al., 2007) and by modulating
T-lymphocyte receptor function (Li et al., 2007). miR-181 is involved in modulation of Tlymphocyte receptor (TCR) function by downregulation of the protein levels of multiple
phosphatases of the TCR signaling pathway. Overexpression of miR-181 results in B cell
expansion (Chen et al., 2004).
Erythrocytes:
miR-221 and miR-222 are down-regulated upon erythroid differentiation. Interestingly, these
two microRNAs have identical first eight nucleotides of the seed region, indicating that miR221 and miR-222 can target same mRNA species. In agreement with that, both miR-221 and
miR-222 target cKIT, which encode receptor of stem cell factor, a key
factor of the proliferation control of hematopoietic cells. Overexpression of miR-221 and
miR-222 caused impaired proliferation and accelerated differentiation of erythroid
progenitors. (Felli et al., 2005). In addition miR-155 block erythroid development.
Notably, the master erythroid transcription factor GATA-1 transcriptionally activates
the cluster encoding miR-144 and miR-451. Zebrafish embryos depleted of mir-451 by
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antisence oligos, but not that miR-451 displayed strongly impaired development of erythroid
precursors into mature circulating red blood cells (Dore et al., 2008).
Granulocytes and monocytes:
miR-223 is specifically expressed in the granulocytic lineage. miR-223 is expressed at low
levels in the CD34+ HPCs and common myeloid progenitors, in high levels in granulocytes,
while it is repressed in the monocytes lineage (Johnnidis et al., 2008). Consistently with that,
miR-223 expression is decreased in acute promyelocytic leukemia (APL), and in turn is
induced upon retinoid acid induced differentiation of APL cell line, characterized by a block
in differentiation (Garzon et al., 2007). Granulocytic differentiation is restored by constitutive
expression of miR-223 in leukemic cells (Fazi et al., 2007).
Expression of miR-223 is regulated by a circuit consisting of C/EBPα and NFI-A
competing for the same binding site in miR-223 promoter. While the first activates, the later
represses miR-223 transcription. miR-223 itself targets NFI-A, forming a positiveautoregulatory circuit (Fazi et al., 2005).
In elegant study Fazi at al. show that miR-223 is a direct transcriptional target
of AML1/ETO, the most common acute myeloid leukemia-associated fusion protein.
The AML with t(8;21) translocation display low levels of a miR-223. AML1/ETO recruits
complex of HDACs and DNMTs at the AML1-binding site on the pre-miR-223 gene and
induces heterochromatic silencing of miR-223, by histone deacethylation and
DNA methylation.Vice versa ectopic miR-223 expression, RNAi against AML1/ETO,
or demethylating treatment enhances miR-223 levels and restores cell differentiation (Fazi et
al., 2007).
miR-424 Several microRNAs associated with macrophage development are transcriptional
targets of PU.1, including miR-424. PU.1 activates the transcription of miR-424, and this upregulation is involved in stimulation of monocyte differentiation through miR-424 dependent
translational repression of NFI-A (Rosa et al., 2007).
miR-146 is another miR transcriptionally activated by TF PU.1. miR-146 was shown to direct
the differentiation of HSC into peritoneal macrophages (Ghani et al., 2011), miR-146a−/−
mice develop a progressive myeloproliferative phenotype (Boldin et al., 2011; Zhao et al.,
2011).
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miR-34a During granulopoiesis, transcription factor C/EBPα binds and transactivates miR34a promoter. miR-34a subsequently targets and represses transcription factor E2F3 (cell
cycle regulators activating the G1/S transition) leading to block of myeloid proliferation and
resulting in myeloid differentiation. When C/EBPα is mutated by various mechanisms in
AML, transactivation of miR-34a is inhibited, which results in accumulation of E2F3,
proliferation and block of differentiation. (Pulikkan et al., 2010a; Pulikkan et al., 2010b).
miR-155 is upregulated upon monocyte differentiation of HL60 AML cell line (Kasashima et
al., 2004). Upon inflammatory stimuli, myeloid cells upregulate miR-155 that is under
the transcriptional control of NF-κB and AP-1. On other hand miR-155 itself promotes
expression of inflammatory cytokines and the IFN response via repression of the negative
intracellular regulators: Ship1 and Socs1. In addition to Ship1 and Socs1, miR-155 has been
shown to target many other mRNAs encoded by genes with relevance to myeloid biology.
These include PU.1, Bach1, CSFR1, DC-Sign, MyD88, IL-13ra, Tab2, and C/EBPβ
(O'Connell et al., 2007). Sustained overexpression of miR-155 causes a myeloproliferative
disorder in the bone marrow and splenomegaly as a result of expanded splenic hematopoiesis
(O'Connell et al., 2008).
miR-29b is deregulated in primary AML blast. This miRNA functions as
a tumor suppressor miRNA in AML. Restoration of miR-29b in AML cell line and blasts
induces apoptosis via targeting of MCL1 (Garzon et al., 2009)..
miR-21 Gfi1 is an important transcriptional repressor required for normal granulopoiesis.
miR-21 and miR-196b are shown to be transcriptionally repressed by Gfi1 during normal
granulopoiesis, and overexpression of miR-21 and miR-196b together completely blocks GCSF-induced granulopoiesis in vitro (Velu et al., 2009). miR-21 expression is activated by TF
AP1 through PU. Binding sites end inhibits its own repressor NFIB (Fujita et al., 2008).
miR-17-92 cluster
Within the hematopoietic compartment, miR-17-92 cluster is highly expressed in stem
cells and early progenitors while it is decreased upon the onset of myeloid and lymphoid
differentiation (Fontana et al., 2007; Ventura et al., 2008; Xiao et al., 2008) and during in vitro
differentiation of acute leukemia blast cells (Kasashima et al., 2004; Schmeier et al., 2009).
Conversely, sustained expression of miR-17-92 cluster (miR-17-5p, -20a and -106a) has been
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shown to have important role in myeloid development as it block monocytic differentiation
via targeting of versatile myeloid transcription factor AML1 (Acute myeloid leukemia1, Runx1)
(Fontana et al., 2007).
The miR-17-92 cluster, the main topic of this thesis is discussed to further details in following
chapter.
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1.7. miR-17-92 cluster (Oncomir1)
1.7.1. Genomic organization of miR-17-92 cluster
The miR-17-92 cluster encodes six mature miRNAs (miR-17, miR-18a, miR-19a,
miR-20a, miR-19b-1, and miR-92a) (Figure 6). The miR-17-92 cluster is prototypical
example of polycystronic microRNA gene. miR-17-92 host gene is located on human
chromosome 13 (mouse chromosome14), within the third intron of ~7kb long primary
transcript (c13off25) (Ota et al., 2004), often amplified in tumors.
The miR-17-92 cluster is transcribed by RNA Pol II to the long primary transcript
where all six miRNAs are tightly grouped within an 800 base-pair long region, that is further
processed by endonucleases Drosha and Dicer (see chapter 1.6.2.) to the 6 individual
including definition of the transcriptional start site or possible exon/intron structure remain
unknown.

miR-17 family

miR-18 family
miR-92 family
miR-19 family

Figure 6. Schematic representation of the murine miR-17-92 cluster and its paralogs.
Colored boxes represent pre-miRNAs, black boxes mature miRNAs. Four families of miRs with
the identical seed sequence are indicated by color and arrows and are listed below.
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The series of ancient gene duplications, mutations and deletions upon the mammalian
evolution (Tanzer and Stadler, 2004) gave rise to two paralogs of miR-17-92 cluster: miR106a-363 cluster and miR-106b-25 cluster, and also one related, an individually coded miR92b at chromosome 3.
The miR-106a-363 cluster, located at X chromosome in both human and mouse,
encodes 6 microRNA (miR-106a, miR-18b, miR-20b, miR-19b-2, miR-19a-2 a miR363)(Figure 6 and 7). The miR-106b-25 cluster is located at chromosome 7 in human, and
chromosome 5 in mouse and encodes three mature miRNAs: miR-106b, miR-93 and miR-25.
Interesting is the genomic localization of the miR-106b-25 cluster (Figure 7). This cluster is
located within the 13th intron of the protein-coding gene MCM7 (Minichromosome
maintenance). MCM7 gene encodes a basic component of replication license complex
involved in initiation of replication and maintenance of genomic integrity (Kinoshita et al.,
2008), indicating that regulation of miR-106b-25 cluster expression may be conjugated with
its host gene MCM7, implying the role of miR-106b-25 cluster in DNA replication and cell
cycle progression.

Figure 7. Genomic localization of miR-17-92, miR-106a-363 a miR-106b-25 microRNA
clusters. (Mendell, 2008).
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Collectively miR-17-92, miR-106b-25 and miR-106a-363 clusters encode for 16
individual miRNAs, each with similar or identical sequence to the miR-17-92 components
that can be divided to four families according to their identical seed sequence (Figure 6). It is
worth noting that miR-18 exhibits a significant sequence homology with miR-17 and miR-20,
despite one nucleotide difference within the seed regions. The microRNAs with the identical
seed sequence, belonging to the same family, target often same mRNAs of coding genes.
The miR-17-92 and miR-106b-25 clusters are both abundantly expressed across many
tissues and cell types, having similar expression pattern, while the miR-106a-363 cluster is
undetectable or expressed at trace levels in the tissues that have been examined (Ventura et
al., 2008).
The important role of miR-17-92 cluster is supported by the fact that both
the sequences of mature miRNAs and their organization are highly conserved in all
vertebrates and similar microRNAs and their organization can be found by diverse
invertebrate organisms (Tanzer and Stadler, 2004).

1.7.2. The miR-17-92 cluster represents a potent oncogene
The miR-17-92 cluster, also known as Oncomir1 is one of the first microRNA identified
as a potential oncogene (Ota et al., 2004). Expression profiling studies have revealed
widespread overexpression of miR-17-92 cluster in diverse tumor subtypes. miR-17-92 is
overexpressed in diffuse B-cell lymphomas (DLBCLs), follicular lymphomas, Burkitt's
lymphomas, (He et al., 2005a; Ota et al., 2004; Tagawa and Seto, 2005), acute lymphoid and
myeloid leukemias (Dixon-McIver et al., 2008; Li et al., 2008), chronic myeloid
leukemia (Venturini et al., 2007), and diverse solid tumors including aggressive lung
carcinoma (Ota et al., 2004), neuroblastoma (Fontana et al., 2008) and other solid tumors
derived from brest, colon, pancreas, prostate and stomach (Hayashita et al., 2005; Petrocca et
al., 2008a; Volinia et al., 2006). In certain malignancies including human diffuse large B-cell
lymphoma, overexpression of miR-17-92 results from amplification of the genomic region
harboring the miR-17-92 host gene (Ota et al., 2004).
The oncogenic potential is further supported by the fact that, the locus encoding
the miR-17-92 cluster is a common insertion site in multiple types of retrovirally induced
murine leukemias (Cui et al., 2007), (Wang et al., 2006). Interestingly, retroviral insertions have
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also been observed at the miR-106a-363 locus in murine T cell leukemias (Landais et al., 2007),
indicating the oncogenic potential of the paralogous miR-106a-363 cluster. Although expression
of the miR-106a-363 cluster is normally extremely low, this finding demonstrates that when it is
ectopically transcribed, this cluster is functional and may act in a similar manner as the miR-1792 cluster.
In line with above mentioned reports describing overexpression of miR-17-92 in
tumors, inhibition of miR-17-5p by antisence oligonucleotides (antagomiRs) blocked
tumorogenity of neuroblastoma in a mouse model when applicated intravenously (Fontana et
al., 2008).

1.7.3. The function of miR-17-92 cluster
The physiological function of and its paralogs remained for a long time unclear and is
not fully understood yet. The light to this issue have brought genetic inactivation experiments
of cluster genes and identification of target genes of miR-17-92 cluster, indicating, that main
physiological function of miR-17-92 cluster is the promotion of cell proliferation and
survival.
Inactivation studies of miR-17-92 cluster and its paralogs reveals their strong oncogenic
potential:
Ventura and colleges inactivated genetically all three clusters in mouse. Unexpectedly,
only the deletion of miR-17-92 cluster yield obvious phenotype and confirmed vital function
of miR-17-92 cluster. The deletion of miR 17-92 in mouse resulted in lethality short after
birth due to the lung hypoplasia and a ventricular septal defect of the heart. In
the hematopoietc system, there was a severe block of B cell development at the pro- to pre-B
transition. Compound mutant of miR-17-92 and miR-106b-25 clusters yield more severe
phenotype and the mice died before embryonic day 15, with the mutant embryos displaying
severe cardiac developmental abnormalities and apoptosis in specific regions of the central
nervous system and the fetal liver (Ventura et al., 2008). In contrast with these results,
the individual inactivation of both paralogous clusters miR-106b-25 and miR-106a-363
or their other intercrossed mutants did not yield any obvious phenotype, indicating in the first
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case, that microRNAs of miR-17-92 cluster biologically substituted for those microRNAs
derived from miR-106b-25 cluster. No obvious phenotype in the case of miR-106a-363
ablation is in the line with its undetectable wild type expression in all examined tissues,
indicating that this cluster can represent nonfunctional pseudogene. Collectively, these
data suggest the existence of functional redundancy and compensation between miR-17-92
and miR-106b-25 clusters, due to sequence homology among miR-17/20/106b/93 and
between miR-92/25 (See the figure x-clusters). However the fact that miR-18 and miR19a and miR-19 b are present in miR-17-92, but are missing in mir-106b-25 cluster, suggests
the possibility that these microRNAs are responsible for lethal phenotype of the single
miR-17-92 cluster knock out mice.
In agreement with that further deletion and overexpression experiments of individual
miRs of miR-17-92 cluster identified miR-19 and in lesser extend miR-18 to be responsible
for oncogenic properties of the miR-17-92 cluster (Mu et al., 2009; Olive et al., 2009).
Targets of miR-17-92 cluster indicate its role in cell proliferation:
The mode of action of miRs enables efficient posttranscriptional repression of its targets.
Thus identification of miR-17-92 cluster targets represents a key strategy to reveal its
physiological function.
Recent studies identified among targets of miR-17-92 key members of cell cycle
regulation and anti-tumor guidance including cyclin-dependent kinase inhibitor p21(CDKN1A,
inactivates Cdk2-cyclinE, preventing G1 to S phase progression) (Ivanovska et al., 2008;
Petrocca et al., 2008b) and the potent proapoptotic protein BIM (Bcl2 interacting
mediator of cell death) (Koralov et al., 2008; Ventura et al., 2008; Xiao et al., 2008). The miR17-92 cluster further targets the tumor suppressor PTEN (Xiao et al., 2008), the retinoblastomalike 2 protein RBL2 (p130), belonging to pRB family of tumor suppressors (Lu et al., 2007),
E2F1and 3 transcriptional factors, involved in cell cycle progression (O'Donnell et al., 2005;
Sylvestre et al., 2007) and transforming growth factor β1 (TGFβ
β 1) (Petrocca et al., 2008a),
Furthermore miR-17-92 stimulates tumor angiogenesis by blocking antiangiogenic
factors trombospondin 1 (TSP1) and connective tissue growth factor (CTGF) (Dews et al.,
2006) and miR-17-92 also targets hypoxia inducible factor 1α (HIF1α), the major factor
of hypoxia response.
Among the target of miR-17-92 is also versatile myeloid transcription factor Acute
myeloid leukemia 1 (AML1/RUNX) (Fontana et al., 2007).
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By blocking of these mentioned factors miR-17-92 promotes cell proliferation and
survival. Thus, the overexpression of miR-17-92 cluster in tumors likely promotes
tumor growth by stimulation of cell proliferation and survival due to inactivation of important
cell cycle inhibitors, tumor suppressors, by inhibition of apoptosis, by stimulation
tumor angiogenesis and finally by inhibition of factors required for differentiation of the cells.

1.7.4. Transcription regulation of miR-17-92 cluster
Several lines of evidence document direct transcriptional regulation of miR-17-92
cluster by specific transcription factors. Firstly, MYC oncogene binds downstream of the CpG
island of the miR-17-92 promoter and activates its expression in the human Burkitt’s
lymphoma derived cell line (O'Donnell et al., 2005). Secondly, miR-17-92 cluster is
transactivated by the oncogene MYCN (Fontana et al., 2008) in neuroblastoma and also by
the several members of the E2F family of transcription factors, that all bind to the promoter
region of miR-17-92 cluster (Woods et al., 2007). As E2F factors are in turn targets of miR17-92 cluster, miR-17-92 and E2F factors are involved in auto regulatory feedback loop.
Thirdly, the tumor suppressor protein p53 binds near the TATA box of the miR-17-92
promoter and represses miR-17-92 expression as a result of hypoxia or DNA damage (Yan et
al., 2009). Lastly, miR-17-92 is repressed by the transcription factor AML1 upon
differentiation of cord blood myeloid progenitors (Fontana et al., 2007). Although these
data support context dependent regulatory actions of specific transcription factors on
regulation of miR-17-92, the general mechanisms of miR -17-92 regulation remain largely
unknown.
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1.8. Introduction of basic concepts of hematopoiesis and its cell
differentiation
Hematopoiesis is highly ordered and tightly regulated hierarchical multistep process in
which hematopoietic stem cells (HSC) and their immediate progeny, the multi-potential
progenitors (MPP), give rise to terminally differentiated blood elements of erythroid (red
hemoglobinized cells), lymphoid (B and T cells), myeloid (monocyte macrophages,
neutrophile , basophile and eosinophile granulocytes) or megakaryocytic (precursors
of platelets) lineages.
Hematopoiesis originates in stem cells, the primordial somatic cells with potential
to produce large progeny of specialized cells while at the same time they are preserved in
relatively low numbers by perpetuating their immature state. As pointed above stem cells are
capable of differentiation and at the same time they are able to keep their undifferentiated
properties. Bone marrow has been for a long time an only known mammalian tissue where
the self-renewing stem cells were isolated and described. Mechanism of how hematopoietic
stem cells give rise to multiple lineages (also known as lineage commitment) is currently
extensively studied and is still not well understood.
As upon the lineage commitment and differentiation the hematopoietic stem cells give
rise to distinct and well characterized blood cells and as this continual process appears to be
regulated at multiple levels, the hematopoietic system represents well suited model
for the study of mechanisms of cell differentiation.
Hematopoietic differentiation is regulated by complex network of transcription factors
involved in activation and/or repression and their timely and spatially dependent activities are
very important for completion of blood cell maturation.
Many cell fate decisions in hematopoietic differentiation appear to be dictated by
the binary decisions resulted from antagonistic interplay of transcription factors. Cell fate
specification involves the action of primary lineage determinants (transcription factors) that
initiate mixed lineage patterns of gene expression. Cell fate choice is resolved by
the induction of secondary transcription factors that activate lineage appropriate genes and
repress alternate lineage genes, thereby enabling lineage commitment (Laslo et al., 2006).
Such abovementioned scenario represents a stepwise process of myeloid
differentiation towards monocytic lineage initiated at the level of multipotential progenitors
(MPP) (Figure 8). The MPP have potential to differentiate to both erythroid and myelo-

37

lymphoid lineage and the first decision is regulated by transcription factors PU.1 and GATA1. Based on the findings that PU.1 and GATA-1 can inhibit each other's activities (Rekhtman
et al., 1999; Zhang et al., 1999), it was proposed that cross-antagonism of this two factors is
critical for generation of megakaryocyte/erythroid progenitors (MEP) in the case of GATA-1
activity or myelo/ lymphoid multipotential progenitors (MLPP) in the case of PU.1 activity
(Stopka et al., 2005).
Further myeloid cell fate specification is initiated by primary lineage determinants,
such as the transcription factor PU.1 and CEBPα. At sub-threshold levels, this primary
determinants can ‘transcriptionally prime’ multi-potential progenitors to establish a low-level
expression of a mixed lineage pattern of gene expression, called as well “transcriptional
priming” (Cross and Enver, 1997; Hu et al.,1997; Laslo et al., 2006). It was shown, that PU.1
binding to the promoters initiates nucleosome remodeling, followed by H3K4
monomethylation thus opening of the chromatin of specific genomic regions for binding
secondary factors (Heinz et al., 2010 ; Krysinska et al., 2007).
The relative concentration of PU.1 and CEBPα in granulocytic-macrophage
progenitors (GMPs) was suggested to regulate macrophage versus neutrophil cell fate choice
based on alteration of gene dosage. The high levels of PU.1 prefer macrophage developement
(Dahl et al., 2003). The final cell-fate is resolved by counter antagonism of secondary
determinants, transcriptional factors EGR1/2 (Early growth factor 1 and 2) and GFI-1
(Growth independent 1). Increased PU.1 levels refine the mixed lineage pattern and promote
macrophage differentiation by activation of secondary determinants EGR1 and EGR2 that
function redundantly to activate macrophage genes and to repress the alternative neutrophil
program of gene expression. Conversely, GFI-1 represses expression of macrophage genes
while promoting neutrophil differentiation in conjunction with CEBPα (Dahl et al., 2007;
Laslo et al., 2006).
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Figure 8. Scheme transcription regulation in hematopoiesis. Cross-antagonism between key
transcription factors that function to regulate binary cell fate choices is noted at the appropriate
bifurcation points in the developmental scheme. Transcription factors that are important
for the generation of particular intermediates are noted within colored circles representing such cells.
HSC (hematopoietic stem cell), MPP (Multipotential progenitor), LMPP (Lymphoid-primed
multipotential progenitor), MEP (Megakaryocyte–Erythrocyte progenitor), ETP (Early thymic
progenitor), CLP (Common lymphoid progenitor), GMP (Granulocyte–Macrophage progenitor).
Adapted from (Laslo et al., 2008).
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1.8.1. Monocyte macrophages and PU.1
Monocyte macrophages are resident phagocytic cells that represent important effectors
of innate immunity by phagocytosis of pathogens, infectious microbes, foreign substances,
cellular debris and apoptotic or alternatively cancer cells through their destruction and
ingestion. In addition macrophages play crucial role in initiation of specific immune response.
Together with dendritic cells represents main antigen presenting cells. Antigen is bound
into surface receptors, internalized and cleaved into ~9 amino acids long amfifilic peptides
(Sette et al., 1989) that are displayed at major histocompatibility complex (MHC) class II
molecules concomitantly with production of inflammatory cytokines (IL1, IL12) (Gordon,
2002). Such presented antigen is recognized by the complex of T cell receptor (TCR), CD3
and CD4 class of surface molecules (Sette et al., 1995) by T lymphocyte helper cells that
stimulate further specific immune response by stimulation of antibody production in B cells
or by stimulation of cytotoxic lymphocytes.
Macrophages are characterized by expression of specific genes including membrane
receptors CD14, CD11b, F4/80 (mice)/EMR1 (human), MAC-1/MAC-3, CD68, CSF1R (also
known as c-fms, M-CSFR, and CD115) or glycoside hydrolase enzyme lysozyme
(Lys)(Cecchini et al., 1994; Khazen et al., 2005) that are detectable by flow cytometry
or immunohistochemical staining. According to their location in specific tissues macrophages
have specific names including: kupffer cells (liver), microglia (neural tissue), histiocytes
(connective tissue), osteoclasts (bone), dust cells/alveolar macrophages (lungs), sinusoidal
lining cells (spleen), intraglomerular mesangial cells (kidney).
As pointed above the macrophage differentiation is largely dependent on the activity
of the PU.1 transcription factor. PU.1 (Sfpi-1, Spi1), originally identified as a nuclear protein
that bound the SV40 enhancer, is a multi potential hematopoietic transcriptional
factor essential for the myeloid and lymphoid development. PU.1-deficient mice lack
macrophages, granulocytes and B-lymphocytes and die during late fetal or early neonatal
stage (Back et al., 2004; McKercher et al., 1996; Scott et al., 1994).
PU.1 protein consists of 272 amino acids (predicted molecular weight of 31 kDa), and
is related to the Spi-B and Spi-C Ets-family factors (both sharing approximately 40% amino
acid homology), all containing highly conserved DNA binding Ets domain. The Ets domain
(containing ~ 85 amino acids) is located at C terminus of PU.1 protein, having a winged
helix-turn-helix domain structure. Ets domain recognizes and binds specific DNA sequence
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of GGAA motif (Karim et al., 1990). Additionally Ets domain mediate interaction with other
proteins including c Jun, GATA1, C/EBPa and AML1. Additional domains include an Nterminal acidic domain and a glutamine-rich domain, both involved in transcriptional
activation, as well as protein-protein interactions.
The complex function of PU.1 in hematopoiesis is executed either by direct regulation
of the genes by PU.1 or is mediated by interaction/cooperation with other factors including
general transcription factors TFIID, TBP and hematopoietic specific transcription factors
including CEBPα, CEBPb, GFI-1, IRF4/8, AML1/RUNX-1, c-Jun, GATA-1 and GATA-2
(Hohaus et al., 1995; Huang et al., 2008; Pahl et al., 1993). PU.1 regulates large set of genes
(3000 yeat known (Burda et al., 2009)) among them genes including cytokines and their
receptors GM-CSF and M-CSF, CSF1R (c-Fms), specific surface proteins CD11b, CD16,
CD18, CD64, and other genes known to be involved in myelopoiesis (reviewed in
(Gangenahalli et al., 2005)). Recent ChIP-Chip approaches have identified >1000 direct target
genes of PU.1 within terminal macrophages (murine RAW264 cell line) locating the majority
of PU.1 occupied regions within the proximal core promoter region (Weigelt et al., 2009).
The PU.1 gene itself is transcriptionally regulated by several mechanisms.
The proximal promoter of PU.1 contains binding sites of Oct-1, Sp1, GATA-1, AML1 and
Spi-B transcription factors, which likely mediate initial regulation (activation or repression)
of PU.1 during hematopoietic development. The PU.1 promoter contains also binding sites
of PU.1 itself indicating a self autonomous regulatory mechanism of gene expression (Li et
al., 2001). Despite the presence of numerous cis-regulatory elements, the proximal PU.1
promoter is sufficient to drive only basal expression of PU.1. The tissue specific expression is
regulated by two distal regulatory enhancers (URE, upstream regulatory element) located 14
kb and 17 kb upstream of the PU.1 transcription start site (Okuno et al., 2005). Various
transcription factors can bind to the URE including Elf1, FLI-1, Runx1 and CEBPs and PU.1
itself (Hoogenkamp et al., 2007; Okuno et al., 2005; Yeamans et al., 2007).
There is increasing body of evidence that distinct levels of PU.1 expression are crucial
for differentiation outcome of hematopoietic progenitor cells. High expression of PU.1
stimulates preferentially the macrophage development while intermediate levels
favor the granulocytic differentiation. Low levels of PU.1 are expressed in B cells and
progenitor cells (Dahl et al., 2003; Nerlov and Graf, 1998). The importance of tightly
controlled PU.1 activity is also supported by PU.1 inactivation studies. Mice carrying
a hypomorphic PU.1 allele, originated from URE deletion have reduced PU.1 expression
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to 20% of wild type levels and develop acute myeloid leukemia (AML), demonstrating a role
of PU.1 deregulation in leukemogenesis (Rosenbauer et al., 2004).

1.8.2. Acute myeloid leukemia
Among the diseases that involve the impaired macrophage differentiation is acute
myeloid leukemia. AML represents a heterogeneous disorder of hemopoietic progenitor cells,
characterized by myeloid differentiation blockade and clonal leukemic proliferation of blast
cells which lose the ability to differentiate and to respond to normal regulators
of proliferation. AML results in uncoupling of normal hematopoietic growth and
differentiation, with an accumulation in bone marrow and peripheral blood of large numbers
of immature myeloid cells that retain the capacity to divide and proliferate but have lost
the ability to differentiate terminally into mature cells. This loss leads to fatal infection,
bleeding, or organ infiltration. Pathogenesis of AML may involve genetic mutations,
translocations or fusions as well as deregulation of transcription factors (Rosenbauer and
Tenen, 2007), microRNAs and epigenetic processes including deregulation of chromatin
structure (Melnick and Licht, 2002). AML is the most common malignant myeloid disorder as
well as the most common acute leukemia affecting adults, and its incidence increases with
age. Although AML is a relatively rare disease, it is accounting for approximately 1.2%
of cancer deaths in the United States. Incidence in Europe 2-4/100 000 is increasing with
the age, incidence above 65 years of age reaches up to 15-17/100 000 (Estey and Dohner,
2006). According to French-American-British (FAB) classification, AML is divided
into eighth subgroups, M0 through M7, reflecting the level of blasts differentiation
(Supplementary table 3).
To summarize the introduction parts, the transcription factors and miRNAs are
the sentinels of differentiation, providing not only instructive information to lineage
specification and commitment, but function also as safeguards to ensure that discrete stages
of the multi-step developmental process are successfully completed. (Bartel, 2004; Orkin and
Zon, 2002; Rosenbauer and Tenen, 2007). Dysregulation of one or more of these regulatory
factors can upset the balance of cell death, proliferation and differentiation resulting in
the shift towards cancer (Okuda et al., 1996; Schmidt et al., 1998) (Volinia et al., 2011).
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2. Aims of the study
1. To establish a model cell system of PU.1 dependent macrophage differentiation
2. To identify microRNAs involved in macrophage differentiation
3. To elucidate molecular mechanisms of regulation of particular microRNAs at the level
of transcriptional regulation and chromatin modification.
4. To study a possible mutual regulation among transcription factors and microRNAs and
to evaluate a possible function of such regulation upon myeloid differentiation.
5. To elucidate a possible involvement/deregulation of microRNAs in leukemia.

Hypothesis:
My PhD thesis aims to document regulation of the key gene expression regulators in
myeloid differentiation and states the following hypothesis: Transcription factors regulate
microRNA expression and back microRNAs regulate transcription factors creating thus
a complex gene regulation networks required for achieving specific cell fate. If these
mechanisms are disabled it results in the block of cell fate development leading to the disease
such as tumors or leukemia.
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3. Materials and methods
Cell culture:
PUER, shEgr2 or shNab2 PUER cells have been described previously (Walsh et al., 2002 and
Laslo et al., 2006). PUER cells were cultured in IMDM (Gibco) medium without Phenol red,
supplemented with L-glutamine and 5ng/ml IL3. NIH3T3, HeLa and HL60 cells were cultured in
DMEM (Gibco). All media were supplemented with 10% heat inactivated Fetal Calf Serum (FCS) and
50IU/ml penicillin and 50µg/ml streptomycin and the cells were cultured at 37°C in 5% CO2
humidified atmosphere. Differentiation of PUER cells were induced by 2.5µM Tamoxifen (Sigma) if
not stated different. Differentiation of HL60 cells were induced by 16nM TPA (Sigma) for 48hrs.
For morphological analyses, cells were alternatively grown on cover slips or trypsinized and
cytospined, fixed by methanol, stained with Wright-Giemsa and analyzed at 400 × magnifications
under a light field microscope.

Patient and Control Samples:
Mononuclear cells were isolated from the peripheral blood of 27 AML patients and 6 healthy
donors upon written informed consent by Ficoll-Hypaque (GE) density-gradient centrifugation and
were cultivated in the IMDM (Gibco) supplemented with 20% FCS, 1% of MEM non-essential amino
acids, 50 IU/ml penicillin and 50µg/ml streptomycin. Clinical patient data are shown in detail in
Supplemental table 1.

DNA constructs:
A 1.074bp fragment encompassing the miR-17-92 cluster was PCR-amplified from mouse
genomic DNA by primers: m17-92(-0.1kb)F
(5´-ataggattccCCCCTTGGGTATAAGCTGTAATTGATG-3´) and m17-92(+1.0kb)R
(5´-gatctcgagAGAATGTGTTCATACACTCCATCAGCTC-3´) and cloned into the BamHI/XhoI sites
of pCDNA3.1vector (Invitrogen) to create pCDNA3(17-92).
The miR-17-92 promoter fragments were PCR-amplified by GC-RICH PCR system (Roche)
from mouse genomic DNA, using following primers:
m17-92(-3,3kb)XhoI F

GATCTCGAGGAGAGCCCAGACTTCTCGGTGCTGCACTAGG

m17-92(-2,8kb)vXhoI F

GATCTCGAGCTCGCCTGGCCGCCAAGAACGAGC

m17-92(-2,0kb)XhoI F

GATCTCGAGGCACTCGGCGTCCCCGAAACTTTGTGC

m17-92(-1,2kb)XhoI F

ATACTCGAGAATGAGCAACGTGCCACGAGGATCACAGCA

m17-92(-0,6kb)XhoI F

GATCTCGAGTGAGACCTTTGGTTTTCACTTTTGTCTTTGAGC

m17-92(0kb)HindIII R

ATAAAGCTTGACTGGTCACAGCTTCAGTCCCAAGGTGAGG

m17-92(-2,7kb)HindIII R

GATAAGCTTGGGGCTTGTCCGTATTTACGTTGAGGCGGGA
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m17-92(-1,9kb)HindIII R

GATAAGCTTGCTTACGGGTGCGCCGGCGTGTGTTTCGGGTG

Obtained fragments were cloned into the BglII–HindIII digested pGL3 basic vector (Promega) to yield
following constructs: pGL3(-3.3;-0)17-92, pGL3(-2.8;-0)17-92, pGL3(-2.0;-0)17-92,
pGL3(-1.2;-0)17-92, pGL3(-0.6;-0)17-92, pGL3(-3.3;-1.9)17-92, pGL3(-3.3;-2.7)17-92.
An 872nt long fragment of the Egr2-3′UTR, including two miR-17-92 binding sites at position
419-425bp and 612-618bp of Egr2-3′UTR, was PCR-amplified from mouse genomic DNA using
primers: forward mEgr2-3UTRXbaI F (5´-gattctagaGATGAAGCTCTGGCTGACACAC-3´) and
reverse mEgr2 3UTRXbaI R (5´-gattctagaCAGACCCTGTTAACACTGCCCAC-3´). The obtained
XbaI fragment was cloned by blunt ligation into the pGL3 promo vector (Promega), downstream
of the stop codon, to generate pGL3-Egr2-3´UTRwt. The mutant version (pGL3-Egr2-3´UTRmut) was
generated from the wild-type construct by sequential mutation of miR-17-92 binding sites by inverse
PCR using the primers: Egr2UTR1mutF
(TTAAAGCAAAACTGATGTGGCAgaTTAATGGCTTGGGACTGACTTG),
Egr2UTR1mutR (CAAGTCAGTCCCAAGCCATTAAtcTGCCACATCAGTTTTGCTTTAA)
for mutation of the site at position 419-425bp,
Egr2UTR2mutF(ACTCAAGAGAATGGAAGTGggATGTCGGGCAGGACAAAGC) and
Egr2UTR2mutR (GCTTTGTCCTGCCCGACATccCACTTCCATTCTCTTGAGT) for mutation
of the site at position 583-589bp.
The mutant version was generated from the wild-type construct by sequential mutation
of miR-17-92 binding sites by inverse PCR. First site at position 419-425bp was mutated using
primers:
Egr2UTR1mutF(TTAAAGCAAAACTGATGTGGCAgaTTAATGGCTTGGGACTGACTTG) and
Egr2UTR1mutR (CAAGTCAGTCCCAAGCCATTAAtcTGCCACATCAGTTTTGCTTTAA). Then
mutation of second site was introduced by primers: Egr2UTR2mutF
(ACTCAAGAGAATGGAAGTGggATGTCGGGCAGGACAAAGC) and Egr2UTR2mutR
(GCTTTGTCCTGCCCGACATccCACTTCCATTCTCTTGAGT), to yield pGL3-Egr2-3´UTRmut.
Obtained construct were digested by DpnI and transformed into the DH5α E.coli strain. All constructs
were verified by sequencing.
pCB6-Egr2 was a kind gift from J. Svaren, pXM-PU.1 is described (Stopka at al, 2005).

Transient transfections and reporter assays:
PUER cells and patient blast cells were transfected by AMAXA nucleofection (LONZA) in
a cell density 4x106 using Mouse stem cell kit as described by manufacturer. Cells were co-transfected
by 4µg of pCB6-Egr2 and 1µg GFP plasmid and after 96h sorted by FACS for GFP medium and high
positive cells.
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In experiments overexpressing miR-17-92, PUER cells were transfected with 2µg
of pCDNA3(17-92) and 1µg GFP. After 24h of cultivation, cells were sorted by FACS and GFP
positive cells were stimulated by 2.5µM Tamoxifen for 96h.
In siRNA experiments cells were transfected with a pool of four siRNA oligonucleotides
specifically targeting Egr2, Jarid1a and 1b (Smart Pool siRNA, Dharmacon, Lafayette, CO), at
the final concentration of 800nM. Cells were then allowed to recover for 24h and stimulated by 2.5µM
Tamoxifen for 96h.
In luciferase experiments PUER cells were transfected by 1µg pGl3(17-92) promoter or Egr23´UTR reporter vector, 0,3µg of pRL-TK control vector, alternatively together with 300nM
microRNA hairpin inhibitors anti-17-5p (MIMAT0000649), anti-20a (MIMAT0000529) or anti
scrambled control (Dharmacon). FAM-labeled Pre-miR Negative control (Ambion) was used
for transfection efficiency estimation.
NIH3T3 and HeLa cells were transfected by jetPEI (Polyplus Transfection) and Lipofectamine 2000
(Invitrogen) respectively. Cells were one day before transfection seeded into 24 well plates.
Prior to the transfection cells were washed in serum and antibiotics free medium (OPTIMEM,
Invitrogen) and transfected by 0,1µg pGl3(17-92) promoter or Egr2-3´UTR reporter vector, 10ng
of pRL-TK (Promega) control vector and 0.05-0.8µg of pCMV-EGR2 or 0.1µg pXM-PU.1 vector.
Cells were collected 24 and 48h after transfection and luciferase activity was measured using Dual
Luciferase Assay (Promega) on Sirius luminometr (Berthold) with the collection time 10s for firefly
and 1s for Renila luciferase. Firefly activity was normalized to Renila luciferase activity. Wild-type
Egr2-3´UTR luciferase activity was normalized to mutant Egr2-3´UTR luciferase activity.
Data represents mean of 3 independent experiments assayed in duplicate.

HDAC inhibition
For inhibition of HDAC PUER cells were stimulated by 2.5µM Tamoxifen for 96h and 30nM
TSA was added at 0, 24, 48 and 72h after start of Tamoxifen stimulation.

RNA isolation and qRT-PCR :
Total RNA was extracted by TRIzol reagent (Invitrogen) with enhanced precipitation
(20ng/ml of Linear polyacrylamide, Ambion) at -20 °C overnight. RNA quantity/quality was
determined by ND-1000 Spectrophotometer (NanoDrop Technologies) and 2100 Bioanalyzer (Agilent
Technologies). Expression of mature miRNAs was determined using microRNA specific taqMan
qRT-PCR on 7900HT Sequence detection system (both Applied Biosystems, Foster City, CA)
according to manufacturer’s instructions. Delta-delta Ct method was used for quantification.
MicroRNA levels were normalized to Sno202 (mouse) or Rnu44 (human).
For mRNA analyzis1ug of total RNA was transcribed by Iscript RT kit (Biorad) and treated by
DNAseI (Fermentas) and expression was analyzed by SYBR-Green based Q-PCR using 7900 HT SDS
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(Applied Biosystems). Relative expression was determined by Delta-delta Ct method using Gapdh
for normalization. Measurements were done in duplicates and accepted if standard deviation was
bellow 20% of the average values. For quantification of pri-miRNAs following primers were used:
mmu-miR-17-92-F1

TTGGAACTTCTGGCTATTGGCTCCTC

mmu-miR-17-92-R1

CCAAGGTGAGGTTCACTTTATTCCTGC

mmu-miR-17-92-F2

TGCCTCGGTGGGAGCCACAGTG

mmu-miR-17-92-R2

AAAAGCACGCAGCACCAGCAGG

mmu-miR-106-363-F1

ATGGTGATTTAATCAGAGGCCGCTG

mmu-miR-106-363-R1

CAAGAGACACATTACAAGGAGCAGCTC

mmu-miR-106-363-F2

CTCGCACAGGCTACTTCTTACCTTGC

mmu-miR-106-363-R2

TACAGTCTCCGCCATCTGTTTCTCG

mmu-miR-106-25-F1

AAAGGCTGCTTGCTGCTTGAATCC

mmu-miR-106-25-R1

ACTAAGGTCCAAGAGGGGAGGACAG

mmu-miR-106-25-F2

CCAGGACACAACCTCTGATAGTGGC

mmu-miR-106-25-R2

CTGTCCTGTGAGGGAGACCAGACC

Relative expression of pri-miRs was obtained as mean of expression of two independent primer pairs
for each pri-miR. Sequences of other PCR primers are available upon request. The TIGR TMeV
software (version 4.0) was used for the analysis of patient samples.
.
Microarray profiling and data analysis:
mRNA expression profiling in PUER cells stimulated with 2.5 µM Tamoxifen for 0, 2 ,4, 8,
12, 16, 20, 24, 48 and 96h time points was performed using Affymetrix Mouse Genome array MG430A 2.0, following the one-cycle labeling protocol and standardized array processing procedures
recommended by Affymetrix (Santa Clara, CA). The raw data (CEL files) were normalized using
Robust Multichip Average algorithm (RMA) in GeneSpring GX software (Agilent) and filtered in
the TM4 suite using Significance Analysis of Microarrays (SAM) with a false discovery rate (FDR)
set to 1%.
For microRNA profiling PUER cells were stimulated with 2.5µM Tamoxifen for 96 hours.
microRNAs were isolated by mirVana miRNA Isolation Kit (Ambion) following the manufacturer's
protocol, and analyzed on TaqMan MicroRNA Array (Rodent A and B, Applied Biosystems) using
7900HT system. The data were analyzed by SDS 2.1 software (Applied Biosystems) by RQ analysis
using Comparative Ct method. Tamoxifen stimulated sample was compared to Tamoxifen
unstimulated sample, Sno202 was used for normalization.
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Chromatin immunoprecipitation:
Chromatin immunoprecipitation (ChIP) was performed with 10-20 × 106 cells as described
(Stopka at al, 2005). Briefly, chromatin was crosslinked with 1% formaldehyde for 15 minutes at RT
and quenched by 0.15M glycine. Cells were lysed and released nuclei were sonicated (40% intensity,
500 cycles of 2 seconds, in a dry ice-ethanol cooling bath) with a Branson Sonicator model 500
to yield 200- to 600-bp DNA fragments. Antibodies used: PU.1 (Santa Cruz sc-352,), Egr-2 (Covance,
PRB-236P), Jarid1a (Abcam, ab26049), Jarid1b (Abcam, ab50958), H3K9Ac (Upstate, 07-353),
H3K4me3 (Abcam, ab8580), H3 (Abcam, ab1791) and normal rabbit IgG (NI01, Calbiochem), used
as a control nonspecific antibody. Decrosslinked and purified immunoprecipitated DNA was
quantified by SYBR-Green based Q-PCR as described above. The values of specific factor enrichment
was subtracted by the values obtained in the corresponding samples with control antibody and
the relative occupancy was obtained as ratio of specific enrichment of Tamoxifen treated and
Tamoxifen untreated treated cells. H3K9Ac and H3K4me3 levels were further equalized to the H3
levels to eliminate influence of the depletion of the parental histone3. Primers used for amplification
of precipitated DNA were following:
mmu-miR-17-92(-6.5kb)-F

ACAAGGAGACAGCAGCTCCTAGCAAG

mmu-miR-17-92(-6.5kb)-R

GGGCTGCCAGCTTTGTGACTTAGTC

mmu-miR-17-92(-5.7kb)-F

TCACCAAGTGACTCACAGATTGTCACTG

mmu-miR-17-92(-5.7kb)-R

TTGCTGGCTACTGAGAATCTTCCAGG

mmu-miR-17-92(-4.5kb)-F

GAAGATGGCATTTGAGAGCAGCTCAG

mmu-miR-17-92(-4.5kb)-R

GAAACATCCACATCTGCAGTTTCCCG

mmu-miR-17-92(-3.1kb)-F

CGGCCAGGTTTAAGGAGACTTTCC

mmu-miR-17-92(-3.1kb)-R

AGTGGGAGACGAGTCACATCCACTC

mmu-miR-17-92(-2.7kb)-F

GCTAATGAGGGAGTGGGGCTTGTC

mmu-miR-17-92(-2.7kb)-R

CACCTCGAAGGACCATGTGGGTG

m17-92(-2.1kb)F

GGAAAGTTTCTCCCGGGGGCGAGAGTTAAA

m17-92(-2.1kb)R

CATGTGCCGCCGCCGCTTTGTTCTG

m17-92(-1.6kb) F

GCCGATTGTTCCCGGCTTAGG

m17-92(-1.6kb) R

GCCGTCCTTTGTGTCCCGC

mmu-miR-17-92(-1.2kb)-F

GGCTCGTGGTTCTTAGGTGACCAG

mmu-miR-17-92(-1.2kb)-R

GCTGCACGCCGGGATAAAGAGTTG

mmu-miR-17-92(-0.7kb)-F

ACCTAGCAGCACCCGAAGCATTG

mmu-miR-17-92(-0.7kb)-R

ACTAGAATATACTCACCCACTCAGGC

m17-92(-0.3kb) F

ATTGCTGCCTGGTCAATGTGAGG

m17-92(-0.3kb) R

AGACCTGTTATCAGGAAGGCAGTC

m17-92(-0kb) F

CCTTGGGACTGAAGCTGTGACC

m17-92(-0kb) R

ATGCTACAAGTGCCCTCACTGC
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Western blot analysis:
Cells were lysed in RIPA buffer supplemented with protease inhibitors, followed by light
sonication (25% amplitude, 3 cycles of 1 second, 5 seconds pause) on Branson Sonic
Dismembrator (model 500) at 4°C. 60µg of whole cell protein extract was separated on 7-10% SDSpolyacrylamide gel and blotted into nitrocellulose membrane (Whatmann, England). Immobilized
proteins were blocked by 5% nonfat milk in PBS (0,1% Tween 20) and probed at 4°C overnight by
antibodies: anti-Krox20 Ab (Covance, PRB-236P) 1:500, anti-PU.1 (Santa Cruz, sc-352), antiHA (Santa Cruz) and anti-Actin (Santa Cruz, sc-1616) 1:2 000 in 1 % nonfat milk in PBS (0,1%
Tween 20), followed by secondary Horseradish peroxidase conjugated anti-rabbit antibody (Abcam) in
blocking solution. Complexes were visualized by enhanced chemiluminescence (ECL Plus, GE
Healthcare) on X-ray films.

Flow cytometry
Flow cytometry and cell sorting was performed using a FacsAria cell sorter (BD
Biosciences). Antibodies were from PharMingen (F4/80, CD14, CD11b).

Statistical analysis:
Data are presented as mean and error bars indicate the standard deviation (SD.)
or the standard error (SEM). The data sets were compared using Mann Whitney and KruskalWallis and Spearman correlation two tailed tests (GraphPad Prism 4, www.grafpad.com). Any
difference for which P<0.05 was regarded as statistically significant. The correlation of miR17-92 and Egr2 is expressed as average value of correlation of miR-17-5p, miR-20a and miR92a vs. Egr2.
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4. Results
4.1. PUER progenitors - a model of macrophage differentiation
To investigate the role and regulation of microRNAs during PU.1-dependent
myelopoiesis, we have employed a mouse cellular system comprised of myeloid progenitors
that were isolated from the fetal liver of PU.1-/- embryos. These cells represent common
myeloid progenitors that have been genetically modified to express inducible fusion transgene
encoding PU.1 and the ligand binding domain of Tamoxifen responsive Estrogen
Receptor (PUER cells) (Walsh et al., 2002), allowing tight control of PU.1 activity.
The cellular system is based on natural property of estrogen receptor ligand binding domain
which remains in the absence of ligand in the cytoplasm, keeping the PUER transgene
inactive. The treatment of these cells by estrogen receptor ligand Tamoxifen (Tax, 2.5 µM )
enables activation of PU.1 by translocating PU.1 transgene from the cytoplasm
into the nucleus. The activated PU.1 allows the differentiation of the PUER progenitor cells
into the macrophages. As a result, the cells exit cell cycle, adhere to surface and within 96
hours differentiate to monocyte-macrophages that are characterized by large vacuolated
cytoplasm and expression of differentiation markers including these protein’s expression:
Cd14, Cd68, F4/80, Csf1R (Figure 9 A-C) .
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Figure 9. PU.1 stimulates macrophage differentiation in PUER myeloid progenitors. PUER cells
were stimulated with 2.5µM Tamoxifen (Tax) for 96 hours. The cells exit cell cycle, adhere to surface
and within 96 hours differentiate to monocyte macrophages characterized by large vacuolated cytoplasm
and expression of differentiation markers including Cd14, Cd68, F4/80, Csf1R. (A) Morphology
of PUER cells. Upper panel represents control untreated cultured cells in phase contrast (left) and
cytospined cells stained by Wright–Giemsa (right). Middle panel represents Tax-stimulated cytospinned
cells. Lower panels represents Tax-stimulated attached cells cultured on cover slips, all stained by
Wright–Giemsa (magnification 400x, representative fields are shown). (B) Growth curve of Tamoxifen
stimulated and unstimulated PUER cells. The bars represent the mean and standard deviation of three
independent experiments. (C) Expression of selected macrophage specific genes in PUER cells
stimulated by 2.5µM Tax for 96 hours evaluated by gene expression array. The Y-axis represents
normalized mRNA expression of indicated genes. The X-axis represents time of Tamoxifen stimulation
(Hrs).
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Whole genome analysis by expression array (Affymetrix) revealed that PU.1 induced
macrophage differentiation of PUER progenitors leads to global change of mRNA expression
pattern with enrichment in transcription factors, membrane proteins, antigen presentation and
protein degradation pathways indicating that these cells are functional monocyte macrophages
(2 528 genes were upregulated and 2 400 downregulated (>FC 1) out of 22 000 probes
tested). Previous work has demonstrated that these transgenic progenitors reflect a suitable
tractable cellular system to investigate the regulatory factors required for early myeloid
differentiation and macrophage development (Dahl et al., 2003; DeKoter et al., 1998; Walsh
et al., 2002).
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4.2. The role of miR-17-92 in macrophage differentiation
4.2.1. The miR-17-92 cluster is downregulated during PU.1-dependent
macrophage differentiation
To identify miRNAs that are differentially regulated during PU.1-dependent
macrophage differentiation, we compared the expression of miRNAs in undifferentiated and
differentiated (2.5µM Tamoxifen 96 hrs) PUER cells using the TaqMan microRNA Array.
The differentiation of PUER cells resulted in global change of the microRNA expression.
The 308 microRNAs (out of 570 microRNA tested) were expressed in PUER progenitors.
Among them, levels of 168 were significantly changed (>9σ = FC 1.1): 91 microRNAs were
upregulated and 77 downregulated in differentiated PUER cells. Interestingly, the microRNAs
encoded by miR-17-92 cluster as well as the closely related paralogous miR-106b-25 clusters
were identified to be among the most abundant miRNAs in undifferentiated PUER cell, while
they were among the most downregulated miRNAs upon PUER cell differentiation
(Supplemental Table1 and 2). This observation was confirmed by qRT-PCR for the individual
mature miRNAs and pri-miRNA transcripts in response to graded Tamoxifen concentrations.
Four miRNAs representing the miR-17-92 cluster (miR-17-5p, miR-18a, miR-20a and miR92) were significantly downregulated in a dose dependent manner (with a maximum of 3.5-6
fold by 2.5 µM Tamoxifen) (Figure 10A) coincident with the induced transcript expression
of macrophage-specific genes (Figure 10C). Unrelated miRs were either not regulated (miR142-5p, miR-210) or stimulated (let7d, miR-155, miR-294)( Supplemental Figure 1).
Next, we followed the dynamic of repression of miRs belonging to miR-17-92 cluster
in PUER cells stimulated with high Tamoxifen concentration (2.5 µM). While at 24 hours
some of miRs were slightly upregulated, first measurable downregulation occurred at 48hours
following stimulation of PUER cells and reached a maximum at 96hours (Figure 10D).
The pri-miR-17-92 transcript was downregulated during macrophage differentiation
to levels comparable to those of mature miRNAs (~3-4 fold; Figure 10B), indicating that
the miR-17-92 cluster is repressed by PU.1 at the transcriptional level rather then at a level
of RNA processing of individual miRs from the pri-miR-17-92 transcript. This finding is
further supported by the similarities in the kinetics of downregulation of mature miRNAs
(Figure 10D) and in the magnitude of their modulation (3.5-6 fold change).
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Figure 10. The miR-17-92 and 106b-25 clusters are downregulated upon PU.1 mediated
macrophage differentiation. (A) Expression of mature miRs of the miR-17-92 cluster evaluated
by qPCR. PUER cells were stimulated by increasing concentration of Tamoxifen (X-axis) for 96 h.
(B,C) PUER cells were stimulated by 2.5µM Tamoxifen for 96h and expression of primiRNA transcripts (B) and macrophage specific transcripts (C) was evaluated. (D) PUER cells were
stimulated by 2.5µM Tamoxifen for 24, 48 and 96h and expression of mature miRNAs was analyzed.
Y-axis (A-D) indicates Fold change of normalized expression relative to untreated cells. Baseline
represents expression value of untreated cells. Mean ±SD (n=3).

The levels of mature miRNAs and pri-miRNA of the paralogous miR-106b-25 cluster
were also downregulated upon PU.1 activation, albeit to a lesser extent (~2 fold), while
the levels of the miR-106a-363 cluster were unchanged (Figure 10B and C).
Collectively these results demonstrate that miR-17-92 cluster is downregulated during
PU.1-dependent macrophage differentiation.
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4.2.2. PU.1 dependent macrophage differentiation requires
downregulation of miR-17-92 cluster
To determine whether the observed phenomenon consisting of the downregulation
of miR-17-92 (described in the previous sections) is a necessary requirement for macrophage
differentiation, we overexpressed miR-17-92 (pCDNA3 (17-92)) or control pCDNA3 vector in
the PUER cells undergoing Tax-induced differentiation (Supplemental Figure 2A). Our
data demonstrated that the ectopic expression of the miR-17-92 cluster resulted in a overt
inhibition of PU.1 dependent macrophage differentiation, as demonstrated by altered cellular
morphology (Figure 11A), characterized by the majority of cells (81% of miR-17-92
transfectants vs 20% control cells) becoming blocked at the stage of immature blasts with small
non-vacuolized, dense cytoplasm, and with increased nuclear/cytoplasmic ratio as evaluated by
Wright -Giemsa staining (Figure11A). The transfected cells displayed also reduced expression
of the macrophage marker F4/80 cell surface protein (Figure 11B) and reduced expression
of F4/80 and Csf1R (c-fms) transcripts (Figure 11C), as determined by flow cytometry and
qRT-PCR.
We note that the differentiation block mediated by ectopic miR-17-92 is not caused by
inhibition of the PUER transgene, as it does not contain any miR-17-92 binding sequences and
the ectopic expression of miR-17-92 did not affect protein levels of PUER transgene as
evaluated by Western blotting (Supplemental Figure 2B).
The above described data demonstrate that downregulation of miR-17-92 expression is
a prerequisite for the PU.1-dependent macrophage differentiation.
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Figure 11. Ectopic expression of miR-17-92 cluster inhibits PU.1-induced macrophage
differentiation. PUER cells were co-transfected with expression vector encoding the miR-17-92 cluster
(pCDNA3(17-92)) or empty pCDNA3 vector (control, Invitrogen) and subsequently stimulated by
2.5µM Tamoxifen for 96 hours. (A) Morphology of transfected PUER cells, evaluated by WrightGiemsa staining (upper panels, magnification 400x, scale bar 10 µM) or phase contrast (lower panels,
magnification 100x). (B) FACS analysis of F4/80 expression (X-axis)/ cell counts (Y-axis). (C)
mRNA expression of Csfr1 and F4/80 evaluated by qPCR. Mean ±SD (n=3).
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4.2.3. Downregulation of miR-17-92 is mediated by Egr2
As the expression of miR-17-92 becomes downregulated upon the induction of PU.1
activity, we first determined whether PU.1 could directly regulate this cluster. We failed
to detect any PU.1 occupancy at the miR-17-92 region (+/- 10 kb) by chromatin
immunoprecipitation (ChIP, not shown), a fact supported by a recent genome wide ChIP-Seq
study (Heinz et al.)2010), and we have not detected PU.1-dependent regulation of the gene in
a reporter assay (not shown). Therefore we focused on the possibility of indirect regulation
of miR-17-92. The genome wide expression analysis of PUER cells stimulated with Tamoxifen
indicated that among the early and strongest induced transcription factors was Early growth
response 2 (Egr2, Krox20, Figure 12A). This was validated at the protein level (Figure 12A at
the bottom). Egr2 is a member of the family of closely related zinc finger transcriptional factors
Egr1-4, implicated in the development and differentiation of the neural and the hematopoietic
systems (Krishnaraju et al., 1995; Nguyen et al., 1993). Notably, Egr2 has been previously
demonstrated to be required for macrophage (Krysinska et al., 2007; Laslo et al., 2006) and
lymphocyte (Li et al., ; Zhu et al., 2008) development. The other members of the Egr family
Egr3 and Egr4 are lowly expressed in PUER cells and their expression is not changed, while
Egr1 is downregulated upon PUER cell differentiation (Supplemental Figure 3 and Laslo et al.,
2006).
To test if Egr2 indeed mediates the repressive effects of PU.1 on the miR-17-92
cluster, we co-transfected the PUER cells with either an expression vector encoding Egr2
(pCB6-Egr2) or empty vector, both with pGFP. Both GFP medium- and GFP high-expressing
cells were isolated by FACS sorting. Ectopic expression of Egr2 in unstimulated PUER
progenitors (lacking endogenous Egr2 expression) strongly inhibited the basal expression
of the miR-17-92 cluster (6-10 fold), both at mature miRNA and cluster pri-miRNA levels.
Interestingly, the level of miR-17-92 inversely correlated with the levels of ectopic Egr2
(Figure 12B and C). The paralogous miR-106b-25 cluster (unlike the miR-106a-363 cluster)
was also downregulated by ectopic Egr2 albeit to a lesser extent (~ 3 fold, Figure 12C).
To further test if Egr2 is dispensable for PU.1-induced miR-17-92 repression, we employed
a PUER cell line that is stably transfected with a small hairpin RNA (shRNA) construct
directed against Egr2 (shEgr2), (Laslo et al., 2006). The shEgr2 and parental PUER cells were
stimulated with Tamoxifen and harvested at 96 hours. The knockdown of Egr2 resulted in
decreased repression of miR-17-92 cluster as manifested by increased levels of miR-17-92
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mature miRNAs as well as of pri-miRNA concomitant with decreased levels of macrophage
specific transcripts (Figure 12D), indicating, that Egr2 is indeed required for miR-17-92
repression.
To test whether the inhibitory effect of Egr2 on miR-17-92 levels is mediated through
the miR-17-92 promoter, NIH3T3 fibroblasts were cotransfected with increasing amounts
of the Egr2 plasmid together with a luciferase-expressing vector (pGL3) containing
the upstream regulatory region (-3.3 kb to 0 kb, relative to the first nucleotide of pre-miR-175p) of the miR-17-92 cluster, designated pGL3(-3.3;-0). Increasing concentrations of Egr2 led
to gradual repression of the reporter activity (Figure 12E), demonstrating repressive activities
of Egr2 upon the miR-17-92 promoter. To further test if PU.1 enhances the Egr2-mediated
repression of miR-17-92, the reporter pGL3(-3.3; 0) was co-transfected into the NIH3T3 cells
with the expression vectors encoding Egr2 and PU.1 (Figure 12F). While Egr2 alone
repressed the reporter activity, co-transfection of PU.1 with Egr2 did not further intensify
the repression, indicating that PU.1 is dispensable for the Egr2 mediated direct repression
of miR-17-92.
Altogether, these data indicate that during macrophage differentiation Egr2 is activated
by PU.1, but regardless of PU.1, Egr2 alone can transcriptionally inhibit the miR-17-92
cluster.
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Figure 12. Egr2 inhibits the miR-17-92 cluster. (A) Expression of Egr2 in PUER cells stimulated
by 2.5µM Tamoxifen for indicated time (Hrs), determined by gene expression array. Y-axis represents
normalized values of Egr2 mRNA relative to untreated cells. (B,C) Expression of mRNA, pri-miRNAs
and mature miRNAs evaluated by qPCR. PUER cells were nucleofected with pEGR2 or control empty
vector and pEGFP followed by sorting at 96 hours for GFP-intermediate expression and GFP-highly
positive cells. Mean ±SD (n=3). (D) PUER WT and shEgr2 cells, stably expressing small hairpin
inhibitory RNA against Egr2, were treated with 2.5µM Tamoxifen for 96h and expression of mRNA,
miRNAs, pri-miRNAs was determined. (B-D) Expression values were normalized to Gapdh (mRNA)
or Sno202 (miRs) and equalized to untreated cells. Mean ±SD(n=3).
(E,F) NIH 3T3 cells were transfected with pGL3(-3.2; 0) reporter vector and increasing amounts
of pCB6 -Egr2 (E) or pCB6-Egr2 and pXM-PU.1 (F), as indicated on X-axis. The Y-axis represents
firefly luciferase activity, normalized to Renilla luciferase and relative to the empty vector. Mean ±SD
(n=3). The panels are accompanied by Western blot analysis of Egr2 and Actin as a loading control
(placed on the bottom).
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4.2.4. Egr2 binds to miR-17-92 promoter and modulates its chromatin
structure.
As described above Egr2 in absence of PU.1 efficiently inhibits miR-17-92 expression
and therefore we tested whether it physically associates with regulatory regions of miR-17-92.
First we analyzed miR-17-92 cluster putative upstream regulatory region. There exists a long
CpG island (CG content ~80%) within the region spanning -3.3 to -1.2 kb (relative to the first
nucleotide of the pre-miR-17-5p sequence), representing a putative recognition element
for the transcriptional regulation of the miR-17-92 cluster (Figure 13A). A sequence motif
analysis of the upstream region up to -10 kb revealed multiple putative Egr2 binding sites.
Importantly, six of them are conserved in human, mouse and rat and are located within the CpG
island (between -2.8 and -1.8 kb).
To test if Egr2 occupies this putative regulatory region of miR-17-92 cluster, chromatin
immunoprecipitation (ChIP) was performed on cross-linked chromatin from Tamoxifen
stimulated (for 96 hr) and parental PUER cells using anti-Egr2 antibody. Quantitative-PCR at
nine amplicons spanning 6.5 kb of the miR-17-92 regulatory region revealed specific occupancy
of Egr2 (~20 fold) within the -3.3 to -1.6 kb region that overlaps with the CpG island (Figure
13B).
To test whether Egr2 occupancy affects the chromatin modification of the miR-17-92
gene, we determined the levels of histone 3 lysine 9 acetylation (H3K9ac) and histone 3 lysine 4
trimethylation (H3K4me3), both established marks of transcriptionally active chromatin. ChIP
assay demonstrates that the H3K4me3 (Figure 13C) but not H3K9ac (not shown) pattern is
significantly reduced near the -2.7 kb locus during macrophage differentiation. The observed
significant decrease of H3K4 methylation occurs at the region of miR-17-92 CpG island
occupied by Egr2. To address whether Egr2 indeed mediates the H3K4 demethylation
of the miR-17-92 locus, we measured the level of H3K4 trimethylation within the Tamoxifen
treated shEgr2 cells. ChIP analysis demonstrated that the Egr2 knockdown resulted not only in
the expected loss of Egr2 occupancy at the miR-17-92 CpG but also led to a significant increase
of H3K4 methylation compared to the parental PUER cells (Figure 13D, E). To further test
a possible involvement of histone (de)acetylation upon macrophage differentiation, we treated
the PUER cells undergoing macrophage differentiation by HDAC inhibitor Trichostatin (TSA,
30nM) in four time points (0, 24, 48 and 72 hrs) following the induction of differentiation by
Tamoxifen. The treatment of PUER cells with TSA did not affect the expression of miR-17-92
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Figure 13. Egr2 binds the miR-17-92 promoter and recruits Jarid1b to demethylate H3K4me3.
(A) Vista plot (http://genome.lbl.gov/vista/) and scheme of putative promoter region of
miR-17-92 cluster. Vertical arrows indicate positions of primers utilized for amplification of DNA
fragments of miR-17-92 upstream region used in reporter assays; horizontal arrows indicate ChIP
qPCR amplicons. Color boxes represent binding and consensus sites of Egr2, Jarid1a, and Jarid1b.
(B-I) ChIP analysis of miR-17-92 promoter region. PUER cells (B-E) or shEgr2 PUER cells. (D-I)
were differentiated by 2.5µM Tamoxifen for 96 hours and chromatin was precipitated with indicated
antibodies. Y-axis represents occupancy of Tamoxifen treated relative to Tamoxifen untreated cells.
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H3K4me3 values were further equalized to Histone H3. X-axis represents the position of ChIP
amplicons relative to start of miR-17-5p. Mean ±SD (n=3).

cluster indicating together with ChIP data that H3K9 acetylation, unlike H3K4 methylation, is
not involved in repression of miR -17-92 cluster.
Collectively, these experiments demonstrate that Egr2 directly associates with the CpG
island upstream of the miR-17-92 gene and mediates histone H3K4 demethylation of this
region.

4.2.5. Jardi1b demethylase is recruited by Egr2 onto miR-17-92
cluster
Demethylation of histones H3K4 at gene promoters is an active process
of transcriptional repression and may represent a mechanism by which Egr2 regulates the miR17-92 cluster. However, as Egr2 does not possess any demethylation activity, we asked whether
it recruits a demethylase(s) in order to repress miR-17-92 locus. The Jumonji C domaincontaining proteins of Jarid1a-c family are capable of efficient and specific H3K4
demethylation in vivo (Secombe and Eisenman, 2007). Genome wide expression analysis
identified that two Jarid1 demethylases, Jarid1a (Rbp2, Kdm5a) and Jarid1b (Plu1, Kdm5b) are
upregulated at transcript levels during early macrophage differentiation of the PUER cells
(Figure 14). Interestingly, the CpG island of miR-17-92 contains multiple Jarid1a (GGGCGG)
and Jarid1b (GCACA/C) consensus sequences (Lopez-Bigas et al., 2008; Scibetta et al., 2007)
(see schematic in Figure 13A). ChIP analysis revealed specific occupancy of both Jarid1a and
Jarid1b to the miR-17-92 promoter region upon Tamoxifen-induced differentiation of PUER
cells. Jarid1b occupancy (~15 fold compared to untreated controls) was detected at the -3.1 to 2.2 kb region, culminating at -2.7 kb position of the CpG island (Figure 13F), matching thus
the positional occupancy patterns of Egr2 and of decreased H3K4 methylation, while
Jarid1a occupancy exhibited a more diffuse profile (Figure 13G).
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To test if Egr2 is required for the recruitment of Jarid1a and Jarid1b to the miR-17-92
promoter we determined their occupancy in the Tamoxifen-induced shEgr2 cells. Knock down
of Egr2 correlated with significant (~ 6 fold) depletion of Jarid1b (but not Jarid1a, see Figure 13
H,I) as well as with an increase in H3K4 trimethylation state of miR-17-92 CpG island (-3.1 to2.2 kb)(Figure 13E). These data demonstrated Jarid1b recruitment to the miR-17-92 promoter
region that depends on Egr2 recruitment within the same region and leads to subsequent
H3K4me3 demethylation.

-2.0

0.0
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0 12 24 48 96 Hrs

Figure 14. Expression of selected factors with involvement in histone modification stimulated by
PU.1. PUER cells were stimulated by 2.5µM Tamoxifen for indicated time and mRNA expression was
evaluated by gene expression array.
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4.2.6. Egr2 and Jarid1b target the narrowed down region of
miR-17-92 CpG island
To functionally delineate the region of miR-17-92 promoter targeted by Egr2-Jarid1b,
various deletion fragments from -3.3 to 0 kb relative to the start of pre-miR-17-5p sequence
were subcloned into the promoterless Luciferase pGL3 vector (see Figure 13A, 15A and B).
Equimolar ratios of the miR-17-92 pGL3 vectors were transfected into PUER cells and
the luciferase activity was determined upon 96 hours of Tamoxifen stimulation. The constructs
that contained extending miR-17-92 promoter regions: (-0.6 to 0), (-1.2 to 0) and (-2.0 to 0) kb
stimulated luciferase activity and reached a maximum of 200 fold for the pGL3(-2.0; 0)
construct as compared to empty vector (Figure 15B). Notably, upon further prolongation
of the construct pGL3(-2.0; 0) by 0.7 kb and 1.3 kb of the distal portions of the CpG island,
creating pGL3(-2.7; 0) and pGL3(-3.3; -0) constructs, we observed a significant repression
of reporter activity (~6 fold). This finding strongly suggests that the region within
the -2.7 to -2.0 kb of miR-17-92 gene conveys the repressive effects.
To further test this observation, we cloned major portion of the miR-17-92 CpG island
into the pGL3 vector creating pGL3(-3.3; -1.9) construct. Upon transfection into PUER cells,
this construct failed to activate the luciferase activity compare to empty vector. Strikingly,
a deletion of the newly identified repressive region (-2.7 to -2.0) creating pGL3(-3.3, -2.7)
construct led to a dramatic increase (~120 fold) in the luciferase activity (Figure 15B). These
observations demonstrate that the repressive activity associated with macrophage differentiation
is located at the interval (-2.7 to -2.0) while the (-3.3 to -2.7) kb region conveys the stimulatory
activity. We noted that the repressive region harbors several conserved Egr2 binding sites and
multiple Jarid1a and Jarid1b consensus sequences, often mutually overlapping. Furthermore,
this region is occupied by Egr2 and Jarid1 and exhibits H3K4 demethylation (Figure 13).
However, due to a very high CG content (80- 90%) of the CpG island in the close proximity
of Egr2 binding sites, we have not succeeded to discern the individual Egr2 motifs in order
to generate their individual mutants by PCR based mutagenesis.
To further validate whether the (-2.7 to -2.0) region is a target region for Egr2-mediated
repression, the PUER cells were transfected with these reporters: pGL3(-3.3; 0) containing
the repressive (-2.7 to -2.0) and two activation (-3.3 to -2.7), (-2.0 to 0) regions, pGL3(-3.3; 1.9) containing repressive (-2.7 to -2.0) and activation (-3.3 to -2.7) regions, and finally
pGL3(-3.3; -2.7) lacking repressive region and containing a single activation region (see
schematic at Figure 15A,C). The experiment was done in the presence of siRNA inhibiting Egr2
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Figure 15. Egr2 and Jarid1b regulate miR-17-92 promoter. (A) Schematic representation
of the miR-17-92 upstream region. Vertical arrows indicate positions of primers utilized
for amplification of DNA fragments of miR-17-92 upstream region used in reporter assays; horizontal
arrows indicate ChIP qPCR amplicons. (B) PUER cells were transfected with pGL3 constructs
(breakpoints are shown in parentheses in kb relative to the first nt of 17-5p pre-miR), and differentiated
by 2.5 µM Tamoxifen for 96 hours. (C,D) PUER cells were cotransfected with indicated pGL3
constructs and siRNA inhibiting Egr2 (C) or Jarid1b (D) and treated with 2.5µM Tamoxifen for 96
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hours. The Y-axis represents firefly luciferase activity of indicated reporter vectors, normalized
to Rennila luciferase and relative to the activity of empty vector (A) or to the activity of Ctrl
siRNA treated cells (B,C). CpG island is visualized by blue color the repressive region by grey colour.
Mean ±SD (n=3).

(or control siRNA) and 2.5 µM Tamoxifen for 96 hours. Inhibition of the Egr2 levels (by ~75%)
caused an increase in the luciferase activity of the reporter constructs containing the
(-2.7 to -2.0) minimal repressive region: pGL3(-3.3 to 0) and pGL3(-3.3 to -1.9), while it did
not affect the activity of the construct (-3.3 to -2.7) which lacks the minimal repressive region
(Figure 15C) , demonstrating again that Egr2 is required for repression of mirR-17-92 through
the minimal repressive region (-2.7 to -2.0).
To determine if Jarid1 demethylases are required for the repression of the miR-17-92
cluster, the PUER cells were cotransfected with pGL3(-3.3; 0), pGL3(-3.3; -1.9), and
pGL3(-3.3; -2.7) reporters described in the previous paragraph along with siRNA inhibiting
either Jarid1a or Jarid1b or the control siRNA. The cells were subsequently treated by 2.5 µM
Tamoxifen. The knockdown of Jarid1b (Figure 15D), but not that of Jarid1a (not shown), led
to an increase in luciferase activity of the constructs containing minimal repressive region while
it did not affect the activity of the construct which lacks the minimal repressive region. This
demonstrates the requirement of Jarid1b for the repression of the miR-17-92 cluster conveyed
through the (-2.7 to -2.0) region.
Collectively, the data presented above show that the repression of miR-17-92 is
mediated via the (-2.7,-2.0) region within the upstream CpG island and that this region is
directly regulated by Egr2 and Jarid1b which are both required for the repression of miR-17-92
during macrophage differentiation.
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4.2.7. Mutual regulation of Egr2 and miR-17-92
As microRNAs and their targets including transcription factors can create feedback
regulatory loops in physiological states such as development (Bracken et al., 2008; Martinez et
al., 2008), we asked if there exists a mutual regulation between miR-17-92 cluster and
the transcription factor Egr2. To identify gene targets of miR-17-92 cluster, we employed
a bioinformatic target prediction using TargetScan (www.Targetscan.org). Interestingly, among
the predicted targets was Egr2 itself which led us to postulate a double-negative feedback loop
between these two factors. Eight of 15 miRNAs of the miR-17-92 cluster and its paralogs are
predicted to target the Egr2 3´UTR in two separate binding sites (Figure 16A). MiR-17-5p,
-20a, -20b, -93, -106a and miR-106b are predicted to bind to the Egr2 3´UTR in the position
419-425bp, each displaying an 8-mer seed sequence (the maximum compatibility) while miR92a, -92b, -25 and miR-363 are predicted to bind to the 3’ UTR position 612-618bp and display
a 7-mer seed sequence. Both predicted binding sites in the Egr2 3’UTR are conserved among
mammals and surrounded by stretches of adenines additionally suggesting that they are indeed
functional miR target sequences (Grimson et al., 2007). Similar results were obtained by using
PicTar and MirBase databases.
To test whether Egr2 is posttranscriptionally inhibited by miR-17-92, a 900 bp fragments
of murine Egr2 3´UTR containing two wild type binding sites of miR-17-92 or their mutants
were subcloned into the pGL3-Promoter vector, downstream of the firefly luciferase gene
(Figure 16A). This created a wild type (pGL3-Egr2 3´UTRwt) and mutant (pGL3-Egr2
UTRmut) reporter vectors. These vectors were transfected into PUER cells and luciferase
activity was measured after 96 hours of Tamoxifen stimulation. Transfection of wild type
(pGL3-Egr2 3´UTRwt) reporter vector resulted in ~ 60% decrease of luciferase activity, due
to the inhibitory activity of endogenous miR-17-92, as compared to the mutant vector.
Furthermore, ectopic expression of miR-17-92 resulted in a further decrease of luciferase
activity. Conversely, cotransfection of miRNA inhibitors of either miR-17-5p or miR-17-5p and
miR-20a, but not of the scrambled control, abrogated the inhibitory effects of the miR-17-92
and resulted in partial rescue of the luciferase activity (Figure 16B). Similar results were
reproduced in HeLa cells (data not shown).
3T3 cells temporarily express Egr2 upon serum activation of serum-starved cells (Svaren
et al., 1996). To further validate that Egr2 is translationally repressed by miR-17-92, 3T3 cells
were transfected with the pCDNA(17-92) or empty vector and cultured 12 hrs in absence
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of serum followed by 1.5 hr serum stimulation. Western blot analysis demonstrates, that ectopic
expression of miR-17-92 significantly inhibited the levels of Egr2 protein (Figure 16C).
The data in this paragraph demonstrate that Egr2 mRNA is targeted by miR-17-92.
As Egr2 is also a repressor of the miR-17-92 expression, Egr2 and the miR-17-92 create doublenegative feedback loop that may be involved in macrophage differentiation characterized
by a bistable state (Martinez et al., 2008; Tsang et al., 2007), where Egr2 represses miR-17-92
cluster in differentiating cells and in turn, miR-17-92 cluster negatively regulates Egr2
in proliferating progenitor cells (Figure 16D).
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Figure 16. Egr2 is a target of the miR-17-92 cluster. (A) Schematic representation
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71

miR-17-5p and miR20a microRNA inhibitors or scrambled control (indicated bellow). The ratio
of normalized luciferase activity (at 48hrs) of wt versus mut pGL3-Egr2 3´UTR vector is shown. Mean
±SD (n=3). (C) 3T3 cells were transfected with the pCDNA(17-92) or empty vector and cultured 12 hrs
in absence of serum. The levels of Egr2 protein at 1.5 hr following the serum stimulation was evaluated
by Western blotting. (D) Model of mutual regulation of Egr2 and miR-17-92 upon macrophage
differentiation.
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4.2.8. The mechanism of miR-17-92 regulation is deregulated in AML
AML is characterized by a block of myeloid differentiation that involves monocytic
maturation. Previous reports have shown increased expression of miR-17-92 in patients with
myeloid malignancies including AML and preleukemia (myelodysplastic syndromes, MDS) (Li
et al., 2008; Pons et al., 2009). These observations prompted us to investigate a possible
contribution of the repressive mechanism imposed by Egr2 on the miR-17-92 locus
to the pathology of AML. We firstly determined the expression of the miR-17-92 by TaqMan
qRT-PCR in peripheral blood mononuclear cells from AML patients (N=27) (the clinical
data are shown in the Supplemental table 4), and from 6 healthy controls. Based on
the expression levels of three representative members of miR-17-92 cluster, miR-17-5p, 20a and
92, the patients were subdivided into two groups with either normal (NORM) or elevated
(HIGH) levels of miR-17-92. The group HIGH contained samples where at least two
of the three miRNAs tested were elevated more than 1.5 fold compared to the average value
of the control samples. 14 (52%) out of 27 AML patients overexpressed miR-17-5p, miR20a and miR-92 (P<0.001 compared to control and P<0.0001 compared to NORM group;
Figure 17A and Figure 18). A majority of AML patients with increased expression of miR-1792 cluster were undifferentiated AMLs: 6 of them were classified as M1 (42%) (Myeloblastic
leukemia without maturation) and 3 (21%) as M0 (AML with minimal myeloid differentiation)
according to FAB classification, indicating that miR-17-92 cluster may be involved in early
differentiation blockade during pathogenesis of AML. Increased levels of miR-17-92 were seen
in most AML samples associated with the downregulation of differentiation-associated mRNA:
CSF1R, CD14. (Figure 18 and not shown). Next, we evaluated expression of the pro-apoptotic
protein BIM (Bcl2 interacting mediator of cell death) and the tumor suppressor p21 (Cdkn1A),
both established targets of miR-17-92 (Fontana et al., 2008; Petrocca et al., 2008b; Ventura et
al., 2008; Xiao et al., 2008). The group with elevated levels of miR-17-92 expressed
significantly lower levels of the BIM (P<0.001) and p21 mRNAs (P<0.01) displaying negative
correlation (Spearman) between miR-17-92 and both BIM (r =-0,7216, P<0.0001) and p21 (r = 0,4481, P = 0,0191) expression, suggesting that BIM and p21 are targets of miR17-92 in AML
and their deregulation may be involved in pathogenesis of AML (Figure 17B).
In this study we have identified a mechanism of negative regulation of miR-17-92 cluster by
PU.1-mediated induction of Egr2 and we asked if this mechanism is deregulated in AML and
whether elevated levels of miR-17-92 in AML patient cells are associated with altered PU.1
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Figure 17. The miR-17-92 cluster is upregulated in a subset of AML patients.
Expression of miR-17-5p, 20a, 92, PU.1, EGR2 (A), BIM and p21 (B) was analyzed in 27 AML patients
PBMCs by qPCR.. Depending on the expression levels of miR-17-5p, 20a and 92a the patients were
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of healthy controls (CTRL)(N=6). Mean ±SEM values are shown. (C). AML patient cells were
nucleofected by 5µg of pEGR2 or empty vector (control) and 1µg pEGFP, sorted by FACS and analyzed
after 96h by qPCR. Values are normalized to RNU44 or GAPDH. Mean ±SEM (n=2). *P<0.05,
**P<0.01, *** P<0.001
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and Egr2 levels. Interestingly, the group of AML patients with elevated miR-17-92 levels had
significantly lower expression of PU.1 (P<0.01) and EGR2 (P<0.025, correlation of
miR-17-92/Egr2 expression r = -0.402, P = 0.018) compared to healthy controls (Figure 17A).
Conversely patients’ cells with elevated EGR2 expression had decreased levels of the miR17-92 cluster (Figure 17A and Figure 18), indicating that the overexpression of miR-17-92

CSF1R

P21/CIP

BIM

EGR2

PU.1

miR-92a

miR-20a

miR-17-5

can result from the lack of inhibition by repressive mechanism imposed by Egr2.

Figure 18. miR-17-92 cluster is upregulated in a subset of AML patients (Clinical data in
Supplementary table 4.). Expression of indicated miRNAs and mRNAs was determined by
qRT-PCR in 27 PBMC samples of AML patients and HL60 cell line (+/-TPA). Values are
normalized to RNU44 or GAPDH and are shown relative to average of healthy controls
(N=6).
To test whether Egr2 is indeed capable of inhibiting miR-17-92 cluster in AML,
the primary AML cells (characterized by elevated miR-17-92 and decreased Egr2 expression)
were transfected with the expression vector encoding Egr2. Significant downregulation
of miR-17-5p, miR-20a, miR-92 representing miR-17-92 cluster was achieved concurrently
with the upregulation of mRNA levels of validated miR-17-92 targets BIM and p21,
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originally found downregulated in these AML patients (Figure 17C). Ectopic Egr2 expression
in primary AML blasts also stimulated the expression of CSF1R and the myeloid surface
marker CD11B (Supplemental Figure 4).
In addition, to demonstrate that Egr2 could inhibit miR-17-92 and induce leukemic
cells along the myeloid lineage, we have used the human AML cell line HL60 (M2 according
FAB classification), that expresses high levels of miR-17-92 and low levels of Egr2 (Figure
18 at the bottom). Upon overexpression of Egr2 we observed a downregulation of pri-miR17-92 along with concomitant stimulation of p21, BIM and CD11B and other myeloid genes
(CSF1R, CSF3R), but not CD14 (Figure 19 A, B and E). The HL60 cells transfected by Egr2
displayed altered cellular morphology that is characteristic of a differentiating cell
characterized by increased cytoplasmic/nuclear ratio and vacuolyzed cytoplasm (Figure 19 C).
We also observed mild stimulation of apoptosis supporting possibility of suppression
of leukemic growth by Egr2 (Figure 19 D). These results indicates that reexpression of Egr2
in AML cell line HL60 may shifts the Egr2 / miR-17-92 mutual regulation from a leukemic
state to the differentiation.
Altogether, these data indicate that Egr2 repressive mechanism is deregulated in subset
of AML patients overexpressing miR-17-92 and that ectopic expression of Egr2 in AML
primary cells inhibits miR-17-92 leading to derepression of its targets. The PU.1-EGR2-miR17-92 pathway may thus serve as both normal differentiation route and as a checkpoint
for leukemogenesis.
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by Propidium Iodide (PI) / Hoechst contra staining. Percentage of necrotic (upper gate) and apoptotic
cells (middle gate) is indicated. (E) Expression of mRNAs evaluated by qPCR normalized to the levels
of GAPDH (next page). Mean ±SEM (n=2).
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4.3. The role of miR-155 in macrophage differentiation
4.3.1. miR-155 is induced by PU.1 during macrophage differentiation
In previous chapter we described unique mechanism of transcriptional regulation
of miR-17-92 cluster upon macrophage differentiation. Next, we focused our attention to
miR-155, another microRNA known to be involved in hematopoietic differentiation, especially
during B cell development (Dorsett et al., 2008; Teng et al., 2008) and in Chronic lymphocytic
leukemia (Calin et al., 2004). Interestingly, miR-155 was also reported to functions in myeloid
compartment, particularly upon induction of the inflammatory response (O'Connell et al., 2007).
To test whether the levels of miR-155 are influenced by PU.1 activity and whether it is
involved in macrophage differentiation, we tested the expression of miR-155 in undifferentiated
compared to the differentiated (2.5µM Tamoxifen, 96 hrs) PUER cells using the TaqMan
microRNA Array, as described in chapter 1 and Supplementary figure 1. The microRNA Array
indicated that miR-155 is mildly upregulated (~2 fold) at 96hrs by PU.1 activity in PUER cells.
To investigate the possible relationship of PU.1 and miR-155 in more details, the PUER cells
were stimulated by increasing concentrations of Tamoxifen and expression of miR-155 was
analyzed by TaqMan qRT-PCR assay. Increased concentration of PU.1 lead to the gradual
stimulation of miR-155 expression with maximum (~2.5 fold) at highest Tamoxifen level
(2.5µM), indicating indeed that expression of miR-155 is upregulated by PU.1 activity during
macrophage differentiation of the mouse myeloid progenitors (Figure 20).
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Figure 20. Expression of miR-155 is induced by PU.1. PUER cells were stimulated by
increasing concentrations of Tamoxifen (X-axis) for 96h and expression of miR-155 was evaluated by
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qRT-PCR. Values are normalized to levels Sno202 and also relative to untreated cell control (0µM Tax).
The bars represent the mean +/- standard deviation (SD) of three independent experiments.

Interestingly, miR-155 is upregulated in differentiating macrophages just in relatively small
extent (~2.5 fold), as compared to other microRNAs early confirmed to play role in macrophage
differentiation including miR-146 (FC = 4 919), miR-21 (FC = 12.9) and miR-29b (FC = 2.5) as
evaluated by microRNAexpression array.
To further delineate the phenomenon of miR-155 regulated by PU.1, we investigated
relationship of the temporal dynamics of miR-155 upregulation by PU.1 in relation
to the concentration of the PU.1 inducer. The PUER cells were stimulated with increasing
concentration of Tamoxifen for succeeding time points. Surprisingly, the highest stimulation
of miR-155 expression was observed by the shortest, 24h time point, while the expression
of miR-155 sharply declined upon prolonged time of Tamoxifen treatment of PUER cells
(Figure 21). These data are indeed suggesting that high expression of miR-155 is important in
early stages of macrophage differentiation of PUER cells.
Collectively, the data in this paragraph indicates that miR-155 is temorary activated
upon PU.1 induced macrophage differentiation as one of the very initial events.
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Figure 21. Expression of miR-155 is upregulated in early stages of macrophage
differentiation. PUER cells were stimulated by increasing concentrations of Tamoxifen (X-axis) for
0, 24, 48 and 96h and expression of miR-155 was evaluated by qRT-PCR. Values are normalized
to Sno202 and relative to untreated cell control (0µM Tax). The bars represent the mean +/- SD of three
independent experiments.

80

4.3.2. The miR-155 expression is regulated at chromatin level
As documented in the part describing miR-17-92, its expression was not affected by
histone deacethylase (HDAC) inhibitor, Trichostatin (TSA, chapter 4.2.4 and Supplementary
figure 6B). We therefore similarly asked whether miR-155 is regulated in undifferentiated
PUER cells by HDACs. To test a possible involvement of histone (de)acetylation in regulation
of miR-155 expression, we treated the PUER cells undergoing macrophage differentiation
(2.5µM Tamoxifen) by 30nM TSA in four time points (0, 24, 48 and 72 hrs) following
the differentiation induction. The cells were thus treated in total by TSA for 96, 72, 48 and 24
hrs. Unlike the miR-17-92 cluster, the miR-155 responded significantly to the treatment
of PUER cells by Trichostatin resulting in a sharp stimulation of miR-155 expression as
compared to the control cell samples (Figure 22). Furthermore, the miR-155 expression at
the longest time point of the TSA treatment (96 hrs) overcame more than twice the level
of miR-155 expression induced by PU.1 in differentiated PUER cells cultured without TSA.
These data indicate that miR-155 is regulated in differentiating macrophages by
mechanism involving the HDACs and that miR-155 expression is kept in undifferentiated
PUER cells in low levels by chromatin deacetylation mechanism.
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Figure 22. Expression of miR-155 is upregulated in early stages of macrophage
differentiation. PUER cells were stimulated by increasing concentrations of Tamoxifen (X-axis) for 0,
24, 48 and 96h and expression of miR-155 was evaluated by qRT-PCR. Values are normalized
to Sno202 and relative to untreated cell control (0µM Tax). The bars represent the mean +/- SD of three
independent experiments.

81

4.3.3. miR-155 is deregulated in human AML
In the previous paragraphs I showed that miR-155 expression is upregulated by
the transcription factor PU.1 during early myelomonocytic differentiation. During latter time
points of macrophage differentiation we observed subsequent downregulation of miR-155.
This pattern of the miR-155 expression indicate that the level of miR-155 have a role during
myeloid differentiation. Among the human diseases which are characterized by disorder
of myeloid differentiation is AML. Therefore, we tested miR-155 expression in peripheral blood
mononuclear cells of 18 AML patients (Figure 23). The 8 of 18 patients overexpressed
miR-155, indicating that miR-155 is deregulated in AML and possibly involved in pathogenesis
of AML.
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Figure 23. Expression of miR-155 in AML patients cells. Expression of miR-155 was analyzed
in 18 AML patients PBMCs by qPCR. Values are normalized to RNU44 and are relative to average
expression value of healthy controls (CTRL)(N=6). Mean ±SEM values are shown.
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Figure 24. Comparison of miR-155 and PU.1 expression in AML patients cells. Expression
of miR-155 and PU.1 was analyzed in 18 AML patients PBMCs by qPCR. Values are normalized
to RNU44 or GAPDH and are relative to average expression value of healthy controls (CTRL)(N=6).

4.3.4. PU.1 and of miR-155 form ´negative feedback loop´
According to the bioformatic predictions PU.1 is targeted and inhibited by miR-155.
Recently, PU.1 was experimentally validated as the target of miR-155 (Vigorito et al., 2007).
We herein provided evidence, that PU.1 may transcriptionally stimulate miR-155 expression.
This indicates, that PU.1 and miR-155 may mutually regulate each other and that PU.1 and
miR-155 create negative feedback loop in differentiating PUER progenitors.
To elucidate whether the mutual regulatory mechanism of miR-155 and PU.1 cab be
observed in AML, we compared expression levels of miR-155 and PU.1 in the cohort of our
AML patient blast cells. As shown at Figure 24, the expression levels of miR-155 and PU.1
inversely correlated (r= -0.36 Spearman correlation), indicating that in AML, the mutual
relation of these two regulators is shifted to the side of repression of PU.1 by elevated miR-155.
PU.1 represent pleiotropic transcription factor involved in development of multiple
hematological lineages. However, there is increasing body of evidence that
for the differentiation outcome of HSC there are important distinct levels of PU.1 concentration
in differentiating hematopoetic cells. Particularly B and T cells are characterized by low levels
of PU.1 expression, granulocytes by intermediate and macrophages by high expression of PU.1
(Supplementary figure 6 and (Dahl et al., 2003; DeKoter and Singh, 2000)). Induction
of expression of miR-155 by PU.1 in early macrophage development can thus serve as a feed
back mechanism of controlling of fine tuned expression levels of PU.1 required for proceeding
of macrophage differentiation.
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5. Discussion
In my PhD thesis I present evidence of the role and regulation of microRNAs during
differentiation of mouse myeloid progenitors initiated by transcription factor PU.1. The work
provides additionally several lines of evidence of the possible involvement of newly described
mechanisms in human leukemia. Firstly, we established a suitable model of macrophage
differentiation and characterized it at the level of both mRNA and microRNA expression. Next,
two microRNAs (miR-17-92 cluster and miR-155), marked by significant change in expression
upon macrophage differentiation of PUER cells, were chosen for further study. Then
the mechanisms of regulation of their expression and mutual regulation with transcription
factors and their possible function upon myeloid differentiation were studied. Finally,
the discovered mechanism was tested in leukemia patients and possible model of regulation and
function of particular miRNAs under physiological or leukemic condition was postulated.
The discussion section consist of two parts: first, discussing role of miR-17-92 cluster and
second discussing role of miR-155 in biology of monocyte macrophages and their progenitors.

5.1. miR-17-92 cluster and its role in macrophage differentiation
Model of regulation
In the present study we describe a molecular mechanism underlying transcriptional
silencing of miR-17-92 cluster during PU.1 dependent differentiation of myeloid progenitors.
The following model (Figure 25A) is proposed: during macrophage differentiation PU.1
stimulates expression of secondary determinant Egr2. Subsequently Egr2 binds to the CpG
island upstream of miR-17-92 cluster and recruits Histone 3 Lysine 4 (H3K4) demethylase
Jarid1b to demethylate H3K4Me3 at a discrete segment of the CpG island leading
to a chromatine state that is not permissive for miR-17-92 transcription. This results in
the repression of miR-17-92 expression and a release of miR-17-92 targets (including p21,
BIM, AML1) from a post-transcriptional blockade that enables them to facilitate macrophage
differentiation.
Downregulation of miR-17-92 cluster by differentiating progenitors
Several lines of evidence document that miR-17-92 is highly expressed in proliferating
cells, stem cells or self renewing tissues (Marson et al., 2008; Ventura et al., 2008; Xiao et al.,
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2008). Here we show that miR-17-92 cluster is downregulated in myeloid progenitors
undergoing macrophage differentiation initiated by PU.1. The downregulation step appears
important as the ectopic expression of miR-17-92 prevents macrophage differentiation (Figure
10 and 11). This is consistent with previously published data demonstrating that
downregulation of miR-17-5p, -20a and -106a is required for monocyte differentiation of cord
blood hematopoietic progenitors (Fontana et al., 2007). Furthermore, we observed in our
model a downregulation of all members of miR-17-92 cluster including miR-18a, miR19a and miR-92 but not miR-106a. The miR-17-92 downregulation was also observed upon
phorbol myristate (PMA,TPA) induced differentiation of promyelocytic leukemia HL60 cell
line (Kasashima et al., 2004), and also during lymphoid development (Ventura et al., 2008;
Xiao et al., 2008). Our data and above mentioned reports indicate, that in haematopoetic and
possibly in other cell type differentiation the downregulation of miR-17-92 cluster represent
important step.
H3K4 demethylation and its role during regulation of miR-17-92
It is well documented that Histone3 lysine4 trimethylation (H3K4) facilitates RNAII
polymerase recruitment and transcription initiation while H3K4 demethylation leads
to a transcriptional silencing (Bernstein et al., 2002; Bernstein et al., 2005; Sims et al., 2007).
Recently four H3K4 demethyleses were described. The Jarid1a-c family are able to recognize
and bind by its domain called plant homeodomein (PHD) finger several varied H3K4 methyl
states and catalyze H3K4 demethylation (Secombe and Eisenman, 2007). I herein provide
evidence that during differentiation of myeloid progenitors along the macrophage cell fate,
transcription factor Egr2 cooperates with demethylase Jarid1b to demethylate H3K4 at
upstream regulatory region of miR-17-92 cluster, leading to miR-17-92 repression. This
repressive mechanism depends on recruitment of both Egr2 and Jarid1b H3K4 demethylase at
miR-17-92 promoter. The Jarid1b occupancy at miR-17-92 cluster was previously detected in
mouse embryonic stem cells (ESC), without any functional consequences (Dey et al., 2008).
The potential role of Jarid1 demethylases in hematopoiesis and leukemogenesis was further
documented by identification of a fusion gene containing H3K4Me3 binding PHD domain
of Jarid1a and Nucleoporin 98 (NUP98) in human AML (Reader et al., 2007; van Zutven et
al., 2006). These data are supported by genetic mouse model, in which the abovementioned
fusion protein was capable to arrest hematopoietic differentiation and induced AML (Wang et
al., 2009).
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Jarid1 demethylases bind preferentially specific CG rich sequences within the DNA (LopezBigas et al., 2008; Scibetta et al., 2007) and they specifically recognize histone H3K4
trimethyl residue by a PHD-binding finger (Wang et al., 2009), thus one possible model
of their function is that Jarid1 directly bind and demethylate regions enriched by its consensus
sequences near methylated H3K4. However, as we did not observe chromatin occupancy
of Jarid1b at miR-17-92 cluster promoter in absence of Egr2 (Figure 13), we propose that
Jarid1b is targeted to the miR-17-92 promoter and possibly other genes via additional factors
such as Egr2 and affinity of Jarid1b to its consensus sequence and to H3K4me3 have an
additive role.
Interestingly, we did not detect change in H3K9 acetylation of miR-17-92 promoter
region, another mark of transcriptionally active chromatin upon repression of miR-17-92 and
in agreement wit that we did not detect any impact of HDAC inhibition on expression levels
of miR-17-92 cluster. Concomitant presence of both, mark of transcriptionally active open
chromatin (H3K4Acethylation) and mark of inactive chromatin (H3K4 demethylation) at
the same time indicates possible reversibility of the repression of miR-17-92 upon
macrophage differentiation.
Transcriptional start site of miR-17-92
H3K4 demethylation within the miR-17-92 promoter region occurs near -2.7 kb.
The murine -2.7 kb region is fully complementary to human sequence that contains a putative
transcriptional start site of pri-miR-17-92 (Woods et al., 2007). Our hypothesis expects that
the murine pri-miR-17-92 transcriptional start site (TSS) is located at -2.7 kb region, where
H3K4 methylation change occurs (Supplemental Figure 5). This is consistent with genome
wide studies showing enrichment of H3K4 trimethylation in close proximity (~1 kb) to TSS
of transcriptionally active genes (Barski et al., 2007; Bernstein et al., 2005) and by recent
strategies identifying microRNA promoter regions according to H3K4 methylation status
(Marson et al., 2008).
DNA metylation and miR-17-92 regulation
As CpG islands are predominantly sites of DNA methylation, the presence of a long
(~2kb) CpG island near miR-17-92 cluster upstream region predicts its possible regulation by
DNA methylation, another mechanism of gene silencing. The presence of epigenetic events
other than H3K4 demethylation is suggested further by existence of functional interlink
between the loss of H3K4Me3 and DNA methylation of CpG islands (Ooi et al., 2007).
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According to our data, the repression of miR-17-92 occurs concurrently with the Egr2
recruitment and also relatively rapidly (as early as within 48 hrs). For these reasons we
favor the option that DNA methylation may not be involved in repression.of miR-17-92
cluster however it remains to be addressed in the future.
Egr2 and cofactors Nab2, Ddx20
We show that Egr2 is recruited to its binding sites in miR-17-92 regulatory region
downstream -2.8 and upstream -1.8kb relative to start of miR17-5p sequence (Figure 13).
Given the fact that we localized the putative TSS of pri-miR-17-92 to position -2.7 kb, Egr2
rather occupies an intronic region. This is consistent with recent findings that significant
proportion of transcription factors associate preferentially within first intron of target genes
(Yu et al., 2009).
In contrast to Egr2, closely related factor Egr1 is expressed in undifferentiated PUER
cell and is strongly downregulated upon PUER cell differentiation (Supplementary figure 3).
This evidence suggests that Egr1 in a context of PU.1 dependent myeloid differentiation does
not substitute for Egr2 in repressing miR-17-92. We however, can not exclude that in other
cellular context Egr1 can inhibit miR-17-92 transcription.
Egr2 is generally known as gene activator, however it can also serve as gene
repressor when it interacts with two independent corepressors Nab2 (Svaren et al., 1996) and
dead box protein Ddx20/DP103 (Gillian and Svaren, 2004). We provide in this study novel
evidence that Egr2 mediated repression requires another factor, Jarid1b demethylase. We can
speculate whether Nab1/2 and Ddx20/DP103 corepressors are involved in Egr2/Jarid1b
mediated repression of miR-17-92 cluster. To determine if Nab2 is required for the repression
of miR-17-92 we used a PUER cell line variant that stably expresses short hairpin inhibitory
RNA capable of blocking Nab2 expression (shNab2 PUER) (Laslo et al., 2006). Surprisingly,
upon macrophage differentiation of shNab2 cells, the expression of miR-17-92 was repressed
to comparable levels as in control cells (Supplemetary figure 6A). Furthermore, as Nab2 is
often associated with the NUrD repressive complex (Srinivasan et al., 2006) which is
sensitive to histone deacetylase inhibitor Trichostatin (TSA), we treated PUER cells with
Trichostatin and failed to observe any dysregulation in the expression of miR-17-92 upon
PUER cell differentiation (Supplemental Figure 6 B). These observations demonstrate that
while Egr2 clearly represses miR-17-92, it does so in a Nab2-independent manner. We have
not tested the possible role second known corepressor Ddx20 and this pathway needs further
clarification in the macrophage differentiation.
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Paralogous clusters and their overlapping roles in function of miR-17-92
MiR-17-92 and its paralogs, the miR-106a-363 and miR-106b-25 clusters, encode
microRNAs with identical or similar sequences that can target common mRNAs. Knockout
studies of all these three clusters and their intercrosses provide evidence for the partial
functional redundancy of the miR-17-92 cluster and its paralogs (Ventura et al., 2008). In this
context, it was reasonable to elucidate not just expression levels of miR-17-92 cluster, but
also expression of its two paralogs, in order to test whether the paralogous clusters may
functionally substitute for miR-17-92. Our experiments demonstrated that miR-106b-25
cluster was downregulated similarly but to a lesser extent as miR-17-92 cluster, while the near
undetectable trace expression of miR-106a-363 was not changed (Figure 10 A,B and D),
excluding the possible functional substitution of miR-17-92. Although we focused particularly
our study on the transcription regulation of the miR-17-92 cluster, our expression
data suggests that both miR-17-92 and miR-106b-25 clusters share common yet varying
features of regulation (distinct from the miR-106a-363 cluster) (Figure 12 C and D). This is
supported by high homology of the promoter regions of these clusters and by earlier
observation, showing that the miR-17-92 and miR-106b-25 clusters display similar expression
patterns (Ventura et al., 2008; Xiao et al., 2008).
Role of several oncogenic factors in regulation of miR-17-92
Recently, several transcription factors such as Myc and Mycn oncogene, E2f1-3, p53
and Aml1 were postulated to transcriptionally regulate miR-17-92 cluster (Fontana et al.,
2008; Fontana et al., 2007; O'Donnell et al., 2005; Sylvestre et al., 2007; Yan et al., 2009).
Based on the expression pattern of these facors and the data from reporter assays, it is likely
that the repression of miR-17-92 cluster in differentiating PUER cells is mediated by active
Egr2 repression rather then by decreased activation by Myc, Mycn, E2f1-3 or increased
repression by p53 or Aml1.
Mutual regulation of Egr2 and miR-17-92 cluster
This thesis ads new knowledge to mutual regulation of transcription factors and
microRNAs. We show that transcription factor Egr2 and miR-17-92 cluster inhibit each other
and thus create double-negative feedback loop. Together with the transcription factor PU.1
that regulates expression of Eg2, miR-17-92 forms composite regulation circuit that may be
involved in macrophage differentiation (Figure 16 D). The double-negative feedback loop is
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the type of regulation characteristic for so called bistable states, of which is macrophage
differentiation an example (Martinez et al., 2008; Tsang et al., 2007). Such type of relation
of two factors yields the mutually exclusive, bistable expression (Johnston et al., 2005)
of the transcription factor (Egr2) or microRNA (miR-17-92), and, hence their downstream
targets. In the case of myeloid differentiation such regulation likely ensures that the cells are
exclusively in terminally differentiated or undifferentiated state depending on input signal.
Role of miR-17-92 cluster in AML
Altered expression of microRNAs including miR-17-92 is often associated with
leukemogenesis including AML and Myelodysplasia (Li et al., 2008; Pons et al., 2009). Acute
myeloid leukemia is clonal disorder of the bone marrow where myeloid differentiation is
blocked in different stages of myeloid development. We show that the miR-17-92 cluster is
downregulated during macrophage differentiation while ectopic expression of miR-17-92
blocks this differentiation, indicating that in leukemogenesis overexpression of miR-17-92
may contribute to leukemic blockade of hematopoietic differentiation. We report here that
miR-17-92 cluster is overexpressed in fraction of AML patients. These AML patients
displayed a simultaneous downregulated expression of miR-17-92 transcriptional repressors:
PU.1 and Egr2. This indicates that PU.1-EGR2-miR-17-92 pathway that is under physiologic
conditions important for macrophage differentiation may become dysregulated in the AML
patients and thus the overexpression of miR-17-92 could be potentially caused by
the ineffective inhibitory mechanisms imposed by EGR2. This notion is supported by
data documenting that ectopic expression of EGR2 lowers miR-17-92 levels in AML blast
cells and in HL60 AML cell line. This is supported further by our unpublished observation,
that hematopoietic progenitors derived from mouse with genetically downregulated PU.1
(Rosenbauer et al., 2004),which develops AML, express increased levels of miR-17-92.
Based on our herein presented data validating Egr2 as a direct target of miR-17-92 we
hypothesize that miR-17-92-overexpressing AML blasts are blocked from differentiation by
oncogenic mechanisms among them elimination of remaining levels of EGR2 represents
a likely candidate.
In AML patients characterized by elevated miR-17-92 levels the following regulatory
states are considered (Figure 25B). Firstly, low levels of PU.1 are not sufficient to activate
EGR2. Low levels of EGR2 can not repress miR-17-92 cluster by JARID1b-mediated H3K4
demethylation. Elevated miR-17-92 cluster in turn reduces remaining EGR2 levels. Secondly,
mechanisms leading to upregulation of miR-17-92 may also involve other upstream factors
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(such as MYC or MYCN) or miR-17-92 cluster gene amplification, or various combinations
of the abovementioned mechanisms. Elevated levels of miR-17-92 downregulate EGR2 and
prevent repression of miR-17-92. In both regulatory states elevated levels of miR-17-92
cluster in AML may stimulate cell proliferation and survival capacity by a posttranscriptional
blockade of the key factors required for myeloid differentiation, apoptosis, and cell cycle
arrest.
This study characterizes a novel macrophage differentiation-associated gene circuitry
comprising of the transcription factors PU.1 and Egr2 and the miR-17-92 microRNA cluster.
This pathway is required for normal macrophage differentiation and is deregulated in AML.
As such, the mutual regulation between transcription factors and microRNAs regulate
the bistable state between progenitor maintenance and myeloid development, where
repression of inhibitory miRNA by histone demethylation of its promoter is associated with
macrophage differentiation. Manipulation of this described pathway may thus serve as
molecular target of differentiation therapy of human leukemias.
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Figure 25. Model of regulation of miR-17-92 cluster. (A) Upon macrophage differentiation
PU.1 stimulates expression of transcription factor Egr2, which in turn recruits demethylase Jarid1b
to demethylate H3K4 of miR-17-92 cluster promoter, leading to downregulation of miR-17-92
expression, thus releasing a transcriptional block of its targets that include important differentiation
factors and cell cycle inhibitors resulting in macrophage differentiation. (B) In proliferating
progenitor cells or in AML, low levels of PU.1 are not capable of stimulating Egr2. Low levels
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of Egr2 are not able to repress expression of miR-17-92 cluster. Elevated levels of miR-17-92
stimulate proliferation and survival of the cells and silence factors required for myeloid differentiation
or cell cycle arrest and apoptosis.

5.2. miR-155 in macrophage differentiation
The miR-155 is mainly involved in B cell development (Dorsett et al., 2008; Teng et
al., 2008) and in lymphocyte mediated immune response (Thai et al., 2007). In myeloid
compartment, miR-155 was reported to be upregulated in macrophages and GM-CSF derived
dendritic cells upon inflammatory stimuli (O'Connell et al., 2007), by a wide range of Toll
like receptor ligands and proinflammatory cytokines. I our study we investigated
the expression of miR-155 upon PU.1 stimulated macrophage differentiation and surprisingly
found that PU.1 activity induces miR-155 expression. The expression of miR155 was highest
at the early stages (24 hrs) of macrophage development and sharply declined upon prolonged
time, indicating that temporal upregulation could not be caused by possible inflammatory
stimuli upon treatment of the cells. The levels of miR-155 persisted and were after 4 days
of differentiation still 2.5 fold upregulated compared to the control cells. This correspondent
to the finding showing that miR-155 is long lived microRNA and (O'Connell et al., 2007).
Our expression data were confirmed by recent publication of Ghani at al. that
identified transient PU.1 occupancy at 15 kb upstream of the BIC (miR-155) gene using
the same PUER cell line model. The authors found that maximal PU.1 occupancy was
reached at 1 hour following the Tamoxifen induction, but declined steadily thereafter (Ghani
et al., 2011).
The dynamics of miR155 expression indicates that it plays role in early stages
of macrophage differentiation. In line with that, we found that miR-155 is upregulated in
significant fraction of our cohort of 27 AML patient that are characterized by block
of differentiation and presence of unmatured myeloid progenitors. Overexpression of miR155 in AML was reported earlier (O'Connell et al., 2008).
The experiment with HDAC inhibitor Trichostatin (Figure 22) showed that the BIC
gene encoding miR-155 is regulated in differentiating macrophages at chromatin level by
mechanism of histone (de)acethylation. Thus miR-155 is kept in low levels in undifferentiated
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PUER cells by mechanism including chromatin deacethylation by HDACs and following
the addition of HDAC inhibitor Trichostatin this mechanism is revealed. As it is well
established that histone acethylation is associated with the activation of promoters of protein
coding genes (Kouzarides, 2007), our data support the possibility, that the microRNA genes
are regulated at the chromatin level same way as protein coding genes.
In addition, in lymphoid context, miR-155 is transcriptionally activated by c-MYB
oncogene in CLL leukemia cells (Vargova et al 2011). We hypothesized that miR-155 can be
transactivated by c-MYB oncogene also in PUER progenitors. The expression analysis
of c-MYB mRNA showed, that c-MYB levels are strongly (~30 fold) downregulated during
macrophage differentiation of PUER cells. These data indicating that while miR-155 is
activated in B CLL by c-MYB oncogene, the miR-155 expression is induced in differentiating
myeloid progenitors by other mechanisms, probably directly by PU.1 itself.
The finely tuned levels of the transcription factor PU.1 are very important
for differentiation outcome of HSC (Dahl et al., 2003; DeKoter and Singh, 2000) and
Supplementary figure 7). Furthermore downregulation of PU.1 below certain levels (20%) can
induce leukemia in mouse model (Rosenbauer et al., 2004). Interestingly, we found negative
correlation between miR-155 and PU.1 in acute myeloid leukemia, where PU.1 is
downregulated and miR-155 simultaneously upregulated. This would suggest that AML in these
patients can originate from low levels of PU.1, downregulated as a consequence of its
repression caused by miR-155, overexpressed in these patients. Furthermore PU.1 and miR-155
are involved in negative feedback loop. It is known, that such regulatory mechanism is involved
in oscillatory systems, characterized by possible fluctuation of the involved molecules.
The upregulation of miR-155 can thus represent homeostatic mechanism of controlling precise
expression levels of PU.1 during the onset of macrophage differentiation that if lost can result in
development of leukemia.
.
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6. Conclusions:
During macrophage differentiation the transcription factor PU.1 regulates expression
of two oncogenic microRNAs, the miR-17-92 cluster and miR-155. The miR-17 -92
clusters is inhibited while miR-155 is stimulated by the PU.1 activity.
Repression of miR-17-92 cluster is mediated by an epigenetic mechanism where
the transcription factor PU.1 induces the secondary transcription factor EGR2 that
recruits histone demethylase Jarid1b to the miR-17-92 promoter region in order
to influence chromatin structure by demethylating H3K4me3 residues.
Egr2 was identified as a target of miR-17-92 cluster, thus miR-17-92 and Egr2 create
double negative regulatory circuit, involved in macrophage differentiation, controlling
homeostatic levels of both regulators.
Both miR-17-92 cluster and miR-155 are deregulated in acute myeloid leukemia.
Mechanism of the regulation of miR-17-92 cluster by the PU.1/EGR2/Jarid1b pathway
was confirmed to be disrupted in AML patients.
Deregulation of PU.1/EGR2/miR-17-92 pathway represents novel candidate
mechanism of AML pathogenesis.
The PU.1/EGR2/miR-17-92 pathway represents potential molecular target
of differentiation therapy of AML.
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7. Summary
This PhD thesis adds novel knowledge to the mutual regulation of transcription factors
and microRNAs in the control of gene expression during myeloid differentiation. The
presented PhD thesis defines that the macrophage differentiation is guided by the regulatory
pathway consisting of transcription factors PU.1, EGR2 and Jarid1b histone demethylase that
represses the oncogenic miR-17-92 microRNA cluster. Upon differentiation of myeloid
progenitors towards macrophage lineage, transcription factor PU.1 activates a secondary
determinant – transcription factor EGR2. Further EGR2 binds to miR-17-92 promoter and
recruits histone demethylase Jarid1b leading to histone demethylation of the miR-17-92
promoter, resulting in the repression of miR-17-92 cluster expression. The miR-17-92
downregulation appears to be very important, as sustained expression of miR-17-92 cluster
block macrophage differentiation.
Conversely the miR-17-92 cluster is able to inhibit posttranscriptionally EGR2,
indicating the existence of a double negative mutual regulation between miR-17-92 cluster
and EGR2, involved in macrophage differentiation, where EGR2 negatively regulates miR17-92 cluster in differentiating cells and, in turn, miR-17-92 cluster negatively regulates
EGR2 in highly proliferating progenitor cells.
As such presented data indicate that the regulation of gene expression at molecular
level appears to be more complex than solely based on transcription factors as suggested by
earlier paradigms and thus the transcription factors and microRNAs regulate each other and
together create complex regulatory networks involved in gene regulation.
Presented thesis also documents that in gene regulation upon differentiation,
the repression of gene expression is of the same importance as the activation. In the case
of macrophage differentiation, the repression of repressive microRNA cluster miR-17-92
leads to the activation of its target genes and enables to facilitate macrophage differentiation.
Finally this PhD thesis documents importance of microRNAs (miR-17-92 and miR155) and their deregulation in development of malignancies including acute myeloid
leukemia and defines the PU.1/EGR2/ miR-17-92 pathway as a potential molecular target
of the therapy.
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9. Supplementary data
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Supplementary figure 1. Expression of indicated mature miRNAs. PUER cells were
stimulated by increasing concentrations of Tamoxifen (X-axis) for 96h and expression of mature miRs
was evaluated by qRT-PCR. Values are normalized to Sno202 and equalized to untreated cell control
(0µM Tax). The bars represent the mean +/- SD of three independent experiments.
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Supplementary figure 2. (A) PUER cells were co-transfected with 2.5µg of empty pcDNA3
or pcDNA3(17-92) expression vector containing miR-17-92 coding sequence and 1µg pEGFP. GFP
positive cells were sorted (48 hrs) and expression of mature miRNAs was evaluated by qRT-PCR.
The bars represent the mean +/- SD of three independent experiments. (B) Western blot analysis
of 3T3 cells, transfected with 4µg pcDNA3(17-92) or control empty vector. Protein levels of PUER
transgene were analyzed by PU.1 antibody.
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Supplementary figure 3. Expression of Egr1, Egr3 and Egr4 mRNA in PUER cells
stimulated by 2.5µM Tax for 96 hours evaluated by gene expression array.
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Supplementary Figure 4. AML patient cells were nucleofected by 5µg of pEGR2 or empty
vector (control) and 1µg pEGFP, sorted by FACS and expression of myeloid differentiation markers
was analyzed after 96h by qPCR. Values are normalized to GAPDH and are relative to the control.
Mean ±SEM (n=2).
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Supplementary figure 5. Alignment of human, rhesus and mouse miR-17-92 sequences
containing putative TATA box and transcriptional start site (according to Woods at al., 2007).
The sequences were downloaded from UCSC Genome Browser (http://genome.ucsc.edu/) using
human Feb. 2009 (GRCh37/hg19), rhesus Jan. 2006 (MGSC Merged 1.0/rheMac2) and mouse Jul.
2007 (NCBI37/mm9) assembly. The mouse, human and rhesus sequences are fully complementary at 109bp and +41bp relative to the putative transcriptional start site (TSS), that is corresponding
the mouse region designated as -2.7kb (see Figure 13A).
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PUER shNab2
FC miR expression

2
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shNab2

1
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17-5p
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20a
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miRNA
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+96h +72h
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+48h
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-

Supplementary figure 6. (A) Expression of miRNAs of miR-17-92 cluster. PUER cells (WT)
and shNab2 cells were stimulated by 2.5µM Tamoxifen for 96h and expression of mature miRs was
evaluated by qRT-PCR. represent the mean and standard deviation of three independent experiments.
(B) HDAC inhibitor Trichostatin (TSA) does not abrogate repression of pri-miR-17-92 upon PUER
cell differentiation. PUER cells were stimulated by 2.5µM Tamoxifen for 96h. Cells were
subsequently treated with 30 nM TSA for indicated time. The values are normalized to Gapdh and
relative to control sample not treated by both Tax and TSA (first bar on the left). Compared
to a sample treated by 2.5µM Tamoxifen without TSA (last column on the right), addition of 10 nM
TSA within interval 0 – 72 hrs did not lead to a decrease of the repression of pri-miR-17-92. The bars
represent the mean and standard deviation of three independent experiments.
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2.5 µM

Mouse Progenitors
PU.1-/- PUER, Walsh 2002

0.5 µM

Attached, macrophage-like

1) attached macrophage-like
2) floating granulocyte-like

0.1µ
µM

Tamoxifen
Atypic aberant cells (3%)

Supplementary figure 7. Distinct levels of PU.1 induce macrophage or granulocyte
differentiation in PUER myeloid progenitors. PUER cells were stimulated by 2.5, 0.5 or 0.1µM
Tamoxifen for 96 hours. The high (2.5µM) Tamoxifen concentration stimulates macrophage
development. The cells exit cell cycle and adhere to surface and within 96 hours differentiate
to monocyte macrophages, characterised by expression of CD14 and F4/80 macrphage specific genes
(upper panel).
The intermediate (0.5µM) Tamoxifen concentration stimulates granulocytic development
characterized by expression of Gelatinase B (MMP9) and Myeloperoxidase (MPO) granulocyte
specific transcript.
The low (0.1µM) concentration of Tamoxifen induces generation of aberrant cells (lower panel).
The cytospined cells stained by Wright–Giemsa (right). Magnification 400x, representative fields are
shown.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

miRNA
snoRNA202
mmu-miR-19b
mmu-miR-223
snoRNA429
mmu-miR-17
mmu-miR-466d-3p
mmu-miR-16
mmu-miR-20a
mmu-miR-106a
mmu-miR-19a
mmu-miR-191
mmu-miR-24
mmu-miR-378
mmu-miR-709
mmu-miR-142-3p
mmu-miR-720
mmu-miR-805
mmu-miR-222
mmu-miR-30c
mmu-miR-484
mmu-miR-26a
mmu-miR-92a
mmu-miR-221
mmu-miR-690
mmu-miR-93
mmu-miR-296-5p
mmu-miR-30b
mmu-let-7i
mmu-miR-26b
mmu-let-7g
mmu-miR-139-5p
mmu-miR-699
mmu-miR-374
mmu-miR-29a
mmu-miR-15b*
mmu-miR-15b
mmu-let-7e
mmu-miR-148a
mmu-miR-186
mmu-miR-106b
mmu-miR-140
mmu-miR-532-5p
mmu-miR-138
mmu-miR-193b
mmu-miR-155
mmu-miR-340-5p
mmu-miR-652
mmu-miR-18a
rno-miR-20b-5p
mmu-miR-101b
mmu-miR-21
mmu-miR-195

Av Ct Av Delta Ct RE
21,93
0
1,0000
19,97
-1,97
3,9041
20,89
-1,04
2,0548
21,04
-0,84
1,7863
21,60
-0,33
1,2553
22,53
0,65
0,6390
22,81
0,87
0,5460
22,82
0,89
0,5404
22,94
1,01
0,4972
22,96
1,02
0,4918
22,96
1,03
0,4911
22,97
1,04
0,4870
22,93
1,05
0,4816
22,94
1,06
0,4800
23,63
1,70
0,3089
23,68
1,80
0,2876
23,73
1,85
0,2774
23,94
2,01
0,2488
23,95
2,02
0,2472
23,95
2,02
0,2469
24,61
2,68
0,1559
24,85
2,92
0,1324
24,95
3,01
0,1238
24,95
3,07
0,1189
25,22
3,29
0,1025
25,64
3,70
0,0768
25,73
3,80
0,0720
25,88
3,95
0,0647
25,88
3,95
0,0647
25,97
4,03
0,0610
25,98
4,04
0,0606
25,94
4,06
0,0600
26,01
4,13
0,0572
26,12
4,18
0,0550
26,30
4,42
0,0469
26,36
4,43
0,0464
26,85
4,92
0,0331
26,88
4,95
0,0324
26,89
4,96
0,0321
26,90
4,96
0,0321
26,93
5,00
0,0313
26,94
5,01
0,0310
26,96
5,03
0,0307
26,96
5,03
0,0307
26,97
5,04
0,0304
26,98
5,04
0,0303
26,99
5,06
0,0300
27,19
5,26
0,0262
27,14
5,26
0,0261
27,20
5,32
0,0251
27,78
5,84
0,0174
27,78
5,85
0,0174

miRNA
miRNA
miRNA
snoRNA202

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

mmu-miR-195
mmu-miR-425
mmu-miR-27a
mmu-miR-30e
mmu-miR-467a
mmu-let-7d
mmu-miR-301b
mmu-miR-301a
mmu-miR-467c
mmu-miR-331-3p
mmu-miR-298
mmu-miR-93*
mmu-miR-210
mmu-let-7c
mmu-miR-340-3p
mmu-miR-328
mmu-miR-192
mmu-let-7a
mmu-miR-29c
rno-miR-7a*
mmu-miR-28*
mmu-miR-30a
mmu-miR-467a*
mmu-miR-801
mmu-miR-339-3p
mmu-miR-365
mmu-miR-130b
mmu-miR-706
mmu-let-7f
mmu-miR-708
mmu-miR-135b
mmu-miR-30d
mmu-miR-30e*
mmu-miR-135a*
mmu-miR-34a
mmu-miR-24-2*
mmu-miR-744
mmu-miR-132
mmu-miR-126-3p
mmu-miR-574-3p
mmu-miR-7a*
mmu-miR-106b*
mmu-miR-103
mmu-miR-15a
mmu-miR-877*
mmu-miR-467b
rno-miR-532-5p
mmu-miR-27a*
rno-miR-352
mmu-miR-25

CT
CT
CTCtdelta
delta
CTCtRE
RE
Av
Av
Delta
RE
21,93

27,78
27,90
27,92
27,94
27,95
27,96
27,96
27,97
27,98
27,98
28,00
27,97
28,05
28,10
28,32
28,43
28,49
28,54
28,57
28,56
28,65
28,71
28,66
28,67
28,80
28,88
28,88
28,84
28,92
28,94
28,94
28,95
28,90
28,91
28,96
28,91
28,97
28,98
28,98
29,00
28,95
28,96
29,01
29,01
29,00
29,07
29,13
29,09
29,15
29,24

0

1,0000

5,85
5,97
5,99
6,01
6,02
6,03
6,03
6,04
6,04
6,05
6,07
6,10
6,11
6,17
6,38
6,49
6,56
6,61
6,64
6,69
6,77
6,78
6,78
6,79
6,87
6,94
6,95
6,96
6,99
7,01
7,01
7,01
7,02
7,03
7,03
7,03
7,04
7,05
7,05
7,07
7,07
7,08
7,08
7,08
7,12
7,14
7,20
7,21
7,27
7,31

0,0174
0,0160
0,0157
0,0155
0,0154
0,0154
0,0154
0,0152
0,0152
0,0151
0,0149
0,0146
0,0144
0,0139
0,0120
0,0111
0,0106
0,0103
0,0100
0,0097
0,0092
0,0091
0,0091
0,0090
0,0086
0,0081
0,0081
0,0080
0,0079
0,0078
0,0077
0,0077
0,0077
0,0077
0,0077
0,0076
0,0076
0,0076
0,0076
0,0075
0,0075
0,0074
0,0074
0,0074
0,0072
0,0071
0,0068
0,0068
0,0065
0,0063

Supplementary table 1. Expression of miRNAs in undifferentiated PUER cells analyzed by
TaqMan MicroRNA Low Density Array. Linear relative expression levels (RE) normalized
to Sno202 are shown in descending order. 100 most abundant miRNAs out of 570 tested
shown. miRNAs belonging to miR-17-92 (miR-17-5p, 18a, 19a,19b, 20a, 92a) and miR-106b25 (miR-106b, 25, 93) clusters are marked by green color. Abbreviations: Average Ct (Av
Ct), Delta delta Ct (ddCt), Relative expression (RE), Fold change (FC).
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

miRNA
mmu-miR-19a*
mmu-miR-199b*
mmu-miR-10b*
mmu-miR-676*
mmu-miR-345-3p
mmu-miR-208
mmu-miR-582-3p
mmu-miR-133a
mmu-miR-582-5p
mmu-miR-7a
rno-miR-196c
mmu-miR-203
mmu-miR-92a
mmu-miR-31
mmu-miR-190
mmu-miR-106b*
mmu-miR-805
mmu-miR-294
mmu-miR-139-5p
mmu-miR-193b
mmu-miR-18a
mmu-miR-467b*
mmu-miR-467a*
mmu-miR-20b
rno-miR-20b-5p
mmu-miR-18a*
mmu-miR-296-5p
mmu-miR-17
mmu-miR-7b
rno-miR-190b
mmu-miR-671-3p
mmu-miR-191*
rno-miR-743a
mmu-miR-20a
rno-miR-345-3p
mmu-miR-708
mmu-miR-298
mmu-miR-106a
rno-miR-29b-2*
mmu-miR-202-3p
mmu-miR-19a
mmu-miR-20a*
mmu-miR-130b*
rno-miR-463
mmu-miR-93
mmu-miR-592
mmu-miR-25
mmu-miR-93*
rno-miR-351
mmu-miR-126-5p

Av Ct
35,98
40,00
40,00
40,00
40,00
40,00
40,00
40,00
35,08
35,99
36,93
36,04
27,27
40,00
37,05
31,16
25,14
35,49
27,98
28,37
28,95
31,63
29,61
30,61
28,45
32,72
26,70
22,94
34,71
35,96
31,99
33,02
33,88
23,98
32,94
29,93
28,96
23,16
35,92
32,79
23,43
31,23
30,62
32,35
25,97
36,00
29,92
28,54
32,00
30,49

ddCT
5,44
5,30
5,09
5,12
5,04
5,02
4,90
4,72
4,33
4,27
4,16
4,13
4,08
3,83
3,71
3,28
3,23
3,09
2,96
2,87
2,76
2,73
2,42
2,42
2,39
2,33
2,32
2,29
2,22
2,20
2,15
2,12
2,12
2,11
2,10
1,94
1,91
1,89
1,87
1,83
1,80
1,79
1,73
1,71
1,71
1,70
1,64
1,64
1,55
1,53

RQ
0,023
0,025
0,029
0,029
0,03
0,031
0,033
0,038
0,05
0,052
0,056
0,057
0,059
0,07
0,076
0,103
0,107
0,118
0,129
0,137
0,148
0,151
0,186
0,187
0,191
0,199
0,2
0,204
0,214
0,218
0,225
0,23
0,23
0,231
0,233
0,26
0,266
0,271
0,274
0,281
0,288
0,289
0,302
0,305
0,306
0,308
0,322
0,322
0,341
0,348

FC
-42,48
-39,00
-33,48
-33,48
-32,33
-31,26
-29,30
-25,32
-19,00
-18,23
-16,86
-16,54
-15,95
-13,29
-12,16
-8,71
-8,35
-7,47
-6,75
-6,30
-5,76
-5,62
-4,38
-4,35
-4,24
-4,03
-4,00
-3,90
-3,67
-3,59
-3,44
-3,35
-3,35
-3,33
-3,29
-2,85
-2,76
-2,69
-2,65
-2,56
-2,47
-2,46
-2,31
-2,28
-2,27
-2,25
-2,11
-2,11
-1,93
-1,87

50
1
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

miRNA
Av
Ct
mmu-miR-126-5p
30,49
mmu-miR-19a*
35,98
mmu-miR-218
35,98
mmu-miR-466d-3p 22,88
mmu-miR-19b
20,42
mmu-miR-720
23,94
mmu-miR-425*
30,97
mmu-miR-24-1*
34,31
rno-miR-148b-5p
33,22
mmu-miR-297a*
29,29
mmu-miR-875-5p
33,65
mmu-miR-143
33,01
mmu-miR-186*
30,83
mmu-let-7i*
32,96
mmu-miR-466b-3-3p 28,17
mmu-miR-682
32,06
rno-miR-664
30,78
mmu-miR-26b*
31,30
mmu-miR-130b
28,98
mmu-miR-706
28,41
mmu-miR-130a
33,12
mmu-miR-378*
29,89
mmu-miR-223
20,63
mmu-miR-148a
26,95
mmu-miR-106b
26,94
mmu-miR-467c
27,97
mmu-miR-296-3p
30,93
mmu-miR-7a*
28,76
mmu-miR-191
22,68
mmu-miR-374
25,83
mmu-miR-135b
28,87
mmu-miR-150
32,95
mmu-miR-32
32,98
mmu-miR-15b*
26,09
mmu-miR-509-3p
32,87
mmu-miR-188-5p
31,60
mmu-miR-699
25,15
mmu-miR-690
24,18
mmu-miR-501-5p
32,38
mmu-miR-17*
31,35
mmu-miR-101b
26,90
mmu-miR-196b
32,90
mmu-miR-148b
31,35
mmu-miR-877
31,09
mmu-miR-877*
28,53
mmu-miR-674
28,64
mmu-miR-365
28,61
mmu-miR-297b-5p 31,69
mmu-miR-692
28,31
mmu-miR-132
28,64
mmu-miR-190b
31,78
mmu-miR-340-3p
27,96

ddCT
1,53
5,44
1,46
1,43
1,41
1,34
1,28
1,26
1,26
1,24
1,22
1,19
1,18
1,18
1,14
1,11
1,09
1,08
1,06
1,05
1,04
1,03
1,03
1,02
1,00
0,95
0,91
0,91
0,90
0,89
0,89
0,88
0,87
0,87
0,87
0,84
0,82
0,82
0,80
0,78
0,77
0,74
0,72
0,72
0,70
0,69
0,69
0,68
0,65
0,62
0,62
0,60

RQ
0,348
0,023
0,364
0,371
0,377
0,395
0,412
0,417
0,419
0,423
0,428
0,438
0,441
0,442
0,455
0,465
0,469
0,472
0,48
0,482
0,488
0,488
0,491
0,493
0,499
0,518
0,532
0,532
0,536
0,539
0,542
0,545
0,546
0,546
0,547
0,559
0,566
0,567
0,575
0,581
0,585
0,601
0,607
0,609
0,615
0,62
0,621
0,626
0,637
0,65
0,65
0,658

FC
-1,87
-42,48
-1,75
-1,70
-1,65
-1,53
-1,43
-1,40
-1,39
-1,36
-1,34
-1,28
-1,27
-1,26
-1,20
-1,15
-1,13
-1,12
-1,08
-1,07
-1,05
-1,05
-1,04
-1,03
-1,00
-0,93
-0,88
-0,88
-0,87
-0,86
-0,85
-0,83
-0,83
-0,83
-0,83
-0,79
-0,77
-0,76
-0,74
-0,72
-0,71
-0,66
-0,65
-0,64
-0,63
-0,61
-0,61
-0,60
-0,57
-0,54
-0,54
-0,52

Supplementary table 2. Expression of miRNAs in PUER cells stimulated by 2.5µM
Tamoxifen for 96h analyzed by TaqMan MicroRNA Low Density Array. Linear relative
(Tax+/Tax-) expression levels (RQ and FC) normalized to Sno202 are shown in ascending
order. PU.1 activation resulted in change of expression of 157 out of 570 microRNA tested
(91 upregulated and 66 downregulated (>9σ=FC1.1)), 100 most downregulated miRNAs
shown. miRNAs belonging to miR-17-92 cluster and miR-106b-25 cluster are marked by dark
green color. Light green indicates minority miRNAs (3´arm, see terminology at page 25)
encoded by miR-17-92 and miR-106b-25 clusters. Abbreviations: Average Ct (Av Ct),
Delta delta Ct (ddCt), Relative quantification (RQ), Fold change (FC).
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French-American-British (FAB) classification of AML
Type
M0
M1
M2
M3
M4
M5
M6
M7

Name
minimally differentiated acute myeloblastic leukemia
acute myeloblastic leukemia, without maturation
acute myeloblastic leukemia, with granulocytic maturation
promyelocytic, or acute promyelocytic leukemia (APL)
acute myelomonocytic leukemia
acute monoblastic leukemia or acute monocytic leukemia
acute erythroid leukemias, including erythroleukemia
acute megakaryoblastic leukemia

Cytogenetics

Percentage
5%
15%
t(8;21)(q22;q22), t(6;9)
25%
t(15;17)
10%
inv(16)(p13q22), del(16q)
20%
del (11q), t(9;11), t(11;19)
10%
5%
t(1;22)
5%

Supplementary table 3. French-American-British (FAB) classification of AML
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Supplementary table 4. Clinical data of AML patients
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No
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27

Sex
M
F
M
F
M
M
M
F
F
M
F
F
F
M
F
F
M
F
M
M
M
M
F
F
M
F
F

Age
76
72
58
82
76
71
66
64
76
81
52
66
74
60
53
78
68
72
67
68
83
67
74
68
62
63
73

Dg
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML
AML-CR
AML
AML
AML
AML
AML
AML
AML
AML

sec/prim FAB classification % of blasts FACS %of blasts manual Date of collection Year of Dg
s
M0
ND
ND
5.3.2007
2005
p
M0/1
96
ND
26.4.2007
2007
p
M1
42
ND
10.6.2007
2007
s
M2/4
ND
24
24.8.2007
2007
s
M1
64
ND
20.9.2007
2006
s
M5
61
82
2.2.2008
2007
s
M1
65
80
2.2.2008
2008
s
M1
ND
40
10.6.2008
2008
p
M1
92
94
10.9.2008
2008
s
M4/5
25
44
10.8.2008
2008
s
M4
83
ND
8.8.2008
2008
p
M1
90
ND
9.8.2008
2008
s
M0
18
24
9.9.2008
2008
s
M?
23
20
10.9.2008
2008
s
M?
27
ND
11.9.2008
2008
s
M2
42
38
11.3.2010
2008
p
M2
45
50
15.10.2008
2008
p
M2
ND
63
25.11.2008
2008
p
M4
ND
ND
3.2.2009
2008
s
M2
80
80
3.4.2009
2009
s
M1
46
24
7.4.2009
2008
p
M4
ND
5
9.6.2009
2008
p
M1
87
89
9.4.2010
2010
s
M?
18
45
22.4.2010
2010
s
M?
ND
10
3.3.2009
2010
s
M4
53
9
23.12.2009
2008
s
M?
ND
39
9.6.2009
2008
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