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The oncogenic cluster miR-17-92 encodes seven related
microRNAs that regulate cell proliferation, apoptosis
and development. Expression of miR-17-92 cluster is
decreased upon cell differentiation. Here, we report a
novel mechanism of the regulation of miR-17-92 cluster.
Using transgenic PU.1~/~ myeloid progenitors we show
that upon macrophage differentiation, the transcription
factor PU.1 induces the secondary determinant Egr2
which, in turn, directly represses miR-17-92 expression
by recruiting histone demethylase Jaridlb leading to
histone H3 lysine K4 demethylation within the CpG island
at the miR-17-92 promoter. Conversely, Egr2 itself is
targeted by miR-17-92, indicating existence of mutual
regulatory relationship between miR-17-92 and Egr2.
Furthermore, restoring EGR2 levels in primary acute
myeloid leukaemia blasts expressing elevated levels of
miR-17-92 and low levels of PU.1 and EGR2 leads to
downregulation of miR-17-92 and restored expression of
its targets p21CIP1 and BIM. We propose that upon macro-
phage differentiation PU.1 represses the miR-17-92 cluster
promoter by an Egr-2/Jaridlb-mediated H3K4 demethyl-
ation mechanism whose deregulation may contribute to
leukaemic states.
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Introduction

Haematopoietic differentiation is a highly ordered multistep
process comprising a gene circuitry that enables multipoten-
tial progenitors to generate various specialized and distinct
blood cells. The successful generation of terminal blood cells
is dependent upon coordinated regulation of gene expression
by key regulators: transcription factors and microRNAs
(Nerlov and Graf, 1998; Orkin and Zon, 2002; Rosenbauer
and Tenen, 2007; Garzon and Croce, 2008). Despite their
importance, the mutual interplay between these regulators
is not completely understood. There exists homeostatic
mechanisms, that if lost by aberrations in transcription
factors (Okuda et al, 1996; Schmidt et al, 1998) or miRNA
function (Volinia et al, 2010) can upset the balance of cell
death, proliferation and differentiation resulting in a shift
towards cancer. MicroRNAs are non-coding RNAs (19-23 nt)
that interfere with the translation or RNA stability of up to
hundreds of targets by complementary pairing to the target
site(s) located within the 3’untranslated region of mRNAs.
MicroRNAs are coded individually, or are clustered in poly-
cistrons, and are transcribed by RNA Polymerase II as a single
pri-miRNA transcript which is subsequently processed by
RNAses Drosha and Dicer to generate individual mature
miRNAs (Bartel, 2004).

The polycistron harbouring the miR-17-92 cluster
(Oncomir-1) encodes six hairpin transcripts carrying six
miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1,
and miR-92a) (Figure 1A), located on human chromosome
13 (mouse Chl4), within the third intron of the primary
transcript C13orf25 (Ota et al, 2004). There are two additional
paralogous clusters: miR-106a-363 and miR-106b-25, and also
one related, an individually coded miR-92b. Collectively,
these clusters encode 15 individual miRNAs each with similar
or identical sequences to the miR-17-92 components that are
highly conserved in vertebrates (Tanzer and Stadler, 2004).
Previous work demonstrated crucial roles for miR-17-92
during cancer development. miR-17-92 is overexpressed in
B-cell lymphomas (Ota et al, 2004; He et al, 2005; Tagawa
and Seto, 2005), acute lymphoid and myeloid leukaemias
(Dixon-Mclver et al, 2008; Li et al, 2008), chronic myeloid
leukaemia (Venturini et al, 2007), and solid tumours
(Hayashita et al, 2005; Volinia et al, 2006; Petrocca et al,
2008a). In certain malignancies including human diffuse
large B-cell lymphoma, overexpression of miR-17-92 results
from amplification of the genomic region harbouring the
miR-17-92 host gene (Ota et al, 2004); however, the mecha-
nisms leading to the increased miR-17-92 expression in
tumours remain poorly understood.

Recent studies identified among targets of miR-17-92
key members of anti-tumour guidance including cyclin-
dependent kinase inhibitor CDKN1A (p21CIP1) (Ivanovska
et al, 2008; Petrocca et al, 2008b), retinoblastoma-like 2
protein (p130, RbI2) (Lu et al, 2007), transforming growth
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Figure 1 The miR-17-92 and 106b-25 clusters are downregulated upon PU.1-mediated macrophage differentiation. (A) Schematic representa-
tion of the murine miR-17-92 cluster and its paralogues. Coloured boxes represent pre-miRNAs and black boxes mature miRNAs. Four families
of miRs with the identical seed sequence are indicated by colour and arrows. (B) 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. (C, D) PUER cells were stimulated by 2.5 uM
Tamoxifen for 96 h and expression of pri-miRNA transcripts (C) and macrophage-specific transcripts (D) was evaluated. (E) PUER cells were
stimulated by 2.5 uM Tamoxifen for 24, 48 and 96 h and expression of mature miRNAs was analysed. Y axis (B-E) indicates fold change of
normalized expression relative to untreated cells. Baseline represents expression value of untreated cells. Mean +s.d. (n=3). (F-H) 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 vector (control) and subsequently stimulated by 2.5 uM Tamoxifen for 96 h. (F)
Morphology of transfected PUER cells, evaluated by Wright-Giemsa staining (upper panels, magnification x 400, scale bar 10 uM) or phase
contrast (lower panels, magnification x 100). (G) FACS analysis of F4/80 expression (X axis)/cell counts (Y axis). (H) mRNA expression of
Csfrl and F4/80 evaluated by qPCR. Mean £ s.d. (n=3).

factor B1 (TGFB1) (Petrocca et al, 2008a), the proapoptotic
protein BIM (Bcl2 interacting mediator of cell death) (Koralov
et al, 2008; Ventura et al, 2008; Xiao et al, 2008), and the
tumour suppressor PTEN (Xiao et al, 2008). By blocking
these factors, miR-17-92 promotes cell proliferation and
survival. Within the haematopoietic compartment, miR-17-
92 is highly expressed in stem cells and early progenitors
while it is decreased upon the onset of myeloid and lymphoid
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differentiation (Fontana et al, 2007; Ventura et al, 2008;
Xiao et al, 2008) and during in vitro differentiation of
acute leukaemia blast cells (Kasashima et al, 2004;
Schmeier et al, 2009). Conversely, sustained expression
of miR-17-5p, -20a, and -106a has been shown to inhibit
monocytic differentiation via targeting of myeloid transcrip-
tion factor AML1 (acute myeloid leukaemial, Runx1; Fontana
et al, 2007).
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Several lines of evidence document direct transcriptional
regulation of the miR-17-92 cluster by specific transcription
factors. For instance, MYC oncogene binds downstream of
the CpG island of the miR-17-92 promoter and activates its
expression in the human Burkitt’s lymphoma cell line
(O’Donnell et al, 2005). The miR-17-92 cluster is trans-
activated by the oncogene MYCN (Fontana et al, 2008) and
several members of the E2F (Woods et al, 2007) transcription
factors in human neuroblastoma and B-cell lymphoma by
direct binding to the promoter region. The tumour suppressor
protein p53 binds near the TATA box of the miR-17-92
promoter and represses its expression under hypoxia in
human colorectal carcinoma cell line (Yan et al, 2009). MiR-
17-92 expression is inhibited also by AML1 upon differentia-
tion of cord blood myeloid progenitors (Fontana et al, 2007).

Macrophage differentiation is a complex and tightly regu-
lated process initiated in early progenitors by PU.1 (Spil), a
key transcriptional factor essential for the myeloid and lym-
phoid development. PU.1-deficient mice lack macrophages,
granulocytes, and B-lymphocytes and die during late fetal or
early neonatal stage (Scott et al, 1994; McKercher et al, 1996;
Back et al, 2004). Several microRNAs associated with macro-
phage development are transcriptional targets of PU.1,
including miR-424, that stimulates monocytic development
via targeting the transcription factor NFI-A (Rosa et al, 2007)
and miR-146, that directs the differentiation of HSC into
peritoneal macrophages (Ghani et al, 2011). Mice carrying a
hypomorphic PU.1 allele reducing PU.1 expression to 20%
develop acute myeloid leukaemia (AML), demonstrating a
role of PU.1 in leukaemogenesis (Rosenbauer et al, 2004).
AML is characterized by myeloid differentiation blockade and
clonal leukaemic proliferation and may involve deregulation
of transcription factors (Rosenbauer and Tenen, 2007) as well
as microRNAs and epigenetic processes including deregula-
tion of chromatin structure (Melnick and Licht, 2002).

In this study, we investigated the regulation of miR-17-92
cluster upon PU.l1-dependent differentiation of mouse
myeloid progenitors. We describe the molecular mechanism
required for macrophage differentiation-associated inhibition
of miR-17-92 cluster that is mediated by the transcription
factor Egr2 and the Jarid1b demethylase leading to histone
H3 lysine K4 trimethyl (H3K4me3) demethylation of the
miR-17-92 promoter. We further show that deregulation of
this mechanism is also involved in leukaemogenesis.

Results

PU.1-dependent macrophage differentiation requires
downregulation of miR-17-92

Fetal myeloid progenitors derived from PU.1 "/~ mutant mice
can recapitulate macrophage development upon induction
of the conditional transgene of PU.1 that is fused with the
ligand binding domain of the Oestrogen Receptor (PUER), in
response to Tamoxifen (Walsh et al, 2002; Supplementary
Figure S1).

To identify miRNAs that are differentially regulated during
PU.1-dependent macrophage differentiation, we compared
the expression of miRNAs in uninduced and induced
(2.5 uM Tamoxifen, 96 h) PUER cells using the TagMan Low
Density Array. The miRNAs encoded by miR-17-92 cluster as
well as the paralogous miR-106b-25 clusters were identified
to be among most abundant miRNAs in undifferentiated
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PUER cell, while they were among the most downregulated
miRNAs upon PUER cell differentiation (Supplementary
Tables 1 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 miR-92) were significantly down-
regulated in a dose-dependent manner (with a maximum of
3.5-6-fold by 2.5 uM Tamoxifen; Figure 1B) coincident with
the induced transcript expression of macrophage-specific
genes (Figure 1D). The pri-miR-17-92 transcript was down-
regulated to levels comparable to those of mature miRNAs
(~3-4-fold; Figure 1C), indicating that the miR-17-92 cluster
is repressed at transcriptional level during macrophage
differentiation. This finding is further supported by the simi-
larities in the kinetics of downregulation of mature miRNAs
(first detectable at 48 h, Figure 1E) and in the magnitude of
their modulation (3.5-6-fold change). The levels of mature
miRNAs and pri-miRNA of the paralogous miR-106b-25 clus-
ter 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 1B and C, unrelated miRNA
controls shown in Supplementary Figure S2).

To determine whether downregulation of miR-17-92 is
a necessary requirement for macrophage differentiation,
we overexpressed miR-17-92 (pCDNA3(17-92)) or control
PCDNA3 vector in the PUER cells (Supplementary Figure
S3A). Upon Tamoxifen induction, the ectopic miR-17-92
significantly inhibited PU.1-dependent macrophage differen-
tiation, as demonstrated by altered cellular morphology
(Figure 1F), reduced expression of the F4/80 cell surface
protein (Figure 1G) and reduced expression of F4/80 and
CsflR (c-fms) transcripts (Figure 1H). We note that the
differentiation block mediated by ectopic miR-17-92 is not
caused by downregulation of the PUER protein (Supple-
mentary Figure S3B).

Collectively, these data demonstrate that downregulation
of miR-17-92 expression is a prerequisite for the PU.1-depen-
dent macrophage development.

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
(x10kb) 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 analy-
sis of PUER cells stimulated with Tamoxifen indicated that
among the early and strongest induced transcription factors
was Early growth response 2 (Egr2, Krox20, Figure 2A). This
was validated at the protein level (Figure 2A). Egr2 is a
member of the family of closely related zinc finger transcrip-
tional factors Egrl-4, implicated in the development and
differentiation of the neural and the haematopoietic systems
(Nguyen et al, 1993; Krishnaraju et al, 1995). Notably, Egr2
has been previously demonstrated to be required for macro-
phage (Laslo et al, 2006; Krysinska et al, 2007) and lympho-
cyte (Zhu et al, 2008; Li et al, 2011) development. The other
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Figure 2 Egr2 inhibits the miR-17-92 cluster. (A) Expression of Egr2 in PUER cells stimulated by 2.5 uM Tamoxifen for indicated time (hours),
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 96h for GFP-intermediate expression and GFP-highly positive cells. Mean £ s.d. (n=3). (D) PUER WT and shEgr2 cells, stably

expressing small hairpin inhibitory RNA against Egr2, were treated with

2.5 uM 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 +s.d.(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 £ s.d. (n=3). The panels are accompanied by western blot analysis of Egr2 and Actin as a loading control (placed on

the bottom).

members of the Egr family Egr3 and Egr4 are lowly expressed
in PUER cells and their expression is not changed, while
Egrl is downregulated upon PUER cell differentiation
(Supplementary Figure S4; Laslo et al, 2006).

To test if Egr2 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

©2011 European Molecular Biology Organization

expression of the miR-17-92 cluster (6-10-fold), both at
mature miRNA and at cluster pri-miRNA levels. Interes-
tingly, the level of miR-17-92 inversely correlated with
the levels of ectopic Egr2 (Figure 2B 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 2C).

To further test if Egr2 is dispensable for PU.1l-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).
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The shEgr2 and parental PUER cells were stimulated with
Tamoxifen and harvested at 96h. The knockdown of Egr2
resulted in decreased repression of miR-17-92 cluster as
manifested by increased levels of miR-17-92 mature
miRNAs as well as of pri-miRNA concomitant with decreased
levels of macrophage-specific transcripts (Figure 2D), indicat-
ing that Egr2 is indeed required for mR-17-92 repression. The
association of Egr2 and miR-17-92 was further supported by
experiment where Egr2 cDNA transfected into PUER cells
partially rescued the block of differentiation imposed by
overexpressed miR-17-92 (not shown).

To test whether the inhibitory effect of Egr2 on miR-17-92
levels is mediated through the miR-17-92 promoter, NIH3T3
fibroblasts were co-transfected with increasing amounts
of the Egr2 plasmid together with a luciferase-expressing
vector (pGL3) containing the upstream regulatory region
(—3.3 to Okb, relative to the first nucleotide of pre-miR-17-
5p) of the miR-17-92 cluster, designated pGL3(—3.3; —0).
Increasing concentrations of Egr2 led to gradual repression
of the reporter activity (Figure 2E), demonstrating repres-
sive 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 2F). 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 protein is activated by PU.1, but regard-
less of PU.1, Egr2 alone can transcriptionally inhibit the
miR-17-92 cluster.

Egr2 binding to the miR-17-92 cluster promoter results
in H3K4 demethylation

There is a long CpG island (CG content ~80%) within the
region spanning —3.3 to —1.2 kb (relative to the first nucleo-
tide of the pre-miR-17-5p sequence), representing a putative
recognition element for the transcriptional regulation of the
miR-17-92 cluster (Figure 3A). A sequence motif analysis of
the upstream region up to —10kb 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 —1.8kb).

To test if Egr2 occupies this putative regulatory region
of miR-17-92 cluster, ChIP was performed on crosslinked
chromatin from Tamoxifen stimulated (for 96 h) 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 —1.6kb region that overlaps with the CpG island
(Figure 3B).

Nab2 is a known corepressor of Egr2 (Svaren et al, 1996)
and a potential candidate for Egr2-mediated repression of
miR-17-92. To determine if Nab2 is required for the repression
of miR-17-92, we used a PUER cell line variant that stably
expresses an shRNA against Nab2 (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 (Supplementary
Figure S5A). Furthermore, as Nab2 is often associated with
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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 (Supplementary Figure SSB).
These observations demonstrate that while Egr2 clearly
represses miR-17-92, it does so in an Nab2-independent
manner.

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 demon-
strates that the H3K4Me3 (Figure 3C) but not H3K9Ac (not
shown) pattern is significantly reduced near the —2.7kb
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 with the parental PUER cells
(Figure 3D and E).

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.

Egr2 recruits Jardi1lb demethylase onto miR-17-92
cluster

Demethylation of histones H3K4 at gene promoters is an
active process of transcriptional repression and may repre-
sent a mechanism by which Egr2 regulates the miR-17-92
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 domain-
containing proteins of Jarid1a-c family are capable of efficient
and specific H3K4 demethylation in vivo (Secombe and
Eisenman, 2007). Genome-wide expression analysis identi-
fied that two Jaridl demethylases, Jaridla (Rbp2, Kdmb5a)
and Jaridlb (Plul, Kdm5b) are upregulated at transcript
levels during early macrophage differentiation of the PUER
cells (Supplementary Figure S6). Interestingly, the CpG island
of miR-17-92 contains multiple Jaridla (GGGCGG) and
Jaridlb (GCACA/C) consensus sequences (Scibetta et al,
2007; Lopez-Bigas et al, 2008; see schematic in Figure 3A).
ChIP analysis revealed specific occupancy of both Jaridla and
Jarid1b to the miR-17-92 promoter region upon Tamoxifen-
induced differentiation of PUER cells. Jaridlb occupancy
(~15-fold compared with untreated controls) was detected
at the —3.1- to —2.2-kb region, culminating at —2.7kb
position of the CpG island (Figure 3F), matching thus the
positional occupancy patterns of Egr2 and of decreased H3K4
methylation, while Jaridla occupancy exhibited a more
diffuse profile (Figure 3G).

To test if Egr2 is required for the recruitment of Jaridla and
Jarid1b to the miR-17-92 promoter, we determined their occu-
pancy in the Tamoxifen-induced shEgr2 cells. Knockdown
of Egr2 correlated with significant (~6-fold) depletion of

©2011 European Molecular Biology Organization
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Figure 3 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. Colour boxes represent
binding and consensus sites of Egr2, Jaridla and Jarid1b. (B-I) ChIP analysis of miR-17-92 promoter region. PUER cells (B-E) or shEgr2 PUER
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Jarid1b (but not of Jaridla, see Figure 3H and I) as well demonstrated Jarid1b recruitment to the miR-17-92 promoter
as with an increase in H3K4 trimethylation state of miR- region that depends on Egr2 recruitment within the same
17-92 CpG island (—3.1 to —2.2kb) (Figure 3E). These data region and leads to subsequent H3K4me3 demethylation.
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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-Jaridlb, various deletion fragments from
—3.3 to OKkb relative to the start of pre-miR-17-5p sequence
were subcloned into the promoterless Luciferase pGL3 vector
(see Figures 3A, 4A and B). Equimolar ratios of the miR-17-92
pGL3 vectors were transfected into PUER cells and the
luciferase activity was determined upon 96h 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 with
empty vector (Figure 4B). Notably, upon further prolongation
of the construct pGL3(—2.0; 0) by 0.7 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 repres-
sion of reporter activity (~6-fold). This finding strongly
suggests that the region within the —2.7 to —2.0kb of
miR-17-92 gene conveys the repressive effects.
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Figure 4 Egr2 and Jarid1b regulate miR-17-92 promoter. (A) Schematic representation of the miR-17-92 upstream region. Arrows and boxes
are same as Figure 3A. (B) PUER cells were transfected with pGL3 constructs (breakpoints are shown in parentheses in kb relative to the first
nucleotide of 17-5p pre-miR), and differentiated by 2.5 pM Tamoxifen for 96 h. (C, D) PUER cells were co-transfected with indicated pGL3
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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
compared with 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 4B). These
observations demonstrate that the repressive activity asso-
ciated 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 harbours several conserved Egr2 binding sites and
multiple Jaridla and Jaridlb consensus sequences, often
mutually overlapping. Furthermore, this region is occupied
by Egr2 and Jaridl and exhibits H3K4 demethylation
(Figure 3). 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 indivi-
dual 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) contain-
ing 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 sche-
matic in Figure 4A and C). The experiment was done in the
presence of siRNA inhibiting Egr2 (or control siRNA) and
2.5 uM Tamoxifen for 96 h. Inhibition of the Egr2 levels (by
~75%) caused an increase in the luciferase activity of the
reporter constructs containing the 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 4C).

To determine if Jaridl demethylases are required for
the repression of the (—2.7 to —2.0) region, the PUER cells
were co-transfected 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 Jaridla or
Jarid1b or the control siRNA. The cells were subsequently
treated by 2.5uM Tamoxifen. The knockdown of Jaridlb
(Figure 4D), but not that of Jaridla (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 repres-
sion 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 Jaridlb which both are
required for the repression of miR-17-92 during macrophage
differentiation.

Egr2 is both a repressor and a target of miR-17-92

To identify gene targets of miR-17-92, we employed a bioin-
formatic target prediction using TargetScan (http://www.
Targetscan.org). Interestingly, among the predicted targets
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was Egr2 itself which led us to postulate a double-negative
feedback loop between these two factors. Eight of fifteen
miRNAs of the miR-17-92 cluster and its paralogues are
predicted to target the Egr2 3'UTR in two separate binding
sites (Figure 5A). 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 miR-92a, -92b, -25 and miR-
363 are predicted to bind to the 3'UTR position 612-618 bp
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 post-transcriptionally inhibited by
miR-17-92, a 900-bp fragment of murine Egr2 3'UTR contain-
ing 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 5A). 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 96h 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 endo-
genous miR-17-92, as compared with the mutant vector.
Furthermore, ectopic expression of miR-17-92 resulted in a
further decrease of luciferase activity. Conversely, co-trans-
fection 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 5B). 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 12h in absence of serum followed by 1.5h serum
stimulation. Ectopic expression of miR-17-92 significantly
inhibited the levels of Egr2 protein (Figure 5C).

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 double-
negative feedback loop that may be involved in macrophage
differentiation characterized by a bistable state (Tsang et al,
2007; Martinez et al, 2008), 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 5C).

The mutual regulation between Egr2 and miR-17-92
cluster is observable 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 preleukaemia
(myelodysplastic syndromes, MDSs) (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
first determined the expression of the miR-17-92 by TagMan
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Figure 5 Egr2 is a target of the miR-17-92 cluster. (A) Schematic representation of pGL3 (EGR2 3'UTR) construct and pairing of miRs of miR-17-
92, 106b-25 and 106a-363 clusters to the WT (top) and mutated Egr2 3'UTR (bottom). Boxes represent predicted binding sites of indicated miRs.
(B) Unstimulated PUER progenitors, expressing high level of miR-17-92 were transfected with pGL3-Egr2 3'UTR wild-type (wt) or mutated
(mut) vector and co-transfected with miR-17-5p or with miR-17-5p and miR20a microRNA inhibitors or scrambled control (indicated bellow).
The ratio of normalized luciferase activity (at 48 h) of wt versus mut pGL3-Egr2 3'UTR vector is shown. Mean £ s.d. (n=3). (C) 3T3 cells were
transfected with the pCDNA(17-92) or empty vector and cultured 12 h in absence of serum. The levels of Egr2 protein at 1.5h following the
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gRT-PCR in peripheral blood mononuclear cells from AML
patients (N=27) (the clinical data are shown in Supple-
mentary Table 3), and from six 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 con-
tained samples where at least two of the three miRNAs tested
were elevated >1.5-fold compared with the average value of
the control samples. In all, 14 (52%) out of 27 AML patients
overexpressed miR-17-5p, miR-20a and miR-92 (P<0.001
compared with control and P<0.0001 compared with
NORM group; Figure 6A; Supplementary Figure S7A). A
majority of AML patients with increased expression of
miR-17-92 cluster were undifferentiated AMLs: 6 of them
were classified as M1 (42%) (myeloblastic leukaemia
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

VOL 30 | NO 21 | 2011

differentiation blockade during pathogenesis of AML.
Increased levels of miR-17-92 were seen in most AML sam-
ples associated with the downregulation of differentiation-
associated mRNA: CSF1R, CD14 (Supplementary Figure S5
and data not shown). Next, we evaluated expression of the
proapoptotic protein BIM (Bcl2 interacting mediator of cell
death) and the tumour suppressor p21 (CdknlA), both estab-
lished targets of miR-17-92 (Fontana et al, 2008; Ventura et al,
2008; Xiao et al, 2008; Petrocca et al, 2008b). 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 6B).

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

©2011 European Molecular Biology Organization
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Figure 6 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 analysed in 27 AML patients PBMCs by qPCR. Depending on the expression levels of miR-17-5p, 20a and 92a, the patients were subdivided
into two groups with either elevated (HIGH) or normal (NORM) levels of miR-17-92 (X axis). Values are normalized to RNU44 or GAPDH and
are relative to average expression value of healthy controls (CTRL) (n=6). Mean +s.e.m. values are shown. (C) AML patient cells were
nucleofected by 5ug of pEGR2 or empty vector (control) and 1pg pEGFP, sorted by FACS and analysed after 96h by qPCR. Values are
normalized to RNU44 or GAPDH. Mean £s.e.m. (n=2). *P<0.05, **P<0.01, *** P<0.001.

AML and whether elevated levels of miR-17-92 in AML
patient cells are associated with altered PU.1 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 with
healthy controls (Figure 6A). Conversely patients’ cells with
elevated EGR2 expression had decreased levels of the miR-17-
92 cluster (Figure 6A; Supplementary Figure S5), indicating
that the overexpression of miR-17-92 can result from the lack
of inhibition by repressive mechanism imposed by Egr2. To
test whether Egr2 is indeed capable of inhibiting miR-17-92

©2011 European Molecular Biology Organization

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 p2l, originally found downregulated
in these AML patients (Figure 6C). Ectopic Egr2 expression
in primary AML blasts also stimulated the expression of
CSF1R and the myeloid surface marker CDI11B (Supple-
mentary Figure S7B). In addition, to demonstrate that Egr2
could inhibit miR-17-92 and induce leukaemic cells along the
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myeloid lineage, we have used the human AML cell line HL60
(M2 according to FAB classification) that expresses high
levels of miR-17-92 and low levels of Egr2 (Supplementary
Figure S7A). Upon overexpression of Egr2, we observed
a downregulation of pri-miR-17-92 along with concomitant
stimulation of p21, BIM and CD11B and other myeloid genes
(CSFIR, CSF3R), but not CD14 (Supplementary Figure S8).
The HLGO cells transfected by Egr2 displayed altered cellular
morphology that is characteristic of a differentiating cell
characterized by increased cytoplasmic/nuclear ratio and
vacuolysed cytoplasm. We also observed mild stimulation
of apoptosis supporting possibility of suppression of leukae-
mic growth by Egr2.

Altogether, these data indicate that Egr2 repressive
mechanism is deregulated in subset of AML patients over-
expressing 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-miR-17-92 pathway may thus
serve as both normal differentiation route and a checkpoint
for leukaemogenesis.

Discussion

In the present study, we describe a molecular mechanism
underlying transcriptional silencing of miR-17-92 cluster
during PU.1-dependent differentiation of myeloid progeni-
tors. The following model (Figure 7A) 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 demethy-
late H3K4Me3 at a discrete segment of the CpG island leading
to a 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 and Amll)
from a post-transcriptional blockade that enables them to
facilitate macrophage differentiation.

Several lines of evidence document that miR-17-92
is expressed in proliferating and undifferentiated cells
(Marson et al, 2008; Ventura et al, 2008; Xiao et al, 2008).
Here, we show that miR-17-92 cluster is downregulated in

A Normal haematopoiesis

® - &_@B
CpG

B Proliferation and leukaemia

Jarid1b

jJ'I"*4>$‘H=9-QG-| ‘III.L-[::::::- —] Bifa /f {3:
/\/

myeloid progenitors undergoing macrophage differen-
tiation initiated by PU.1. The downregulation step appears
important as the ectopic expression of miR-17-92 prevents
macrophage differentiation. This is consistent with pre-
viously published data demonstrating that downregulation of
miR-17-5p, -20a and -106a is required for monocyte differen-
tiation of cord blood haematopoietic progenitors (Fontana
et al, 2007). Furthermore, we observed in our model a
downregulation of all members of miR-17-92 cluster includ-
ing miR-18a, miR-19a and miR-92 but not miR-106a. The miR-
17-92 downregulation is also observed upon phorbol myris-
tate (PMA and TPA)-induced differentiation of promyelocytic
leukaemia HL60 cells (Kasashima et al, 2004), and also
during normal lymphoid development (Ventura et al, 2008;
Xiao et al, 2008), indicating the importance of miR-17-92
downregulation for haematopoietic differentiation.

During differentiation of myeloid progenitors along the
macrophage cell fate, Egr2 cooperates with Jaridlb to de-
methylate H3K4me3 at upstream regulatory region of miR-17-
92 cluster leading to its repression. It is well documented that
H3K4 trimethylation facilitates RNAII polymerase recruit-
ment and transcription initiation, while H3K4 demethylation
leads to a transcriptional silencing (Bernstein et al, 2002,
2005; Sims et al, 2007). Jaridlb occupancy at miR-17-92
cluster was previously detected in mouse ESC (Dey et al,
2008). The potential role of Jaridl demethylases in haema-
topoiesis and leukaemogenesis was documented by identifi-
cation of a fusion gene containing H3K4Me3 binding domain
of Jaridla and Nucleoporin 98 (NUP98) in human AML (van
Zutven et al, 2006; Reader et al, 2007), supported by genetic
mouse model (Wang et al, 2009).

Jarid1l demethylases bind preferentially specific sequences
in GC-rich DNA regions (Scibetta et al, 2007; Lopez-Bigas
et al, 2008) and specifically recognize histone H3K4 trimethyl
(Wang et al, 2009), thus one possible model is that Jaridl
directly binds and demethylate regions enriched by its con-
sensus motives near methylated H3K4. However, as we did
not observe chromatin occupancy of Jaridlb at miR-17-92
cluster promoter in absence of Egr2, 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
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Figure 7 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 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.
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Jarid1b to its consensus sequence and to H3K4me3 have an
additive role.

H3K4 demethylation within the miR-17-92 promoter region
occurs near —2.7kb. The murine —2.7kb region is fully
complementary to human sequence that contains a putative
transcriptional start site (TSS) of pri-miR-17-92 (Woods et al,
2007), therefore supporting our hypothesis that murine pri-
miR-17-92 TSS is located at —2.7kb region, where H3K4
methylation change occurs (Supplementary Figure S9). This
is consistent with genome-wide studies showing enrichment
of H3K4 trimethylation in close proximity (~1Kkb) to TSS of
transcriptionally active genes (Bernstein et al, 2005; Barski
et al, 2007) and by recent strategies identifying microRNA
promoter regions according to H3K4 methylation (Marson
et al, 2008).

The presence of epigenetic events other than H3K4
demethylation is suggested by existence of functional inter-
link between the loss of H3K4Me3 and DNA methylation of
CpG islands (Ooi et al, 2007). According to our data, the
repression of miR-17-92 occurs concurrently with the Egr2
recruitment and also relatively rapidly (as early as within
48h). Thus, the DNA methylation may not be involved in the
initial phase of miR-17-92 repression.

In contrast to Egr2, Egrl is expressed in undifferentiated
PUER cell and is strongly downregulated upon PUER cell
differentiation. This evidence suggests that Egrl in a context
of PU.1-dependent myeloid differentiation does not substi-
tute for Egr2 in repressing miR-17-92. We, however, cannot
exclude that in other cellular context Egrl can inhibit
miR-17-92 transcription.

MiR-17-92 and its paralogues, the miR-106a-363 and miR-
106b-25 clusters, encode microRNAs with identical or similar
sequences that can target common mRNAs. Knockout studies
provide evidence for the partial functional redundancy of the
miR-17-92 cluster and its paralogues (Ventura et al, 2008).
Although we focused particularly on the transcription regula-
tion of the miR-17-92 cluster, our expression data suggest that
both miR-17-92 and miR-106b-25 clusters share common yet
varying features of regulation (distinct from the miR-106a-363
cluster) (Figures 1B, 2C 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). The overlap in
regulation is also supported by our data in a subset of AML
patients that displayed elevated levels of miR-17-92 cluster
and concomitantly elevated levels of miR-106b-25 cluster
(data not shown).

Recently, several transcription factors such as Myc, Mycn,
E2f1-3, p53 and Amll were postulated to transcriptionally
regulate miR-17-92 cluster (O’Donnell et al, 2005; Fontana
et al, 2007, 2008; Sylvestre et al, 2007; Yan et al, 2009). Based
on the expression pattern and the data from reporter assays, it
is likely that the repression of miR-17-92 cluster in differen-
tiating PUER cells is mediated by active Egr2 repression
rather than by decreased activation by Myc, Mycn, E2f1-3
or increased repression by p53 or Amll (see Supplementary
data and Supplementary Figure S10).

Altered expression of microRNAs including miR-17-92 is
often associated with leukaemogenesis including AML and
MDS (Li et al, 2008; Pons et al, 2009). We show that the
miR-17-92 cluster is downregulated during macrophage
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differentiation while ectopic expression of miR-17-92 blocks
this differentiation indicating that in leukaemogenesis, over-
expression of miR-17-92 may contribute to the leukaemic
blockade. We report here that miR-17-92 cluster is over-
expressed in significant fraction of AML patients. The same
AML patients had simultaneously downregulated expression
of miR-17-92 repressors PU.1 and Egr2. This indicates that
PU.1-EGR2-miR-17-92 pathway important for macrophage
differentiation may be dysregulated in this AML patients
and the overexpresion of miR-17-92 could be potentially
caused by the ineffective inhibitory mechanisms imposed
by EGR2. This notion is supported by the finding that ectopic
expression of EGR2 inhibits miR-17-92 levels in AML blast
cells and HL60 AML cell line and by our unpublished
observation, that PU.1 hypomorphic mouse (Rosenbauer
et al, 2004), developing AML has upregulated miR-17-92
cluster. 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 differentia-
tion 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 7B). First, low levels of PU.1 are not sufficient to
activate EGR2. Low levels of EGR2 cannot repress miR-17-92
cluster by Jaridlb-mediated H3K4 demethylation. Elevated
miR-17-92 cluster in turn reduces remaining EGR2 levels.
Second, mechanisms leading to upregulation of miR-17-92
may also involve other upstream factors (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 repres-
sion 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 post-transcriptional blockade of the
key factors required for myeloid differentiation, apoptosis
and cell-cycle arrest.

This study characterizes a novel macrophage differentia-
tion-associated gene circuitry comprising the transcription
factors PU.1 and Egr2 and the miR-17-92 microRNA cluster.
This pathway is required for normal macrophage differentia-
tion and is deregulated in AML. As such, the mutual regula-
tion between transcription factors and microRNAs regulate
the bistable state between progenitor maintenance and mye-
loid 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 leukaemias.

Materials and methods

Cell culture

PUER (Walsh et al, 2002), shEgr2, shNab2 (Laslo et al, 2006) and
HL60 cells were cultured as described. Macrophage differentiation
was induced by 2.5puM Tamoxifen (Sigma) for 96h if not stated
different. In untreated samples, the vehicle without Tamoxifen was
added. For HDAC inhibition, 30 nM Trichostatin was used. Primary
cells were obtained upon informed consent. Peripheral blood
mononuclear cells were isolated by Ficol gradient.

DNA constructs plasmids
A 1.1-kb BamHI/Xhol genomic fragment encompassing the miR-17-92
cluster was cloned into the pCDNA3 vectors to create pGL3(17-92).
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The miR-17-92 promoter fragments were PCR amplified from
genomic DNA, digested with BglIl and HindIII and cloned into pGL3
basic vector (Promega).

An 872 nt long Xbal fragment of the Egr2 3'UTR, including two
miR-17-92 binding sites, was cloned into the pGL3 promo vector
(Promega) to generate pGL3-Egr2 3'UTRwt. This vector was
mutated by inverse PCR using primers containing the two mutated
miR-17-92 binding sites. The primer sequences and details are
shown in Supplementary data.

Transient transfections and reporter assays

PUER, HL60 and primary cells were transfected by AMAXA
(LONZA) using Mouse stem cell kit with 2 pg of pCDNA3(17-92)
or 4 ug of pCB6-Egr2 and 1 pg plasmid pGFP. In siRNA experiments,
the cells were transfected with a pool of four siRNAs targeting
EGR2, Jaridla and Jaridlb (Smart Pool siRNA, Dharmacon) at
800nM concentration.

For reporter experiments, PUER cells were transfected by 1pg
pGI3(17-92) promoter or Egr2 3'UTR reporter vector, 0.33 pg of pRL-
TK control vector, alternatively together with 300nM miR hairpin
inhibitors (Dharmacon). NIH3T3 cells were transfected by jetPEI
(Polyplus Transfection) in 24-well plate by 0.1pg pGl3(17-92)
promoter or Egr2 3'UTR reporter vector, 10 ng of pRL-TK control
vector and indicated amounts of pCB6-Egr2 and pCMV-PU.1 vectors
and analysed by Dual Luciferase Assay (Promega). Firefly activity
was normalized to Renilla luciferase activity.

RNA isolation and qPCR

Total RNA was extracted by TRIzol reagent (Invitrogen) with
enhanced precipitation (20ng/ml of linear polyacrylamide).
Expression of mature miRNAs was determined using TagMan
gRT-PCR (Applied Biosystems), data are calculated using 2-do
equation. MicroRNA levels were normalized to Sno202 (mouse) or
RNU44 (human). For pri-miR and mRNA, Gapdh was used as a load
control (for more details, see Supplementary data).

Microarray profiling and data analysis
mRNA expression profiling in PUER cells was performed on 100 ng
of total RNA using the Affymetrix 3’-IVT Express kit and GeneChip
MG-430A 2.0. microRNAs were isolated by mirVana miRNA
Isolation Kit (Ambion) and analysed on TagMan MicroRNA Array
(Rodent A and B v2.0, Applied Biosystems).

Entire array data set will be published in public database
GEO (http://www.ncbi.nlm.nih.gov/geo/) upon acceptance of the
manuscript.
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