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Abstract

Almost 30% of all acute myeloid leukemias (AML) are associated with an internal tandem
duplication (ITD) in the juxtamembrane domain of FMS-like tyrosine kinase 3 receptor (FLT3).
Patients with FLT3-1TD mutations tend to have a poor prognosis. MicroRNAs (miRNAs) have a
pivotal role in myeloid differentiation and leukemia. MiRNA-155 (MiR-155) was found to be
upregulated in FLT3-1TD-associated AMLSs. In this study, we discovered that FLT3-1TD signaling
induces the oncogenic miR-155. We show in vitro and in vivo that miR-155 expression is
regulated by FLT3-ITD downstream targets nuclear factor-xB (p65) and signal transducer and
activator of transcription 5 (STATS5). Further, we demonstrate that miR-155 targets the myeloid
transcription factor PU.1. Knockdown of miR-155 or overexpression of PU.1 blocks proliferation
and induces apoptosis of FLT3-1TD-associated leukemic cells. Our data demonstrate a novel
network in which FLT3-1TD signaling induces oncogenic miR-155 by p65 and STAT5 in AML,
thereby targeting transcription factor PU.1.

INTRODUCTION

Up to 30% of all acute myeloid leukemias (AMLSs) are associated with an activating
mutation in the FMS-like tyrosine kinase 3 receptor (FLT3).1 Two distinct groups of FLT3
mutations are found: (1) the most common are internal tandem duplications (ITDs) of the
FLT3 juxtamembrane region, and (2) point mutations within the tyrosine kinase domains
(TKDs).1:2 While FLT3-TKD mutations seem to have no prognostic relevance in AML,
patients bearing an FLT3-1TD mutation have a significantly worse outcome compared with
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AML patients with wild-type FLT3 (FLT3-WT).3 FLT3-ITD constitutively activates several
pathways such as MAPK/ERK, PI3K/AKT, NF-xB (nuclear factor-xB) and STATS5 (signal
transducer and activator of transcription 5).4-9 It was shown that PU.1 (refs 4,10) and C/
EBPa,*10-11 two important transcription factors in myeloid differentiation, are repressed by
FLT3-1TD. FLT3-ITD mutations induce proliferation, cell transformation and block myeloid
differentiation.2:8.12

MicroRNAs (miRs) are small (~22 bp) noncoding RNAS, which regulate protein expression
posttranscriptionally by recruitment of the RNA-induced silencing complex to the 3’-
untranslated region (3/-UTR) of target mRNAs.13-14 |t was shown that miRs are crucial
regulators in myeloid differentiation'>17 and in leukemogenesis.18 Earlier publications
reveal that AML patients bearing an FLT3-ITD mutation have an increased expression of
mMiRNA-155 (miR-155).1%-22 MiR-155 was found to be upregulated by NF-xB in
inflammatory response.23:24 Further, it was shown that miR-155-knockout mice are
immunodeficient.2> In addition, miR-155 functions as an oncomiR and is highly expressed
in B-cell lymphoma,26:27 cervical cancer,28 pancreatic cancer,29 colon cancer3? and breast
cancer.31 Furthermore, sustained expression of miR-155 in hematopoietic stem cells causes
a myeloproliferative disorder.32 Marcucci et al.33 show that high miR-155 expression is
associated with a worse clinical outcome in cytogenetically normal AML.

In this study, we report for the first time that miR-155 is induced by FLT3-1TD signaling.
We demonstrate that NF-xB (p65) directly binds to the miR-155 promoter in FLT3-ITD-
associated MV4;11 cells. In functional analyses, we show that miR-155 directly targets the
transcription factor PU.1. In addition, we observed reduced miR-155 expression during
myeloid differentiation, whereas overexpression of miR-155 blocks maturation of myeloid
cells. Furthermore, we reveal that miR-155 is important for clonal growth of FLT3-1TD-
associated leukemic cells. We demonstrate that overexpression of PU.1 or depletion of
miR-155 in FLT3-1TD-associated MV4;11 cells induces apoptosis. In summary, our data
identified miR-155 as a crucial player in maintenance and development of FLT3-ITD-
associated AML. We propose that miR-155 could be a novel potential therapeutic target in
FLT3-1TD-associated AML.

MATERIALS AND METHODS

Human cell samples from AML patients

AML patient samples (Table 1) were obtained from University Hospital Miinster (Munster,
Germany) and University Hospital Leipzig (Leipzig, Germany). The study protocols used
for AML patient sample collection were approved by the ethics committees of the
participating centers. All patients provided written informed consent in accordance with the
Declaration of Helsinki. All samples were analyzed by cytogenetic and molecular genetic
analyses.

Cell cultures

U937 and 293 T cells were cultured in RPMI-1640 supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin. The 32D cells stably expressing FLT3-WT or FLT3-
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ITD were described before.12 FLT3-WT expressing 32D cells were cultured in RPMI-1640
supplemented with 10% fetal bovine serum and 10% WEHI supernatant, FLT3-1TD-
expressing 32D cells were cultured in RPMI-1640 supplemented with 10% fetal bovine
serum. MV4;11 cells were maintained in Iscove’s modified Dulbecco’s medium
supplemented with 10% fetal bovine serum. Cells were incubated at 37 °C in 5% CO,.
Recombinant interleukin-3 (I1L-3) was purchased from Immunotools (Friesoythe, Germany).
The tyrosine kinase inhibitors PKC412 and CEP701 were purchased from LC Laboratories
(Woburn, MA, USA) and SU5614 from Calbiochem (Darmstadt, Germany).

MiRNA detection by quantitative real-time PCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Darmstadt,
Germany). The miRNA quantification was performed as previously described!® by using
RNUBSG6 or snoRNA-135 expression for normalization. Tagman reverse transcription (RT)
and PCR primers for RNUB6, snoRNA-135, hsa-miR-155 and mmu-miR-155 were obtained
from Applied Biosystems (Darmstadt, Germany).

DNA constructs and cloning

The FLT3-ITD, FLT3-WT and FLT3-TKD expression constructs were kindly provided by
Professor Dr T Fischer.12 The miR-155 promoter luciferase constructs23 were provided by
Professor Dr M Mallardo. The STATS and STATS 1*6 expression constructs3* were a kind
gift from Professor Dr T Kitamura.

For the PU.1-3’-UTR luciferase vector, the 3-UTR was amplified from human genomic
DNA and inserted into the unique Xbal restriction site 3’ to the luciferase gene in the pRL
plasmid (Promega, Madison, W1, USA). For PU.1 3/-UTR amplification, the following
primers were used: PU.1 3/-UTR Xbal forward, 5’-
TCTAGATACGACTTCAGCGGCGAAGTGCTG-3 and PU.1 3-UTR Xbal reverse, 5’-
TCTAGACGGATTGAGAATAACTTTACTTG-3'. For PU.1 3/-UTR mutagenesis, we used
QuickChange Il Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA,
USA) following the manufacturer’s instructions. We used the following mutagenesis
primers: PU.1 3’-UTR-mutant (MUT) forward, 5'-
CTGCCATAATAATTAGCCCTCGCCCGGCC-3 and PU.1 3-UTR-MUT reverse, 5'-
GGCCGGGCGAGGGCTAATTATTATGGCAG-3'. For the miR-155-expression vector
(pcDNAG6.2-miR-155), the miR-155 sequence was cloned into the pcDNAG.2-GW/EmGFP-
miR plasmid using the BLOCK-iT Pol Il miR RNAI Expression Vector Kit (Invitrogen).
The following oligonucleotide sequences were used: miR-155-top, 5'-
TGCTGTTAATGCTAATCGTGAT
AGGGGTTTTTGCCTCCAACTGACTCCTACATATTAGCATTAA-3 and miR-155-
bottom, 5/-
CCTGTTAATGCTAATATGTAGGAGTCAGTTGGAGGCAAAAACCCCTATCACGAT
TAGCAT TAA C-3'. The correct assembly of the vectors was verified by sequencing.
pmiRZip constructs for miRNA knockdown were obtained from System Biosciences
(Mountain View, CA, USA).
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Transfections

Locked nucleic acids (LNAs) for miRNA knockdown were obtained from Exigon (Vedbaek,
Denmark). siRNAs for STAT5 and p65 knockdown were purchased from Qiagen (Hilden,
Germany). Suspension cells were transfected with Nucleofector Kits (Lonza, Basel,
Switzerland) according the manufacturer’s protocols for each cell line. Transfection
efficiency, measured by FACS, was approximately 40-60% for MV4;11 and 50-60% for
U937 cells. The 293 T cells were transfected using Lipofectamine LTX (Invitrogen)
following the manufacturer’s instructions.

Lentiviral infections

Lentiviral infections were carried out using the pPPACKH1 Lentiviral Packaging Kit (System
Biosciences) following the manufacturer’s instructions.

Luciferase reporter assay

To test whether miR-155 directly targets PU.1, 293 T cells were transiently transfected with
0.7 pg of the PU.1 3-UTR (pRL-PU.1-3-UTR-WT or pRL-PU.1-3-UTR-MUT) reporter
construct and 1 pg pcDNAG6.2-miR-155 or control plasmid.

For promoter luciferase assays, we co-transfected 293 T cells with 0.7 pg miR-155 promoter
construct (pGL3-1783) or pGL3-control and 0.2 ug pcDNAS3.1, p65 (pcDNA3.1-p65) or
STATS (ref. 34) (pMX-STAT5A or pMX-STATSA 1*6) expression constructs. Firefly
luciferase and Renilla luciferase activities were determined 24 h after transfection using the
Dual-Luciferase Reporter Assay System (Promega). Values were normalized by using
firefly luciferase or Renilla luciferase, respectively.

Immunoblot analyses

For western blot analyses, the following antibodies were used: anti-phospho-STAT5 (Cell
Signaling, Danvers, MA, USA), anti-STATS5, anti-PU.1, anti-p65 and anti-GAPDH (Santa
Cruz, Dallas, TX, USA). Immunoblot analyses were performed as previously described.1®
The immunoreactivity was determined using an enhanced chemiluminescence method
(Amersham Biosciences, Glattbrugg, Switzerland) as per the manufacturer’s instructions.
The band intensities were quantified using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Chromatin immunoprecipitation

For chromatin immunoprecipitation (ChlP) analyses, we used a protocol from the
epigenome network of excellence: http://www.epigenome-noe.net/researchtools/
protocol.php_protid=10.html.

For sonifcation a Branson Sonifier 450D (Branson Ultrasonics, Danbury, CT, USA) was
used. For ChIP we used anti-p65 and anti-normal rabbit IgG antibodies (Santa Cruz). For
amplification of enriched DNA, the following primers were used: p65 ChlP 1786 forward,
5-TTCTGGGGATGAAAGGTCAC-3’ and p65 ChIP 1786 reverse, 5'-
CCTGCTCAGATCCATGT-3; p65 ChIP 1380 forward, 5’-
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TGCTCCCAAGTTCCTTAACC-3 and p65 ChIP 1380 reverse, 5'-
GTGACTGGGGCCTTTTTGTA-3.

Flow cytometry

Cells were washed once with phosphate-buffered saline and stained for 20 min with the
indicated antibodies. Subsequently, the cells were washed in phosphate-buffered saline and
analyzed with BD LSR |1 cytometer using CellQuest software (BD Biosciences, Franklin
Lakes, NJ, USA).

Mouse model and sorted mouse bone marrow

STATS5foX/flox ang STATSMOX/flox \x-Cre C57BL/6 mice3® were backcrossed into Balb/C
mice for at least 10 generations. Bone marrow was isolated and retrovirally infected with
FLT3-1TD construct. The transduced bone marrow was transplanted into lethally irradiated
Balb/C mice. For the induction of the Mx1 promoter and subsequent deletion of STATS5,
250 pg high-molecular-weight polyinosinic:polycytidylic acid (InvivoGen) was
intraperitoneally injected into mice at days 11, 14, 18 and 21 after bone marrow
transplantation. Complete STAT5 knockout was observed at day 22 after bone marrow
transplantation. STAT59X/oX control mice were treated likewise. The animals were caged
in a special caging system with autoclaved food and acidified water at the Technical
University of Munich in accordance with National and Institutional Guidelines for Animal
Care.

For expression analyses, mouse bone marrow sub-populations were isolated from WT
C57BL/6 mice. LSK (Lin~ Sca* Kit*), CMP (common myeloid precursors), GMP
(granulocytic-macrophage precursors), MEP (megakaryocyte—erythrocyte precursors) and
granulocytes were sorted on FACS ARIA (BD Biosciences).

Clonal growth in methylcellulose

To analyze clonal growth after miR-155 knockdown, 32D cells stably expressing FLT3-1TD
were transfected with LNA against miR-155 (LNA-155) or scramble control. Four hours
after transfection, 5 x 103 cells were seeded per well of a 6-well culture dish. Cells were
cultured in 3 ml of Iscove’s modified Dulbecco’s medium supplemented with 1%
methylcellulose and 10% FCS. The assays were performed in triplicate, and colonies were
photographed and counted on day 12. The results shown are representative of one of at least
three independent experiments.

Statistical analyses

We used the Student’s t-test to determine the statistical significance of experimental results.
A P-value of 0.05 or less was considered significant. The results were represented as the
average + s.d. from at least three independent experiments.
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RESULTS
FLT3-ITD induces miR-155 expression

Previous studies have shown a correlation between miR-155 expression and FLT3-ITD
mutations in AML patients.19-22 To further investigate the relationship between miR-155
expression and FLT3 mutations, we compared the miR-155 expression in 56 AML patient
samples with different FLT3 status (FLT3-WT, FLT3-TKD, FLT3-TKD/ITD and FLT3-
ITD) and 3 healthy donors by quantitative RT-PCR. We found that miR-155 was expressed
significantly higher in FLT3-1TD-associated patients compared with healthy donors, FLT3-
WT and FLT3-TKD patients (Figure 1a). To investigate the regulation of miR-155 by
FLT3-1TD in AML, we transiently overexpressed FLT3-WT, FLT3-TKD or FLT3-ITD in
U937 cells and measured the miR-155 expression after 24 h. We observed that FLT3-1TD
induced the miR-155 expression as compared with FLT3-WT (Figure 1b). On the other
hand, we found that the FLT3-TKD-MUT failed to upregulate miR-155 expression (Figure
1b). In addition, we measured miR-155 expression in murine 32D cells, stably expressing
either FLT3-WT or FLT3-1TD.12 Our data show that miR-155 expression was
approximately 10-fold higher in FLT3-I1TD-expressing 32D cells, independent of IL-3
(Figure 1c). These results illustrates that FLT3-1TD signaling induces miR-155 expression.

Block of FLT3-ITD signaling reduces miR-155 expression

To further investigate that miR-155 expression is dependent upon FLT3-1TD signaling, we
treated MV4;11 cells with different protein kinase inhibitors (PKIs). PKC412 (ref. 36),
SU5614 (refs 37,38) and CEP701 (ref. 39) have been shown to be effective inhibitors of
FLT3-ITD tyrosine kinase activity. MV4;11 cells were cultured for 24 h in medium
containing PKC412, CEP701 or SU5614. Control cells were treated with dimethyl
sulfoxide. STATS5 is known to be constitutively activated by FLT3-1TD signaling,>%12 so
we analyzed the phosphorylation of STATS5 as a measure of inhibition of FLT3-ITD tyrosine
kinase activity. Our data show that STAT5 phosphorylation disappeared after treatment with
PKIs (Figure 2a). To determine miR-155 expression after PKI treatment of MV4;11 cells,
we isolated total RNA and performed quantitative RT-PCR. We detected a significant
decrease in miR-155 expression (~80% reduction compared with control treated) after
treatment of MV4;11 cells with PKIs (Figure 2b). These data confirm that miR-155 is a
downstream target of FLT3-ITD. It is well known that FLT3-1TD constitutively activates the
STATS5 pathway, whereas FLT3-TKD and FLT3-WT only marginally induce it.412:40
Because of this and our previous finding that FLT3-ITD induces miR-155 expression in
comparison with FLT3-TKD and FLT3-WT, we hypothesized that STATS5 is involved in
miR-155 regulation. To answer this question, MV4;11 cells were transfected with STAT5-
specific small interfering RNA (siRNA) and cultured for 24 h. The STAT5 knockdown was
analyzed by western blot and showed ~ 60% reduction of the STATS5 protein level (Figure
2¢). STATS knockdown resulted in a highly significant decrease in miR-155 expression in
comparison with control siRNA-transfected cells (Figure 2d).

Previous publications describe that p65 induces miR-155 expression during the
inflammatory response.2341 It is known that NF-xB pathways are activated by FLT3 (refs
9,42) and in AML blasts.94344 To answer the question if p65 is also involved in miR-155
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induction in FLT3-ITD-associated AML, we analyzed miR-155 expression in MV4;11 cells
after siRNA-mediated p65 knockdown. We transfected MV4;11 cells with p65 siRNA or
control siRNA. Total RNA was isolated after 24 h. We verified reduction in p65 protein
level using western blot (Figure 2c). The miR-155 expression correlated with the p65
knockdown and was significantly decreased (Figure 2d). Our findings suggest that miR-155
expression is mediated through p65 and STATS.

We previously showed that overexpression of FLT3-1TD in U937 cells induces miR-155
expression (Figure 1b). For a better understanding of the regulatory network, we analyzed if
a knockdown of p65 and STATS5 is able to overcome FLT3-ITD-dependent miR-155
induction. Therefore, we co-transfected FLT3-1TD and different sSiRNAs (control sSiRNA,
p65 siRNA, STAT5 siRNA and p65/STATS siRNA) into U937 cells. After 24 h, we isolated
total RNA and analyzed the miR-155 expression. The results show a decreased induction of
miR-155 in the cells co-transfected with siRNA targeting STATS5 or p65. Furthermore, a
combination of p65 and STAT5 siRNAs exerted the strongest inhibition of miR-155
expression (Figure 2e). These data indicate that both STAT5 and p65 are crucial for FLT3-
ITD to induce miR-155 expression.

To investigate the impact of STAT5 on miR-155 expression in vivo, we analyzed STAT5-
deficient mouse bone marrow (Figure 2f). We isolated bone marrow of STATSflox/flox -
Cre and STATS1oX/floX control mice, retrovirally transduced with FLT3-1TD and
transplanted into lethally irradiated Balb/C mice. To induce the STATS5 knockout, the mice
were treated with poly (1:C). The expression of miR-155 was significantly decreased in the
STAT5~/~ bone marrow as compared with STAT51OX/floX ce||s (Figure 2g). In conclusion,
our results prove the important role of STAT5 and p65 in FLT3-1TD-induced miR-155
expression invitro and in vivo.

NF-xB (p65) binds to the miR-155 promoter and constitutively active STAT5 enhances
transcriptional induction

Promoter analyses identified two potential p65 binding sites and one STAT binding site
upstream of the miR-155 locus (Figure 3a). Gatto et al.23 have described that p65 regulates
the miR-155 in Epstein—Barr virus infection by directly binding to the promoter of the
miR-155 host gene BIC. It is known that NF-kB is activated by the PI3K/AKT pathway*>:46
which is induced by FLT3-1TD.46:47 Thus, we analyzed p65 binding to the miR-155
promoter in the FLT3-1TD-associated AML cell line MV4;11 by ChIP. Our findings reveal
that p65 binds to the miR-155 promoter in FLT3-1TD-associated MV4;11 cells (Figure 3b).
We also investigated p65 promoter binding after PKI treatment. We incubated MV4;11 cells
for 24 h with CEP701 (100 nM) or dimethy! sulfoxide (control) and analyzed the p65
binding to the miR-155 promoter by ChIP. We could not identify any p65 binding to the
miR-155 promoter after treatment with CEP701 (Figure 3c). These data support the idea that
miR-155 expression is regulated by p65 in an FLT3-1TD-dependent manner. However, in
our ChIP analyses, we could not provide evidence for STAT5 binding to the putative STAT
binding site in the miR-155 promoter (data not shown). To further analyze the induction of
miR-155 expression by p65 and STATS, we performed a promoter luciferase activity assay.
The 293 T cells were co-transfected with an miR-155 promoter construct (pGL3- 1783) or
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control (pGL3) along with empty vector, p65, STATS5, constitutively active STAT5 (STAT5
1*6) or mock. After 24 h, luciferase activity was measured. We could show that p65
activated the miR-155 promoter, whereas neither STAT5 nor STAT5 1*6 showed any
influence on the miR-155 promoter activity. However, co-transfection of p65 together with
constitutively active STAT5 showed an enhanced activation of the miR-155 promoter
compared with p65 and STAT5 WT co-transfection (Figure 3d). Taken together, our data
indicate that p65 induces the miR-155 expression by direct promoter binding, whereas
constitutively active STATS5 increases transcription without direct binding to the core
promoter.

MiR-155 downregulation is necessary for myeloid differentiation

Former publications show that overexpression of miR-155 in hematopoietic stem cells leads
to a myeloproliferative disorder32 and blocks the differentiation to myeloid and erythroid
cells.*8 Thus, we analyzed miR-155 expression during myeloid differentiation. We
compared miR-155 expression in sorted sub-populations from mouse bone marrow (LSKs,
CMPs, GMPs, MEPs and granulocytes) (Figure 4a). We found that miR-155 was expressed
at the highest levels in the LSK population and the expression was decreased upon myeloid
differentiation. Further, we analyzed miR-155 expression in U937 cells stimulated with
phorbol 12-myristate 13-acetate (PMA) for macrophage differentiation. Cells were collected
24, 48 and 72 h after PMA stimulation. We observed miR-155 expression declined
significantly during differentiation (Figure 4b). To further analyze the role of miR-155 in
differentiation, we transfected U937 cells with miR-155 (pcDNA6.2-miR-155) or control
(pcDNAG.2-ctrl.) construct. Twenty-four hours after transfection, the cells were stimulated
with PMA. Transfected cells were analyzed by flow cytometry for CD11b expression 24, 48
and 72 h after PMA stimulation. We observed that overexpression of miR-155 in U937 cells
inhibited myeloid differentiation upon PMA treatment (Figure 4c). Cells overexpressing
miR-155 showed approximately 25% less CD11b expression. These data indicate that
miR-155 downregulation is necessary for myeloid differentiation.

PU.1 is a direct target of miR-155 in FLT3-ITD-associated AML

The transcription factor PU.1 is a key regulator of myeloid differentiation.*9 In in silico
analyses, we found PU.1 as a putative target of miR-155 (Figure 5a). As it was shown that
PU.1 is repressed by FLT3-1TD,>10 we wanted to examine if FLT3-1TD overexpression
leads to decreased PU.1 protein. Therefore, we transiently overexpressed FLT3-WT or
FLT3-1TD in U937 cells and analyzed PU.1 by western blot (Figure 5b). We observed that
overexpression of FLT3-ITD decreased PU.1 protein level. As we have shown that miR-155
is induced by FLT3-ITD overexpression in U937 cells, we hypothesized that FLT3-ITD
targets PU.1 via miR-155. To determine whether PU.1 is posttranscriptionally regulated by
miR-155, we overexpressed miR-155 in U937 cells and analyzed PU.1 protein by western
blot (Figure 5¢). Here, we found that miR-155 overexpression downregulates PU.1 protein
level. To investigate the significance of miR-155 in FLT3-1TD-mediated downregulation of
PU.1, we blocked miR-155 by specific LNAs in MV4;11 cells and analyzed the PU.1
protein level 24 h after transfection (Figure 5d). The LNA-mediated block of miR-155
increased PU.1 protein. To find out whether PU.1 is a direct target of miR-155, we
introduced the WT as well as a mutated 3’-UTR of PU.1 into a luciferase construct (pRL-
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PU.1-3’-UTR-WT and pRL-PU.1-3’-UTR-MUT) and performed luciferase assays in 293 T
cells (Figure 5e). We observed that miR-155 overexpression resulted in a significant
reduction in luciferase activity of the pRL-PU.1-3’-UTR-WT in comparison with control,
whereas the pRL-PU.1-3’-UTR-MUT showed no change in the luciferase activity (Figure
5f). Our data demonstrate that miR-155 directly targets PU.1 in an FLT3-1TD-dependent
manner.

MiR-155 expression is important for FLT3-ITD induced proliferation and survival in AML

To further investigate the effects of miR-155 on proliferation and survival, we examined the
colony-forming ability of 32DFLT3-ITD ce|ls transfected with scramble or LNA against
miR-155. Four hours after transfection, 5000 cells were seeded per dish in methylcellulose
medium to perform colony-forming unit assays. Colonies were enumerated after 12 days.
We observed a highly significant reduction in the number of colonies formed by the
32DFLT3-ITD cells transfected with LNA against miR-155 (Figure 6a). Further, we generated
a stable miR-155 knockdown in 32DFLT3-1TD ce|ls by lentiviral infection using miRZip-155
or miRZip-scr as control. By measurement of the optical density at 600 nm we could
observe, that after 4 days in culture the stable miR-155 knockdown reduced the cell growth
of the 32DFLT3-ITD ce|ls to ~ 72% of the control (Figure 6b), which indicates that miR-155
is important for FLT3-ITD induced proliferation. Further, we analyzed if a knockdown of
miR-155 can induce apoptosis in MV4;11 cells. Therefore, we transfected MV4;11 cells
with a miR-155 knockdown construct (pmiRZip-155) or control (pmiRZip-scr). Forty-eight
hours after transfection, we measured Annexin V expression on the transfected cells by flow
cytometry. We detected 30% more apoptotic cells after miR-155 knockdown compared with
control (Figure 6c¢). As we showed that a knockdown of miR-155 increases PU.1 protein and
apoptosis in FLT3-1TD bearing leukemic cells, we hypothesized that enhanced PU.1
expression might trigger apoptosis of these cells. Thus, we overexpressed PU.1 in MV4;11
cells and analyzed Annexin V expression after 24 h. We found that overexpression of PU.1
resulted in 50% more apoptotic cells compared with control (Figure 6d). Taken together, our
data show that miR-155 expression is important for proliferation and survival of FLT3-1TD
leukemic cells, whereas overexpression of the miR-155 target PU.1 induces apoptosis.

DISCUSSION

Our investigations provide new insights into a novel FLT3-ITD/miR-155/PU.1 network in
AML. This is the first study to identify that oncogenic miR-155 is an FLT3-ITD
downstream target. It has been previously shown that miR-155 expression correlates with
FLT3-1TD in AML patients.1922 Garzon et al.1® could not prove an FLT3-ITD impact on
miR-155 expression. However, we demonstrate that expression of FLT3-1TD induces
miR-155, whereas inhibition of FLT3-1TD tyrosine kinase activity represses the miR-155
expression. We found an elevated miR-155 expression in FLT3-1TD-associated patient
samples, whereas AML patients with FLT3-TKD or FLT3-WT showed no increased
miR-155 expression. These data illustrate that miR-155 expression is related to FLT3-1TD
signaling.
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To our knowledge, no functional studies exist for the miR-155 in FLT3-1TD AML. It was
shown that p65 is constitutively active in AML.43:44.50 Further, it has been shown that
STATS (refs 5,6,12) and NF-xB (p65)*247 are crucial mediators in FLT3-1TD signaling.
Hence, we proposed that the transcription factors p65 and STATS5 are potential regulators of
miR-155. Using ChIP assay, we found that p65 directly binds to the miR-155 promoter.
Other groups reported that p65 regulates miR-155 via direct promoter binding during
Epstein-Barr virus infections.23:24 In luciferase assay analyses, we showed a strong
induction of miR-155 promoter activity by p65. Further, we could show that STATS is
involved in miR-155 induction. STAT5 knockdown in FLT3-ITD model systems reduced
miR-155 expression in vitro and in vivo. In silico analyses predicted an STAT binding site in
the miR-155 promoter. Kopp et al.>! showed that STATS5 induces the miR-155 expression
by direct promoter binding in cutaneous T-cell lymphoma. However, we were not able to
detect binding of STATS to the predicted binding site in the miR-155 promoter (data not
shown). Instead, luciferase assay analyses showed that constitutively active STATS (STATS
1*6) enhanced the miR-155 promoter activity induction by p65, whereas WT STAT5 did
not. We also observed that double knockdown of p65 and STATS shows the strongest
repression of FLT3-ITD-induced miR-155. From our data, we conclude that miR-155 is
regulated by p65 via direct promoter binding, which can be enhanced by constitutively
activated STATS. Similar results from other groups claim that activated STAT5 enhances
the DNA-binding affinity of p65 on target promoter sequences.3#52:53 Further, we could
show that treatment of MV4;11 cells with CEP701, which blocks FLT3-1TD kinase activity
and STATS phosphorylation, inhibits p65 binding to the miR-155 promoter. In summary, we
propose a regulatory network in which FLT3-I1TD activates p65 and STATS. The
constitutively activated STAT5 enhances the DNA binding of p65 to the promoter of
miR-155 inducing the expression of miR-155.

In sorted bone marrow populations, we could show that miR-155 expression was decreased
gradually during myeloid differentiation in mice. Additionally, we found reduced miR-155
expression during PMA-induced myeloid differentiation of U937 cells. In contrast, enforced
overexpression of miR-155 blocked the myeloid differentiation of PMA-induced U937 cells.
O’Connell et al.32 reported that sustained expression of miRNA-155 in hematopoietic stem
cells causes a myeloproliferative disorder. Further, it was shown that miR-155 inhibits the
generation of myeloid and erythroid colonies by primary human CD34" cells.*8 Therefore,
we conclude that miR-155 downregulation is important for normal myeloid differentiation.

In in silico analyses, we found PU.1 as a potential target of miR-155. PU.1 was shown to be
targeted by miR-155 in dendritic cells®* and B cells.>® Further, it was already reported that a
knockdown of PU.1 leads to leukemic disease in mice®® and blocks myeloid
differentiation.>’:>8 Furthermore, it was shown that PU.1 is downregulated in FLT3-1TD-
associated leukemia,*10 but no mechanism has been previously described. Here we
demonstrate that PU.1 is repressed by miR-155 in FLT3-1TD-associated AML.
Overexpression of FLT3-1TD or miR-155 reduced PU.1 protein level, while LNA-mediated
knockdown of miR-155 increased PU.1 protein. In luciferase assays, we could confirm that
miR-155 directly targets the PU.1 3’-UTR.
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Additionally, we studied the biologic relevance of miR-155 in FLT3-ITD-associated AML.
Knockdown of miR-155 or overexpression of its target PU.1 in FLT3-1TD-bearing leukemic
cells induces apoptosis. Babar et al.59 demonstrated that an miR-155 knockdown in B-cell
lymphoma increases cell mortality. Further, it has been shown that PU.1 induces apoptosis
in myeloma cells by direct transactivation of TRAIL.60 From this, we conclude that
miR-155-mediated PU.1 repression is important for survival of AML blasts. In proliferation
assays, we showed that LNA-mediated knockdown of miR-155 in stably FLT3-ITD-
expressing 32D cells blocks clonal growth. Because it was demonstrated that FLT3-ITD
expression induces IL3-independent clonal growth of 32D cells,*12 we conclude that
miR-155 is important for FLT3-1TD to induce proliferation.

Taken together, our data show that miR-155 is expressed in an FLT3-1TD-dependent
manner. The main downstream regulatory factors are p65 and STAT5. High expression of
miR-155 blocks PU.1 and thereby reduces myeloid differentiation and apoptosis (Figure 6e).
Furthermore, miR-155 is important for FLT3-1TD-induced proliferation. Both FLT3-ITD3
and miR-155 (ref. 33) are described as prognostic factors in AML. Targeting miR-155 in
mice with lymphoma reduces proliferation, tumor mass and induces apoptosis.>%:61 Hence,
we propose miR-155 as a novel therapeutic target in FLT3-1TD-associated AMLSs.
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Figure 1.
FLT3-ITD induces miR-155 expression. (a) MiR-155 expression is significantly higher in

FLT3-1TD-associated AML patients. RT-gPCR analyses of miR-155 expression in bone
marrow cells of 3 healthy donors and 56 AML patients categorized as FLT3-WT (n = 28),
FLT3-TKD (n=9), FLT3-ITD/TKD (n=3) and FLT3-ITD (n = 16). (b) Overexpression of
FLT3-1TD induces miR-155 expression in U937 cells. U937 cells were transfected with
mock, FLT3-WT, FLT3-TKD or FLT3-ITD. After 24 h, the expression of miR-155 was
measured by gPCR. (c) qPCR for miR-155 in 32D cells stably expressing FLT3-WT or
FLT3-1TD cultured for 24 h with or without IL-3. All values were normalized to U6. (° mild
outliers; A extreme outliers; *P < 0.05; **P < 0.01).
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Figure2.
Block of FLT3-1TD signaling reduces miR-155 expression. MV4;11 cells were treated with

PKIs PKC412 (100 nM), SU5614 (1 uM) and CEP701 (100 nM) for 24 h. (a) Western blot
shows decreased STATS phosphorylation after FLT3-ITD kinase activity inhibition. (b)
Expression of miR-155 is decreased after PKI treatment of MV4;11 cells for 24 h. (c)
Knockdown of STATS5 or p65 reduces miR-155 expression. Western blot on lysates from
MV4;11 cells transfected for 24 h with STAT5 or p65 siRNA. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as loading control. (d) Expression of miR-155 24 h after
transfection of siRNA targeting STATS or p65 in MV4;11 cells. (€) Knockdown of STAT5
or p65 inhibits FLT3-1TD-mediated miR-155 induction. U937 cells were co-transfected with
FLT3-1TD and siRNAs (control, STATS5, p65 and combination of STAT5 and p65 siRNA).
After 24 h, miR-155 expression was analyzed by gPCR. (f) Schematic of workflow to
generate an Mx-Cre-inducible STAT59X/loX knockout mouse model constitutively
expressing FLT3-ITD. (g) Analyses of miR-155 expression in bone marrow of FLT3-ITD-
inducible Mx-Cre STATSflox/flox knockout mouse model without and with STATS
knockout. All values were normalized to U6 (**P < 0.01; *P < 0.05).
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Figure 3.
NF-xB (p65) binds to the miR-155 promoter and constitutively active STATS5 enhances

transcriptional induction. (a) Scheme showing putative binding sites for NF-xB (p65) and
STAT proteins in the miR-155 promoter. (b) Chromatin derived from MV4;11 cells was
immunoprecipitated with anti-p65 or immunoglobulin G antibodies. Recovered DNA was
PCR amplified with specific primers for p65 binding sites. (c) MV4;11 cells were treated for
24 h with the tyrosin kinase inhibitor CEP701 or control (dimethyl sulfoxide (DMSO)).
Chromatin was immunoprecipitated with anti-p65 or immunglobulin G antibodies and DNA
was amplified by PCR as described (b). (d) P65 and STATS show synergistic effects in
miR-155 promoter activation. Luciferase activity assays were performed in 293 T cells.
Cells were co-transfected with miR-155 promoter construct (pGL3-1783) or control (pGL3)
and empty vector, p65, STAT5 and constitutively active STATS5. After 24 h Renilla
luciferase activity was measured. Bars represent the average of three independent
experiments £s.d. All values were normalized to firefly luciferase and calculated to pGL3
(*P <0.05).
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Figure4.

MiR-155 downregulation is necessary for myeloid differentiation. MiR-155 expression is
downregulated during myeloid differentiation. (a) Expression of miR-155 in sorted sub-
populations of mouse bone marrow (LSK, Lin— Sca+ Kit+; CMP, common myeloid
progenitor; GMP, granulocyte—macrophage progenitor; MEP, megakaryocyte erythroid
progenitor and granulocytes). Bone marrow of three C57BL/6 mice were pooled in each set.
The bars represent the average + s.d. of miR-155 expression of three independent sets.
Values were normalized to snoRNA-135. (b) miR-155 expression is decreased during PMA-
induced myeloid differentiation of U937 cells. U937 cells were treated with 10 nM PMA or
control (dimethyl sulfoxide (DMSO)) for 24, 48 and 72 h. (c) Overexpression of miR-155
inhibits PMA-induced myeloid differentiation of U937 cells. Flow cytometric analyses of
U937 cells stimulated with 1 nM PMA 24 h after pcDNAG6.2-ctrl. or pcDNA6.2-miR-155
transfection. Representative dot blots show the expression of the myeloid differentiation
marker CD11b at different duration after PMA induction. Bars represent the percentages of
cells expressing CD11b (average * s.d.) of three independent experiments (**P < 0.01).
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Figureb5.
PU.1 is a direct target of miR-155 in FLT3-1TD associated AML. (a) Schematic overview of

miR-155 seed sequence in the PU.1 3’-UTR. (b) Western blot for PU.1 was performed in
U937 cells 24 h after transient overexpression of FLT3-WT or FLT3-1TD. (c) Western blot
analysis for PU.1, 24 h after overexpression of miR-155 in U937 cells. (d) Knockdown of
miR-155 by LNAs in MV4;11 cells increases PU.1 protein level 24 h after transfection. (€)
MIiR-155 directly binds to the PU.1 3/-UTR. Schematic representation of WT and mutated
PU.1 3’-UTR cloned into pRL vector. (f) Luciferase activity assays were performed in 293 T
cells. Cells were co-transfected with WT (pRL-PU.1-3’-UTR-WT) or MUT (pRL-PU.1-
3'UTR-MUT) PU.1 3’-UTR construct and miR-155 (pcDNA6.2-miR-155) or control
(cDNAG.2-ctrl.). After 24 h Renilla luciferase activity was measured and values were
normalized to firefly luciferase. Bars represent the average +s.d. of five independent
experiments (**P < 0.01).
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Figure®6.
MiR-155 expression is important for FLT3-1TD induced proliferation and survival in AML.

(a) LNA-mediated block of miR-155 in 32D cells, stably expressing FLT3-I1TD, reduces
clonal growth. Colony-forming assays were performed in methylcellulose medium to
analyze influence of miR-155 knockdown on the clonal growth capacity. The 32D FLT3-
ITD cells were transfected with LNAs (200 nM) against miR-155 or scramble control. Four
hours after transfection, cells were plated in triplicate at a density of 5000 cells per dish.
Colonies were analyzed on day 12. Each bar represents the average *s.d. of three
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independent experiments. (b) Knockdown of miR-155 reduces proliferation of FLT3-1TD
associated 32D cells. Growth curve of 32DFLT3-1TD ce|ls stably infected with miRZip-155
for miR-155 knockdown or miRZip-scr as control. A total of 10° cells were seeded and
cultured for 4 days. Optical density was measured every day by 600 nm to detect
proliferation. The data represents the average +s.d. of three independent experiments (**P <
0.01). (c) MiR-155 knockdown in FLT3-1TD-associated MV4;11 cells enhances apoptosis.
Flow cytometric analyses for Annexin V expression in MV4;11 cells 48 h after transfection
with miRZip-scr or miRZip-155. The bars represent the average +s.d. of three independent
experiments (*P < 0.05). (d) PU.1 overexpression in FLT3-1TD-associated MV4;11 cells
induces apoptosis. Flow cytometric analyses for Annexin V expression in MV4;11 cells 24 h
after transfection of control or PU.1. The bars represents the average +s.d. of three
independent experiments (**P < 0.01). (€) A model depicting transcriptional regulation and
function of miR-155 in FLT3-ITD-associated AML. FLT3-1TD induces the oncogenic
miR-155 by STAT5 and NF-«xB. High expression of miR-155 decreases PU.1 protein level,
which leads to differentiation block, proliferation and transformation.
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