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1 Abstract

1.1 Zusammenfassung (Deutsch)

Blutentwicklung wird iiber die Konzentration des Transkriptionsfaktors PU.1 gesteuert.
Wihrend der myeloischen Differenzierung muss die intrazelluldre PU.1 Konzentration
ansteigen, andernfalls entsteht eine akute myeloische Leukédmie (AML). Im Gegensatz dazu
muss die Expression von PU.1 komplett gestoppt werden um T-Lymphozyten zu bilden. Die
Mechanismen wie PU.1 abgeschaltet werden kann sind bislang unbekannt. In der
vorliegenden Arbeit konnen wir zeigen, wie ausgewihlte Transkriptionsfaktoren (Runx und,
in einem positiven Vorwartsregulationskreis, PU.1) die Chromatinstruktur des PU.1 Genlokus
verdndern und damit einen fundamentalen Einfluss auf die Funktion sowohl von normalen
Blutstammzellen als auch leukdmischen Stammzellen haben. Wir fanden heraus, das PU.1 ¢in
Meisterregulator von Zellzyklusgenen in Stammzellen ist und dass eine verringerte Menge
von PU.1 zu einer exzessiven Stammzellproliferation und konsekutiv zur
Stammzellerschopfung fiihrt. Wir zeigen weiters, dass ein langes nicht-codierendes
Antisense- Transkript von PU.1 (PU.1 AS) eine zentrale Rolle spielt um die PU.1 Expression
abzudrehen. Wir vermuten au3erdem, dass die 3-dimensionale Chromosomen-Architektur
festlegt, ob PU.1 mRNA oder PU.1-AS transkribiert wird. Unsere Daten zeigen, dass Runx
Transkriptions Faktoren einen direkten Einfluss auf die PU.1-AS Transkription haben. Runx
Faktoren sind hiufig veridndert in verschiedenen Formen von Akuter Myeloischer Leukédmie,
wie in den Core Binding Factor (CBF) Leukémien t(8;21) und inv(16). PU.1 ist auch
funktional defizient in diesen Leukédmien. Wir zeigen, dass die Mutationen der CBF
Leukédmien einen Mechanismus ausniitzen, der physiologisch fiir die T-Zell Reifung
notwendig ist. CBF-Mutationen stellen eine hoher geordnete Chromatinstruktur her, die die
PU.1 AS Transkription ermdglicht und PU.1 mRNA abschaltet. Bisherige Studien
konzentrierten sich hauptsdchlich auf Mechanismen, wie Transkriptionsfaktoren eingeschaltet
werden, und PU.1 wurde diesbeziiglich sehr griindlich untersucht. Hier untersuchen wir das
genaue Gegenteil und vermuten, dass das Abschalten von PU.1 ein aktiver Prozess ist, der
eine spezifische drei-dimensonale Chromosomenformation und ein langes nicht-codierendes

Antisense-transkript benotigt.



1.2 Abstract (English)

Blood development is regulated by levels of transcription factor PU.1 (encoded as
SPI1/Sfpil). During myeloid differentiation PU.1 levels need to increase to avoid a
differentiation block, which would lead to leukemia. In contrast PU.1 expression needs to
stop completely to develop T-cells. So far the mechanisms of PU.1 suppression, physiologic
as for T-cell differentiation or pathologic as for leukemia development are unknown. Here we
demonstrate how binding of selected transcription factors (Runx and PU.1) change the
chromatin structure of PU.1 with fundamental impact on the function of normal
hematopoietic stem cells (HSC) and leukemic stem cells (LSC). We found that PU.1 is a
master regulator of cell cycle genes in stem cells and that a decrease of PU.1 levels results in
excessive HSC proliferation and consecutively to HSC exhaustion. We further show that
expression of a long noncoding antisense RNA plays a central role in silencing the expression
of PU.1. We provide evidence that specific 3-dimensional chromosome architectures facilitate
expression of either PU.1 mRNA or PU.1 antisense transcription by locating distal enhancer-
or modifier- segments either to the proximal or the antisense promoter. Our data suggest that
the tight interplay between Runx factors and PU.1 directly influences PU.1 antisense
expression. Runx function is frequently affected in various leukemias such as the core-
binding factor (CBF) leukemias t(8;21) and inv(16) and, importantly, PU.1 is functionally
deficient in these diseases. We thus conclude that fusion oncoproteins of CBF leukemias
hijack a mechanism, which is required for normal T-cell development. They establish a
specific higher-order chromatin structure leading to PU.1 antisense transcription and active
PU.1 silencing. Former studies have mainly focused on mechanism how transcription factors
are up-regulated and regulation of PU.1 is particularly well studied in this respect. Here, we
also studied the opposite suggesting that silencing transcription factor PU.1 is an active
process that requires a specific chromosome formation and transcription of a non-coding

antisense transcript.



2 Introduction

2.1 The transcription factor PU.1 : Importance of tight regulation in
hematopoiesis

PU.1 is a hematopoietic lineage-specific transcription factor of the ETS family that is
absolutely required for normal hematopoiesis (Moreau-Gachelin et al., 1988, Tenen, 2003).
The level of PU.1 expression is critical for specifying cell fate and, even modest decreases in
PU.1 can lead to leukemias and lymphomas or loss of hematopoietic stem cells (Moreau-
Gachelin et al., 1988, Tenen, 2003, Cook et al., 2004, Dahl et al., 2003, DeKoter and Singh,
2000, Huang et al., 2008, Rosenbauer et al., 2006, Rosenbauer et al., 2004, Rothenberg and
Anderson, 2002, Staber et al., 2013). PU.1 transcripts are upregulated at day 7 of
hematopoiesis, around the time of appearance of myeloid precursors in the murine embryonic
stem cell model (Voso et al., 1994). Recent examples of dose-dependent PU.1 functions are
the differentiation choices of dendritic cells versus macrophages, neutrophils versus
macrophages, and B2 versus B1 B cells (Dahl et al., 2003, Bakri et al., 2005, Ye et al., 2005,
Rosenbauer et al., 2006, Carotta et al., 2010). PU.1 gene expression is strictly regulated
through the proximal promoter (prPr) (Chen et al., 1995) and an upstream regulatory element
(URE) located —14kb or —17kb upstream of the transcription start site in mice and humans,
respectively (Li et al., 2001, Rosenbauer et al., 2004). Removal of this URE results in 80%
reduction of PU.1 expression in bone marrow compared to wild-type mice and leads to the
development of leukemias or lymphomas (Rosenbauer et al., 2004, Rosenbauer et al., 2006).
These results emphasize that tight regulation of PU.1 levels is critical for specifying cell fate
and tumor suppression and establish that PU.1 mediates its functions via gradual expression

level changes rather than binary on/off states.

2.2 PU.1 in hematopoietic stem cells

So far, dose-dependency of PU.1 functions has not been considered in any study of HSCs.
Previous studies using fetal liver HSCs reported a lack of homing related integrins in PU.1
complete knock out cells which resulted in defects to colonize bone marrow in transplantation
assays preventing further functional testing (Fisher et al., 1999, Kim et al., 2004, Iwasaki et
al., 2005). Therefore, besides the importance for HSC homing after transplantation no further



functional role of PU.1 in HSCs could be retrieved from these models. Interestingly, when
bypassing the homing defect in adult mice (through PU.1 deletion after engraftment of
transplanted HSCs had occurred) erythro-myeloid repopulation capacity persisted suggesting
that PU.1 might not have a role in adult HSC maintenance (Dakic et al., 2005). However, we
here have developed a mouse model with decreased PU.1 levels specifically in phenotypic
HSCs, which preserved normal bone marrow homing capabilities. HSCs with decreased PU.1
levels are functionally compromised in competitive repopulation and serial transplantation
assays, and are insufficient to regenerate bone marrow after injuries. Mechanistically we
found that in HSCs PU.1 acts as a master regulator of multiple cell cycle genes, restricting
disproportionate HSC proliferation and sustaining HSC functional integrity. Moreover, we
present direct evidence that positive autoregulation is necessary to establish and maintain
normal PU.1 levels in HSCs of adult mice. Our study further provides the experimental proof
to connect binding of a single transcription factor, PU.1 to changes in chromosome structure

and gene expression.

2.3 PU.1 and Runx transcription factors

As the DNA-binding subunit of the heterodimeric transcription factor CBF (core binding
factor), the three isoforms of the RUNX family, RUNX1 (AML1/CBFA2/PEBP2aB),
RUNX2 (AML3/CBFA1/PEBP2aA), and RUNX3 (AML2/CBFA3/PEBP2aC), regulate
normal cell specification during development and are commonly altered in many forms of
leukemia and cancer [reviewed in (Ito, 2008, Blyth et al., 2005)]. Runx1 and CBFp, the
heterodimeric partner of all three Runx proteins, are the most frequent mutational targets in
acute myeloid leukemia. They are disrupted either by chromosomal translocations creating
oncogenic fusion proteins such as AMLI-ETO and CBFB-MYH11, or by intragenic loss of
function mutations and loss of heterozygosity (Miyoshi et al., 1991, Tang et al., 2009,
Schnittger et al., 2011, Gaidzik et al., 2011, Silva et al., 2003). In leukemia with chromosomal
translocations, a dominant negative effect of the fusion protein and inactivation of the Runx
downstream target PU.1 has been considered as a critical mechanism of leukemia
development (Vangala et al., 2003, Goyama and Mulloy, 2011, Huang et al., 2011, Huang et
al., 2008, Meyers et al., 1995, Yergeau et al., 1997, Okuda et al., 1998, Castilla et al., 1996).
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Runx1 knockout mice lack definitive hematopoiesis (Okuda et al., 1996), mainly due to
the essential role of Runx1 in the endothelial to hematopoietic cell transition during
embryonic development (Chen et al., 2009, Hoogenkamp et al., 2009, Lancrin et al., 2009,
Eilken et al., 2009). However, studies on its function in adult hematopoietic stem cells
(HSCs) have been inconsistent, with some demonstrating that Runx1 deficiency results in
HSC defects (Ichikawa et al., 2008, Jacob et al., 2010), and others suggesting minimal impact
on HSCs (Cai et al., 2011, Ichikawa et al., 2004). Partial and varying compensation by other
Runx family members might explain the discrepancies of these reports, given that all three
Runx family members bind directly to a conserved nucleotide sequence (-TGNGGTA-).
Indeed, it was shown recently that Runx3 has an antiproliferative function in HSC/progenitors
of aged mice (Wang et al., 2013). In this report, utilizing a knock-in mouse model in which
binding of all Runx factors at the -14kb upstream enhancer of PU.1 is abolished (Huang et al.,
2008), we could rule out any compensatory effects of individual Runx family members. Using
this model, we here observe mayor importance of the Runx-PU.1 pathway for HSC function.
Mechanistically, Runx binding facilitated chromosomal loop formation between the PU.1
enhancer and its proximal promoter, thereby promoting transcription. Importantly, we further
found that Runx induced PU.1 expression is essential for leukemic initiating cell (LIC)
function in AML/ETO9a leukemia. These findings point to the importance of PU.1 in both

normal and leukemia stem cells.

2.4 Chromatin structures and transcription.

The spatial organization of the genome is fundamental for transcriptional regulation.
Chromatin loops bring enhancers or insulator elements into close physical proximity with
promoters, thereby activating or repressing gene transcription, respectively (Engel and
Tanimoto, 2000, Staber et al., 2013, Kagey et al., 2010, Zhao et al., 2006). These interactions
occur in cis along the same chromosome or in trans between different chromosomes and
occupy distinct chromosome territories within the nucleus (Schardin et al., 1985,
Schoenfelder et al., 2010, Zhao et al., 2006). Recent advances in genomic high-throughput
technologies, such as the 4-C and Hi-C method, led to identify chromatin interactions of
particular regions with interacting elements at a genome wide range (Zhao et al., 2006, Dixon
etal., 2012, Duan et al., 2010, Dekker et al., 2002, Sexton et al., 2012). Using these

technologies recent studies have uncovered networks of interactions that are specific to
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embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC) (Apostolou et al., 2013,
Phillips-Cremins et al., 2013, Wei et al., 2013, Zhang et al., 2013). Since time course studies
during iPSC generation or ESC differentiation observed changes of chromatin interactions
days before transcriptional changes occurred it is more likely that specific genome
configurations are the functional cause rather than a byproduct of transcription (Apostolou et
al., 2013, Wei et al., 2013). Chromatin interactions are established and maintained by two
classes of proteins: First, “architectural” proteins, which are non-cell-type-specific factors
without sequence specific binding properties like the insulator-binding protein CTCF
(Splinter et al., 2006), the cohesin complex and Mediator (Kagey et al., 2010). Second,
transcription factors which mediate chromatin interactions in cell-type-specific and sequence-
specific manner (Staber et al., 2013). Since CTCF, cohesin and Mediator do not have
sequence binding properties, transcription factors may generally function by recruitment of

these factors (Sexton and Cavalli, 2013).

2.5 Noncoding RNAs: another component of epigenetic regulation.

Stem cells express unusually high numbers of genes compared to more differentiated cells,
and precisely regulated timing and levels of gene expression appear to be critical to cell fate
determination. This concept is particularly well demonstrated in hematopoiesis, which is
controlled by finely tuned combinations of transcription factors in a stage-specific context,
and dose-dependent manner (Tenen, 2003). Clearly, multiple mechanisms of gene regulation
function to determine stem cell fate, among those many are imposed on the epigenetic level.
The latter is characterized by formation of the inheritable “active” or “silent” chromatin states.
The important marks of these two opposite states of chromatin structure are covalent histone
modifications, such as acetylation, methylation and phosphorylation, DNA cytosine
methylation, and nucleosome positioning (Schubeler and Elgin, 2005, Rando and Ahmad,
2007, Plass et al., 2008, Mendenhall and Bernstein, 2008, Bonifer, 2005). Introduction of
microarrays, chromatin immunoprecipitation, and high throughput genome-wide sequencing
revealed a quite unexpected result: Existence of bidirectional transcription of eukaryotic
genes and the widespread occurrence of long noncoding RNA transcripts (longer than 200
nucleotides) (Carninci, 2009, Carninci et al., 2005, Katayama et al., 2005, Okazaki et al.,
2002, Olivarius et al., 2009, Cheng et al., 2005, Mendenhall and Bernstein, 2008, Guttman et

12



al., 2009, Lee and Bartolomei, 2013, Rinn and Chang, 2012). Noncoding RNAs have been
reported to associate with chromatin-modifying complexes like the polycomb repressive
complex, PRC2 and the LSD1/REST/coREST compexes, histone methyltransferase, G9a and
DNA methyl transferases (1, 3a, 3b) indicating their role as epigenetic regulators (Lee, 2012,
Zhao et al., 2008, Sado et al., 2005, Nagano et al., 2008, Rinn et al., 2007, Khalil et al., 2009,
Tsai et al., 2010, Di Ruscio et al., 2013).

2.6 Chromatin architecture of the PU.1 gene locus

Proving a causal relationship between binding of transcription factors and formation of
chromatin loops has been difficult. However, using genetically engineered transcription factor
binding-site-mutants of the PU.1 gene locus we recently could demonstrate that transcription
factor binding is essential for chromatin loop formation as measured by quantitative
chromosome conformation capture (3C) (Staber et al., 2013). Together with in vivo
footprinting experiments using MNase, DNase I, and DMS we learned that the proximal
promoter and the upstream regulatory element (URE) of PU.1 adopt differential patterns of
chromatin fine structure in primary macrophages (active chromatin; high PU.1 expression)
and T cells (silent chromatin but open chromatin conformation; no PU.1 expression)
(Hoogenkamp et al., 2007). Also, histone H3 acetylation occurs over the PU.1 gene
regulatory regions as well as a significant level of H3 lysine4 trimethylation (Hoogenkamp et
al., 2007). The latter was correlated with the induction of the gene expression. Furthermore,
an extensive nucleosome remodeling over the transcription start site was observed in PU.1
expressing cells and pronounced differences in nucleosome positioning between PU.1
expressing and nonexpressing cell types (Hoogenkamp et al., 2007). The PU.1 locus remains
open and accessible already at early phase of hematopoiesis, and thus its tight regulation
needs active mechanisms to control the wide range from very high expression to complete

repression.

2.7 Noncoding RNAs occurring in the PU.1 gene locus

Dr. Tenen’s laboratory has discovered naturally occurring antisense transcripts

overlapping the PU.1 coding region. (Figure 1). These transcripts were found in a variety of
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PU.1 expressing and non-expressing human and murine tissue culture and primary
hematopoietic cells. 5’- RACE experiments revealed the antisense transcription start site
(ATSS) within an evolutionarily conserved cis-element in intron 3, the homology region H3
(Ebralidze et al., 2008). To test for a potential regulatory role of the antisense RNAs on PU.1
expression, RNA interference experiments were performed with siRNAs targeting human
PU.1 antisense RNAs. Strikingly, H3-specific siRNAs induced increases in PU.1 protein
levels of ~210%, and increases in PU.1 mRNA levels of ~145% (p<0.001). However,
antisense transcripts themselves were only decreased in cytoplasmic and polysomal fractions.
Similar results have been obtained with siRNAs specifically targeting murine PU.1 antisense
RNAs in the murine cell line RAW 264.7 (Ebralidze et al., 2008). Altogether, these siRNA
experiments provided evidence that one way of action of antisense noncoding RNAs of the
PU.1 locus is interference with PU.1 mRNA translation. On the other hand due to technical
limitations and the lack of nuclear knock down of antisense noncoding RNAs their function in

the nucleus remains unclear.

| ~ 18kb |
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RNAseq of KBM7 total RNA

Tiling array of U937 total RNA

Refseq W | o i g i i

Conserved DNA Seq wu PRTUIRT . Wl [
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PU.1 = f—FB E E2 ;. o

PU.1 antisense

Figure 1. PU.1 mRNA and PU.1 antisense RNA expression. Scheme localizing transcripts at the PU.1
locus (PrPr-proximal promoter, AsPr-antisense promoter, E-exon). Expression is indicated by RNA-
sequencing of the haploid cell line KBM7 (Burckstummer et al., 2013) and high resolution tiling array
data of the myeloid cell lone U937 (own preliminary data in collaboration with Roche Nimblegen).
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3 Methods

3.1 Mice

All mice were kept in a sterile barrier facility approved by the Beth Israel Deaconess
Medical Center Institutional Animal Care and Use Committee. To generate mutant PU.1 site
knock-in mice (PU.1"™) we used the pPNT-(~14 kb URE) targeting vector (Rosenbauer et al.,
2004) and introduced a GGAA to TCGC mutation by site directed mutagenesis (Okuno et al.,
2005). Figure S1A indicates the exact position of the binding site mutation. 20ug of the
linearized (Notl) construct was used to transfect R1 embryonic stem cells. Generation,
identification, and conformation of positive embryonic stem cell clones, chimera mice and
heterozygous mice was performed as previously reported (Rosenbauer et al., 2004). Non-
conditional and Mx1Cre conditional PU.1 knockout mice, as well as transgenic mice with
human PU.1 BAC used in this study have been described previously (Iwasaki et al., 2005,
Leddin et al., 2011, Back et al., 2004). Generation of PU.1-URE-mRunx mice was previously
reported (Huang et al., 2008). Supplemental Figure ST1A indicates the exact position of
binding site mutations. Mx-1Cre conditional Runx1 knockout mice as well as transgenic mice
with a human PU.1 BAC used in this study have been described previously (Growney et al.,
2005, Leddin et al., 2011). All mouse strains were crossed into C57B6 mice for at least 6
generations. Primer sequences for genotyping PCRs are listed in Supplementary Table S3. All

mice used in this study were 3-4 months of age.

3.2 Bone Marrow Transplantations

For Limiting dilution long-term competitive reconstitution assays HSCs were collected
from CD45.2+ mice (WT and PU.1ki/ki), indicated number of cells were re-sorted into
individual wells of a 96-well plate containing 2x10° CD45.1+ whole bone marrow cells in
PBS, and transferred i.v. into lethally irradiated CD45.1+ recipients (650 rads twice with a 4-
hour interval). Peripheral blood and bone marrow was obtained from each mouse after 6
months and analyzed by FACS. A recipient mouse was considered positive if
CDA45.2+CD45.1- cells are present in myeloid and B and T cells, comprise more than 0.3% of
cells in peripheral blood and if CD45.2+CD45.1- HSC were detectable in bone marrows.

15



Serial and competitive long-term total bone marrow transplantations were performed as

described in the figure legends.

3.3 Cell Cycle Analysis

BrdU incorporation was measured by flow cytometry using an APC BrdU Flow Kit (BD
Pharmingen) following the manufacturer’s protocol on gated Lin", Scal”, c-kit", CD150",
CDA48 cells or cultured LSKs (sh-RNA knockdown studies). For Hoechst/Pyronin Y staining,
sorted HSCs (lin-scal+ckit+CD150+CD48-) were suspended in phosphate-citrate buffer
solution with 0.02% saponin for permeabilization, and then incubated with Hoechst 33342

(Invitrogen) and Pyronin Y (Sigma-Aldrich).

3.4 Chromosome Conformation Capturing (3c)

Bone marrow of 4 individual animals (either PU.1""® or WT) was pooled and 2x10° sorted
cells were used (Macrophages [Mac], Lin", Scal”, c-kit' [HSC]). We used a modified protocol
of Dostie and Dekker (Dostie and Dekker, 2007) to reduce the amount of cellular material
needed and to quantify interactions of the -14kb URE (H2 region) or proximal promoter
(prPr) with other genetic elements of the PU.1 locus (detailed protocol as Supplementary
Table S4). Fig. 6A demonstrates localization of Bgl2 restriction sites. A TagMan probe was
designed for the H2 fragment of the -14kb URE containing the PU.1 autoregulatory site. As a
“housekeeping gene”, we used an amplicon within two Bgl2 restriction sites in intron 3 of the
PU.1 gene. Exact sequence information of all primers and probes used are shown in
Supplementary Table S3. 3C experiments were performed as two independent biological and

two technical replicates.

3.5 Flow Cytometry

Single-cell suspensions were analyzed by flow cytometry using the following monoclonal
antibodies (mAbs) conjugated with phycoerythrin (PE), PE-CY7, fluorescein isothiocyanate
(FITC), allophycocyanin (APC), APC-Cy7 or eFluor 450 obtained from BD Pharmingen
(BD), BioLegend (San Diego, CA) or eBioscience (San Diego, CA): Mac-1/CD11b (M1/70),
Gr-1 (8C5), CD3 (KT31.1), CD4 (GK1.5), CD8 (53-6.7), B220 (RA3-6B2), CD19 (1D3),

16



TER119 (TER-119), Scal (E13-161-7), c-Kit (2B8), CD16/32 (2.4G3), Thy-1.2 (53-2.1),
CD135 (AF2 10.1), CD48 (HM48-1), Ly5.1 (A20), Ly5.2 (104), and CD150 (TC15-12F12.2).
Viable cells were identified either by propidium iodide (PI) or 4',6-diamidino-2-phenylindole
(DAPI) exclusion. Cells were analyzed by LSRII flow cytometer or sorted by FACSAria (BD
Biosciences, San Jose, CA). Diva software (BD) or FlowJo (Tree Star) was used for data

acquisition and analysis.

3.6 Laser Scanning Cytometry Analysis Of Femoral Bone Marrow
Cryosections

Femoral bones were isolated, fixed in PLP (paraformaldehyde-lysine-periodate) for 4-8
hours, rehydrated in 30% sucrose for 48 hours and snap frozen in OCT (TissueTek). Bones
were sectioned using the Cryojane tape transfer system (Leica microsystems). Single cell-
thick (5um) sections were immunostained. In brief, sections were blocked with PBS 10%
donkey serum, and stained with goat anti c-kit (R&D systems) followed by donkey anti goat
DyLight488 (Jackson Immunoreseach). Excess purified goat IgG was then used to block.
Biotynilated antibodies against lineage markers, CD48 and CD41 were then added (rat anti-
B220, rat anti-Ter119, rat anti-Gr-1, rat anti-CD41, hamster anti-CD3 and hamster anti-CD48,
from eBiosciences), together with rabbit anti-Laminin (Sigma-Aldrich). After washing,
sections were stained with biotinylated goat anti-hamster (Jackson Immunoresearch)
followed by Donkey anti-rabbit DyLight649 (Jackson Immunoresearch), Streptavidin AF555
and DAPI (Invitrogen). In between all staining steps sections were washed in
PBS/0.1%Tween20 3x Smins. Sections were then dehydrated in ethanol gradients, mounted
using Vectashield mounting media (Vector Labs) and kept at 4 °C until imaged. Laser
Scanning Cytometry was performed with a iCys Research Imaging Cytometer 4-laser system
(Compucyte), equipped with 4 laser lines (405, 488, 561 and 633 nm) and 4 detectors with
the following filter sets 450/40, 521/15, 575/50 and 650/LP. Sections were scanned with a
10x objective using the 405nm laser to generate low resolution images of the DAPI stained
nuclei and obtain a general view of the BM. Subsequently, sections were divided in small
regions that were scanned with a 40x dry objective lens at a spatial resolution of 0.25 mm
stage step size to create high resolution field images of the whole BM cavity. Lasers scanned
BM sections in independent passes. Detector levels were set according to background

fluorescence of isotype control stained sections, which were always scanned in parallel to
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stained samples. Data was analyzed post-acquisition using iCys Cytometric Analysis

Software (Compucyte). Images were exported into Photoshop (Adobe Inc) for processing.

3.7 Real-Time PCR

RNA was purified using RNeasy Micro Kit (Qiagen) after cells were directly sorted into a
tube containing 350ul of RLT buffer (Qiagen). RNA was either directly used in Tagman RT-
PCR or reverse-transcribed and subsequently amplified with a Rotor-Gene 6000 RT-PCR
machine (Corbett). Transcript levels of tested genes were normalized to 18S (Applied
Biosystems), or GAPDH. Sequence information of primers and Tagman probes is listed in

Supplementary Table S3.

3.8 Microarray Gene Expression Analysis

RNA of sorted HSCs (lin-scal+ckit+CD150+CD48-) was purified using an RNeasy Micro
Kit (Qiagen). Quality of RNA (10ng per sample) was tested using bioanalyzer Pico —Chip
(Agilent) with RIN (RNA Integrity Number) > 6.7 as threshold. RNA/cDNA amplification
was performed with an Ovation Pico WTA System (NuGen) resulting in > S5ug cDNA per
sample. Mouse430 2 arrays (Affymetrix) were used for hybridizations. Original raw data
(CEL files) were stored at the gene expression repository at the Harvard Stem Cell Institutes
(bloodprogram.hsci.harvard.edu) and in the gene expression omnibus database
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33031) according to MIAME
standards. All raw data were preprocessed using RMA (Irizarry et al., 2003) to obtain
expression intensities at gene levels and then normalized using the cross-correlation
method(Chua et al., 2006) to minimize chip-to-chip or sample-to-sample variations.
Differential expression was called based on the mean log2 fold changes (=1.5-fold) and p
value (p<0.05) of modified t-statistics between mutants and their corresponding controls.
Gene Ontology analysis was performed for the differentially expressed genes using DAVID
(Database for Annotation, Visualization and Integrated Discovery). Enriched categories were
obtained in comparison to the whole mouse genome as background. All P-values were
calculated based on Fisher exact test and further corrected using the Benjamini & Hochberg

method. All heatmaps were generated using hierarchical clustering with average linkage, and
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genes were sorted based on the mean fold changes. GSEA analysis were performed as

described in legends of Supplementary Figures S2 and S5.

3.9 Western Blot

Antibodies for immunoblotting were mouse monoclonal anti-Hsp90 (catalog number
610418, BD Biosciences, San Jose, CA), rabbit polyclonal anti-PU.1, donkey anti-rabbit IgG-
HRP, and goat anti-mouse IgG-HRP (catalog numbers sc-352 X, sc-2313, and sc-2031,
respectively; all from Santa Cruz Biotechnology, Santa Cruz, CA). Total cell extracts were
prepared from murine bone marrow cells by direct lysis in SDS sample buffer and subsequent
denaturation. Antibodies for detection were used at dilutions ranging from 1:2000 to 1:10,000.
To test knockdown efficiency of Cdk1 and Cdc25a, total cell lysates of cotransfected
HEK293T cells were blotted and probed with either mouse monoclonal anti-flag M2
(1:20,000, catalog number F3165, Sigma-Aldrich, St Louis, MO) or mouse monoclonal anti-
Cdc25A (F-6) (Santa Cruz, catalog number sc-7389, 1:2,500).

3.10 ChIP-Seq Analysis

Data source and processing

H3K4me3 and H3K27me3 ChIP-Seq data for LSK cells were obtained from (Adli et al.,
2010). SRA files were downloaded from the Gene Expression Omnibus website. These files
were converted to fastq format for further processing. PU.1 ChIP-Seq data for HPC-7 cells
and macrophages were obtained from previously published studies-(Wilson et al., 2010a,
Heinz et al., 2010). Sequencing reads in fastq format were mapped to the mouse reference
genome, mm9, using Bowtie. The output sam files from bowtie for replicate samples were
merged and then converted to bed format of 200 bp width. Finally, coordinates in the reads
bed file that extend beyond actual chromosome sizes were corrected. Visualization of
mapped reads in the genome was done in UCSC Genome Browser with BigWig files. First,
bed files were converted to wig files. BigWig density profiles were then generated from the
wig files using wigToBigWig from UCSC.
The peak identification parameters were: 1)The peak identification threshold: peak height
>=10; 2) Genomic regions relative to genes: promoter region (500bp to TSS); proximal

promoter region (5kb to TSS) 3) IgG background — height for IgG peak < 10; 4) IgG
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background — Fold change of specific pulldown vs IgG >= 2. Numbers of cell cycle gene sets:
1) 52 in DEGs and 121 in non-DEGs for Pu.1 bounded genes; 2) 163 in DEGs and 836 in
non-DEGs for all genes.

Read Density Visualization

Visualization of genome-wide promoter read densities were carried out using the
seqMINER software (Ye et al., 2011). First, transcription start sites for the entire genome
were obtained from UCSC refGene table and were used as reference coordinates in
seqMINER. Second, processed bed files were used as input aligned reads. Finally, clustering
and heatmap of the promoter region were generated for +/-5kb region around the transcription

start site. In Figure 4c the Integrative Genomics Viewer (www.broadinstitute.org/igv/) was

used for visualization of ChIP seq reads.

3.11 Viral vectors and transduction

Specific shRNA and a NSC shRNA were cloned into the lentiviral vector pGhU6
(Radomska et al., 2012) containing a eGFP sequence via Hpal and Xhol restriction sites.
Knockdown efficacy of constructs at protein level was tested in HEK293T cells that have
been cotransfected with murine CDK1 (CDK1 Mm p3xflag-CMV, kindly provided by Peter
Sicinski, Dana Faber) or murine CDC25A (CDC25A-pCMV-Sport6 obtained from Dana
Faber/HCC DNA Resource Core [MmCD00320178]). Murine NIH3T3 cells have been
transfected with shRNA constructs and knockdown of endogenous mRNA was tested in GFP
sorted cells. For virus production, HEK293T cells were cotransfected using lipofectamine
2000 with selected shRNA constructs and lentiviral constructs (Gag-Pol and Env). Virus was
harvested after 48 hours and concentrated using a Centricon Plus-70 100000 MWCO column
(Millipore). Lentiviral transduction was performed in culture dishes (Falcon 1008; Becton
Dickinson, Lincoln Park, NJ) in the presence of polybrene (8 ug/ml) (Sigma). Various
dilutions for each virus were tested in cultured LSK cells (2000 cells per well in a 96-well
dish) of wild type mice to achieve a transduction efficacy of > 20% (GFP+). For all
experiments, LSKs were cultured in CellGenix SCGM medium + 100ng/ml SCF, 50ng/ml
TPO, 10ng/ml f1t3.
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3.12 Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were done on total bone marrow cells (2 X
10° cells/one ChIP) DNA using a EZ ChIP (Upstate Biotechnology) and followed the
manufacturer's protocols with some modifications. Formaldehyde was added to the cells in a
culture dish to a final concentration of 1% and incubated at 37°C for 10 min. The cells were
washed in 1 mL of ice-cold PBS with proteinase inhibitors, and resuspended in 400 pL of
SDS lysis buffer. Lysates were sonicated for nine 10 second pulses on wet ice and centrifuged
at 15,000 rpm for 10 min at 4°C. Supernatants were loaded on 1% agarose gels and
determined to have reduced DNA lengths between 200 and 1,000 bp. The sonicated samples
were pre-cleaned with salmon sperm DNA/protein A agarose beads (Upstate Biotechnology).
The soluble chromatin fraction was collected, and 8 uL of polyclonal rabbit antibody to PU.1
(Spi-1, Santa Cruz sc-352), polyclonal rabbit antibody to RunxL1 (CST #4334), IgG control
antibody or no antibody, was added and incubated overnight with rotation. After rotation,
chromatin-antibody complexes were collected using salmon sperm DNA/protein A agarose
beads and washed according to the manufacturer's protocol. Immunoprecipitated DNA was
recovered using a QIAquick PCR Purification Kit (Qiagen) and analyzed by q-PCR (primer
sequence information in Supplementary table S3). One additional primer set was used to
amplify the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as an internal control.
Relative enrichments for PU.1 and Runx1 antibodies were calculated by taking the ratio
between the net intensity of the PU.1 PCR product from each primer set and the net intensity
of the bound sample of the IgG control and dividing this by the same ratio calculated for the
input sample. The value of each point was calculated as the average from two independent

ChIP experiments and a total of four independent PCR analyses.

3.13 Reporter assays

For transient reporter assays, distinct sequences as shown in Table S2 of the indicated cell
cycle regulators were cloned into either pXP2 or pGLA4 firefly luciferase reporter vectors. The
reporter vectors used in this study (pXP2, pGL2, pGL4) lack eukaryotic promoter or enhancer
sequences. For pXP2, the regulatory sequences of interest were cloned into the Xhol site of
the multiple cloning region, 33 bp upstream of the start site of the luciferase reporter gene.

The Cdc25a promoter sequence was cloned into the EcoRV site of the multiple cloning region
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55 bp upstream of the start site of the luciferase reporter gene of the pGL4 plasmid.
Generation of the Gfil minimal promoter reporter constructs in pGL2 was described
previously (Wilson et al., 2010b). PU.1 core motives were mutated from GGAA to TCGC,
using a QuikChange® Site-Directed Mutagenesis Kit and following manufacturer’s
instructions (Stratagene, La Jolla, CA). Sequences for mutagenesis primers are listed in Table
S3. For luciferase experiments, 1.5 x 10° HEK293T cells were cotransfected with reporter
constructs (100 ng) and increasing amounts of PU.1-pCDNA3 plasmids (0, 50, 100, 200, 400
ng). DNA input was equalized by addition of pPDNA3 plasmid. Transfections were

normalized with the 20 ng of renilla luciferase vector as an internal control.

3.14 Statistical Analysis

CRU frequencies were calculated with L-Calc software (StemCell Technologies). The
statistical differences in frequencies between sets of limiting dilution analyses were assessed
on basis of the asymptotic normality of the maximum likelihood estimates and calculated
using Chi-square test. Log-rank non-parametric test (Mantel-Cox) was used for survival
studies upon 5°-FU treatment. For Laser Scanning Cytometry analysis, or data, which did not
meet criteria of a normal distribution, the non-parametric Mann Whitney U-test was used
(Realtime PCR for Ccna2). In all other experiments, statistical significances were assessed by
Student’s unpaired t test. Statistical significance was indicated as * for p<0.05 and ** for

p<0.01. For normalized data, Gaussian error propagation was applied.
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4 Results

4.1 Chromatin structure, positive forward regulation and PU.1 transcription

in normal Hematopoietic Stem Cells

To provide lifelong supply of blood cells, hematopoietic stem cells (HSCs) need to carefully
balance both, self-renewing cell divisions and quiescence. While several regulators have been
identified which control this mechanism, we here demonstrate that transcription factor PU.1
acts upstream of these regulators. So far, attempts to uncover PU.1’s role in HSC biology
have failed due to technical limitations of complete loss of function models. Using
hypomorphic mice with decreased PU.1 levels specifically in phenotypic HSCs we found
reduced HSC long-term repopulation potential that could be rescued completely by restoring
PU.1 levels. PU.1 prevented excessive HSC cell divisions and exhaustion by controlling
transcription of multiple cell cycle regulators. Levels of PU.1 were sustained through
autoregulatory PU.1 binding to an upstream enhancer which formed an active looped
chromosome architecture in HSCs. These results establish that PU.1 mediates chromosome

looping and functions as master regulator of HSC proliferation.

4.1.1 Mice with a selective mutation of a distal PU.1 binding site express decreased levels
of PU.1 in HSC

We previously identified a potential autoregulatory site within the -14kb URE of murine
PU.1, which we characterized in vitro (Okuno et al., 2005). To genetically dissect a functional
ki

role for autoregulation of PU.1 in vivo, we generated knock-in mice (PU. ) with targeted

disruption of this particular binding site by homologous recombination (Figure 2).
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Figure 2. A, Cartoon illustrating the PU.1 locus (modified from (Hoogenkamp et al., 2007)). B,
shown are location, species homology and sequences of RUNX and PU.1 sites in the -14kb URE, as
well as the sequence of the mutated allele. C, Diagram of the PU.1 locus indicating the targeting
strategy of knock-in mice (PU.1"™) with a mutated autoregulatory site at homology region H2 of the -
14kb URE. In the “final” PU.1""™ allele, FRT recombinase was used to remove the PGK-Neo cassette.

24



Chromatin immunoprecipitation (ChIP) analyses of total bone marrow cells confirmed
successful abolishment of PU.1 binding to the -14kb URE in PU.1ki/ki mice, whereas URE

binding of Runx1 to binding sites in close proximity to the PU.1 site remained largely

preserved (Figure 3).
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Figure 3. Quantitative chromatin immunoprecipitation (ChIP) of total bone marrow cell lysates using
normal rabbit IgG and antibodies against PU.1 and Runx1. Black bars in Fig. 1a indicate RQ-PCR
primer locations at H2 and a control region located 5 kb upstream of the PU.1 transcriptional start site.
One additional primer set was used to amplify the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene as an internal control. Relative enrichments for PU.1 and Runx1 antibodies were
calculated as fold enrichment over IgG control. “ctrl” indicates bone marrow of mice after
homologous recombination with a similar targeting vector as for autoregulatory site mutants but with
unmutated URE. Shown are values as avg. + s.d. of two independent ChIP experiments and a total of
four independent RQ-PCR analyses.

PU.1 levels of PU.1"" mice were not changed in unselected total bone marrow cells
(data not shown). However, in phenotypic HSCs (defined in this study as Lin"Scal c-
kit"CD150"CD48- (Kiel et al., 2005)), PU.1 mRNA levels of PU.1""" mice were reduced by
66% compared to controls, similar to levels of PU.1 heterozygous knockout (PU.1+/-) mice in
which exons 4 and 5 were deleted (Iwasaki et al., 2005) (Figure 4A). Interestingly, both
PU.1ki/ki and PU.1+/- mice displayed increased numbers of total bone marrow cells (Figure

4B) and phenotypic HSCs (Figure 4C) compared to controls.

25



p
w
@]

Bone marrow cellularity x107)

1.5

—_
o

*%k *%k * % * %

(=]

* % *%
0.5 4

PU.1 mRNA in HSCs
Total HSC number (x104)

0 _ 0- - —
WT  PU.14K PU 1+~ WT PU.1k Py 1+- WT PU.1KK Py 1+-

Figure 4. PU.1ki/ki hypomorphs show increased numbers of phenotypic HSCs. A, PU.1 mRNA levels
in Lin-Scal+c-kit+CD150+CD48- cells (HSCs) of wild type (WT), PU.1 autoregulatory site mutants
(PU.1ki/ki), and PU.1 heterozygous (PU.1+/-) mice (Iwasaki et al., 2005) (Realtime PCR; average
values [avg.]| + standard deviation [s.d.] as fold change to WT; n=7-8; **P<0.01). B, C, Total number
of mononuclear cells and HSCs in bone marrow at age of 3 months (avg. + s.d. of two femurs, tibias,
fibulas; n=5-9; *P<0.05, **P<0.01).

4.1.2 Bone Marrow Homing of HSCs from adult PU.1ki/ki mice is preserved

Previous reports, including one from our group, indicated that complete loss of PU.1
resulted in decreased numbers of HSCs due to defective homing (Fisher et al., 1999, Kim et
al., 2004, Iwasaki et al., 2005). In spite of this, using laser-scan cytometry on femur sections
of wild type and PU.1ki/ki mice we established that HSCs of PU.1ki/ki localized normally
within the bone marrow niche (Figure 5A). PU.1ki/ki hypomorphs with decreased but not
absent PU.1 levels demonstrated normal HSC homing in short term bone marrow
transplantation assays (Figure 5B). In addition, microarray gene expression analysis of adult
HSCs of PU.1ki/ki and wild type mice were compared with data of fetal liver PU.1 knockout
mice, which have been reported to have severe homing defects (Fisher et al., 1999, Kim et al.,
2004). In contrast to PU.1ki/ki, PU.1 knockout HSCs showed profound changes in the
expression of genes involved in mediating interactions with the microenvironment (Figure 5C,
D), thus supporting that homing defects described for PU.1 fetal liver knockouts are not
present in HSCs of adult PU.1%M mice.
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Microarray gene expression analysis (Affymetrix Mouse 430 2) of E14 fetal liver LSK from PU.1
knockout mice (PU.1-/-) (Iwasaki et al., 2005) vs. corresponding wild type, and of 3-4 month old
PU.1ki/ki vs. wild type HSCs. C, Gene Ontology analysis indicated significant changes in pathways
mediating interactions with the microenvironment in PU.1-/- vs wild type (WT) fetal liver LSKs.
Black bars show % of relative enrichment of changed genes per group compared to background (white
bars = expected share): Pathways of significantly changed gene expression between PU.1-/- and WT.
D, Heat map of genes involved in homing: Fold changes as log2 expression (red [+], green [-]) of
three PU.1-/- or PU.1ki/ki replicates compared to the mean of three corresponding controls are
depicted. The mean expression intensities for PU.1-/- LSK are significantly larger or smaller than the
mean of the controls (P<0.05), whereas there is no significant change between PU.1ki/ki HSCs and
controls.

4.1.3 PU.1MM hypomorphs are defective in HSC function

To test if the observed increase of phenotypic HSC numbers in PU.1" mice reflected
quantitative differences of functional long-term (LT)-HSCs we performed competitive
repopulation transplantations with limiting dilutions of purified phenotypic HSCs. After 6
months, long-term lymphomyeloid reconstitution in peripheral blood and HSCs in bone
marrow of donor cells were assessed and plotted as percent non-responding mice (Figure 6).
Intriguingly, phenotypic HSCs of PU.1™

of functional LT-HSCs.

mice demonstrated a dramatic (13.6 fold) decrease
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Figure 6. PU.1""* hypomorphs are defective in HSC function. A, Limiting dilution CRU assay:
Indicated HSC numbers of wild type or PU.1"* mice (CD45.2") were cotransplanted with 2x10° bone
marrow cells of a competitor (CD45.17) into lethally irradiated (1300rads) recipients (CD45.1").
Reconstitution was evaluated in blood and bone marrow 6 months after transplantation. Mice with
CD45.2" chimerism <0.3% were considered as non-responders (P=0.0001).

B, Representative FACS analyses of limiting dilution transplantation experiments using phenotypic
HSCs of either wild type (“control”) (left) or PU.1" (right) donors (CD45.2+) into CD45.1+ recipient
mice. 24 weeks after transplantation blood and bone marrow) were assessed for positive long-term
reconstitution. One positive example of recipients from each group (wild type = Control, PU.1") is
shown.
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To evaluate the potential of PU.1*/ HSCs to regenerate bone marrow after repetitive
injury, we analyzed mice after weekly administration of the antimetabolite 5’-fluorouracil (5-
FU) (Figure 7A). We observed decreased survival in PU.1% mice indicating that HSCs of
PU.1" either exhaust prematurely, have increased cell cycle activity, or both. To test for
HSC exhaustion, we further analyzed long-term reconstitution capacity in serial
transplantation assays. Interestingly, after three rounds of transplantation HSCs of PU.1*™
mice failed to repopulate the bone marrow of lethally irradiated recipients, thus showing that
HSC of PU.1KM hypomorphs exhausted prematurely (Figure 7B). Moreover, competitive
long-term reconstitution transplantation assays utilizing total bone marrow cells also revealed
reduced HSC function of PU.1+/- similar to what was observed with PU.1ki/ki (Figure 7C).
Restoration of PU.1 levels by crossing to a human PU.1 transgenic (Leddin et al., 2011)
(Figure 7D) rescued HSC function of both PU.1ki/ki and PU.1+/- bone marrow cells (Figure

7C), demonstrating that HSC function was strictly related to PU.1 levels.
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Figure 7. A, Reduced capability of PU.1"* mice to regenerate bone marrow after repetitive injuries
by weekly 5°-FU administration (i.p. 150mg/kg). Results are shown as Kaplan-Meier survival curves
(n=8, P=0.002 [Mantel-Cox]). B, Serial transplantation assays: Rounds of transplantations with 2x10°
bone marrow cells were performed in 16-week intervals. Bar graphs indicate survival after each round
of transplantation (n=5). C, 2x10° bone marrow cells of indicated donor mice (CD45.2") were
cotransplanted with 2x10° CD45.1" bone marrow cells into lethally irradiated CD45.1+ recipients.
Bar graphs show donor chimerism in blood after 6 months (avg. + s.d., n=5-8; **P<0.01). In the two
graphs on the right, PU.1" and PU.1"" mice were “rescued” by breeding to a strain harboring a
human transgene expressing PU.1 (“+ hPU.1-TG”) (Leddin et al., 2011). D, A human PU.1 transgene
normalizes PU.1 levels in PU.1ki/ki and PU.1+/- mice. Immunoblot and densitometric quantification
using total bone marrow cell extracts of bone marrow of indicated mice. Human and murine PU.1
were detected using a cross-reactive antibody. The antibody does not react with the truncated PU.1
(lane 3). Endogenous murine Hsp90 served as a loading control. PU.1 levels in total bone marrow are
decreased in PU.1"" but not in PU.1"™ in which decreased levels are restricted to the HSC
compartment. Importantly, human PU.1 transgene expression (+hPU.1-TG) (Leddin et al., 2011)
restores PU.1 protein expression to a level that is comparable to wild type (WT) and which does not
result in PU.1 overexpression (e.g. in the PU.1"" x hPU.1-TG mice).

4.1.4 Increased Cell Cycle Activation in HSCs of PU.1 Hypomorphs

To directly assess the role of PU.1 in HSC proliferation, we measured 5-
bromodeoxyuridine (BrdU) incorporation in vivo. Indeed, the proliferative fraction of both
PU.1"" and PU.1"" (Back et al., 2004) HSCs was doubled compared to wild type (Figure 8A).
In concordance with BrdU incorporation assays, cell cycle analysis using PyroninY/Hoechst
staining revealed that purified HSCs of PU. 1" (Iwasaki et al., 2005) and PU.1""" mice had a
significant increase in dividing cells, as evidenced by an increased fraction of the S/G2/M cell
cycle phase. Restoration of PU.1 levels by crossing PU.1*/* mice to a human PU.1 transgenic

(Leddin et al., 2011) (Figure 7D) reversed the increased S/G2/M fraction to normal (Figure
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8B). These results demonstrate that PU.1 regulates proliferation in HSC, and this effect was
directly related to levels of PU.1.

To reveal potential mechanisms through which PU.1 levels might control HSC
proliferation we performed microarray gene expression analysis of purified HSCs of PU. 1k
and wild type mice. Differentially expressed genes were mapped to known pathways using
Gene Ontology (GO) pathway analysis. Strikingly, cell cycle genes and genes of pathways
directly affecting proliferation (such as canonical Wnt-, MAPK-, and p53 signaling) were
significantly overrepresented (Figure 8C). Similarly, gene set enrichment analysis (GSEA)
(Mootha et al., 2003) revealed significant enrichment of genes representing activated G2 cell
cycle phase in PU.1"™ HSCs (Figure 8D). From the list of cell cycle genes differentially
expressed in microarray analysis (Table 1) we selected eight to validate differences in mRNA
expression by quantitative real time PCR (RQ-PCR) (Figure 8E). Low PU.1 levels resulted in
decreased expression of cell cycle inhibitors, such as Gfil, Cdknla (p21), and Cdknlc (p57),

and increased levels of cell cycle activators such as Cdk1, Cyclin D1, E2f1, and Cdc25a.
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Figure 8. PU.1 restricts HSC cell divisions. A, HSC proliferation assay: BrdU (one bolus i.p.
100mg/kg, followed by 16h p.o. 0.8mg/ml) was administered before bone marrow harvest. BrdU
incorporation was measured by flow cytometry on gated Lin"Scal "c-kit'CD150°CD48" cells (avg. % *
s.d.; n=4; difference PU.1"* and PU.1"" to WT P<0.05, respectively). B, Quantification of S/G2/M
cell cycle phase: Purified Lin'Scal "ckit"CD150"CD48 cells (HSCs) were stained with PyroninY and
Hoechst33342 and analyzed by flow cytometry (avg. % + s.d.; n=4; *P<0.05, **P<0.01). In the graph
on the right, PU.1"" mice were “rescued” by breeding to a strain harboring a human transgene
expressing PU.1 (“+ hPU.1-TG”) (Leddin et al., 2011). See also Figure S3B. C, Gene Ontology (GO)
analysis indicating significant changes between PU.1""" and wild type (PU.1"") in cell cycle and
indicated proliferation associated pathways. Black bars show % of relative enrichment of changed
genes per group compared to background (white bars = expected share). D, Gene Set Enrichment
Analysis (GSEA) (Mootha et al., 2003) showed significant differences between PU.1"™ and wild type
using an a priori defined set of genes (“Biocarta G2 Pathway” — signatures [MSigDB]). Shown are
Normalized Enrichment Score (NES) and False Discovery Rate (FDR) with g-value < 0.05 to indicate
statistical significance. E, Altered expression of cell cycle regulator genes in sorted Lin”
Scal‘ckit'CD150"CD48" cells (HSCs) of PU.1"™ mice. RealTime-PCR of selected genes in HSCs
(avg. + s.d. as fold change to wild type (PU.1""); n=3-4; *P<0.05, **P<0.01).
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Table 1. Expression level changes of Cell Cycle Regulators in HSCs of PU.1 Hypomorphs.

PU.1
Occupancy
Yes
Yes
no
Yes
Yes
Yes
no
no
no

no
Yes

Yes
Yes
no
Yes
no
Yes

no
Yes

Yes

Yes

fold change
pU.1%/% ys, WT

(2-log)
-1.65789862
-1.348691838
-1.035584535
-1.027207285
0.620985623
0.88673181
0.970119669
0.994218509
1.048708046
1.170287378

1.204059067

1.275318348
1.310911787
1.63048556
1.681368695
1.710971404
1.989962006
2.041443757

2.058000672

2.585261603
2.732744911

Gene symbol

Gfil
Cdknla
Cdknlc

Gadd45b
Smc3
Cdc25b
Ccndl
Espll
Cdc25c
Ccna2
Mcmb5
Cdk1

E2f1
Anapcl
Mad2l1

Oorcsl
Cdc25a
Anapc2

Mcm2

Hdac1i
Dbf4

Gene Title

growth factor independent 1
cyclin-dependent kinase inhibitor 1A (P21)
cyclin-dependent kinase inhibitor 1C (P57)

growth arrest and DNA-damage-inducible 45 beta
structural maintenace of chromosomes 3
cell division cycle 25 homoleg B (S. pombe)
cyclin D1
extra spindle poles-like 1 (S. cerevisiae)
cell division cycle 25 homolog C (S. pombe)
cyclin A2

minichromosome maintenance deficient 5, cell division
cycle 46 (5. cerevisiae)

cyclin-dependent kinase 1
E2F transcription factor 1
anaphase promoting complex subunit 1
MAD?2 mitotic arrest deficient-like 1 (yeast)
origin recognition complex, subunit 5-like (S. cerevisiae)
cell division cycle 25 homolog A (S. pombe)

anaphase promoting complex subunit 2

minichromosome maintenance deficient 2 mitotin (5.
cerevisiae)

histone deacetylase 1

DBF4 homoleg (S. cerevisiae)

To functionally study whether Cdk1, E2f1, and Cdc25a mediate the hyperproliferation

of PU.1""“ HSCs we designed five shRNA constructs for each gene and cloned them into the

lentiviral vector pGhU6 (containing eGFP). We analyzed the knockdown efficiency of

individual shRNA constructs at both, protein and RNA levels and selected the most efficient

ones for subsequent experiments (Figure 9A). HSC-enriched LSK cells of individual wild type

and PU.1" mice (n =4) were transduced with lentivirus expressing either a shRNA against

specific cell cycle activators (shCdk1, shE2f1, shCdc25a) or a non-silencing control shRNA

(NSC). Knockdown efficacy of all three genes was analyzed in GFP+ sorted LSKs,

respectively (Figure 9B).
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Figure 9. Test for knockdown efficacy of shRNA constructs, A, Indicated specific sShRNAs were
cloned into the lentiviral vector pGhU6 (Radomska et al., 2012). Knockdown efficacy of constructs
targeting Cdk1 and Cdc25a at the protein level was evaluated in human HEK293T cells after
cotransfection (48 hours) with either flag-tagged murine Cdk1 or untagged murine Cdc25a. Shown are
immunoblots with indicated antibodies using whole cell lysates. Real-time PCR evaluation of
endogenous target gene knockdown was performed on GFP-sorted murine NIH3T3 cells that prior to
harvest had been transfected with indicated constructs for 48 hours (average values [avg.] + standard
deviation [s.d.]. Circles highlight the individual construct that was selected for consecutive
experiments. B. Evaluation of target gene knockdown efficacy in GFP-sorted LSK of mice with
indicated genotype using real-time PCR (average values [avg.] + standard deviation [s.d.], n=3,
*P<0.05). Note that due to the low number of cells available for analysis, levels of E2f1 after
knockdown were undetectable. Since knockdown of Cdc25a was restricted to protein levels (a), and
since the amount of GFP+ LSK cells was limited to ~5000 cells per mouse, immunoblotting was not
possible to confirm knockdown of Cdc25a protein in the LSK population.

BrdU incorporation assays were performed to assess the proliferation of transduced
GFP+ LSKs 12 hours after BrdU application (Figure 10). Similar to our previous results with
SLAM+LSKs, the proliferative (BrdU+) fraction of PU. 1'% LSKs was doubled compare to
wild type. Surprisingly, knockdown of either E2f1 or Cdc25a alone was sufficient to restore
normal proliferation. This highlighted the critical role of either factor for the
hyperproliferative phenotype induced by lower PU.1 levels. Interestingly, knockdown of
either factor in wild type cells did not perturb LSK proliferation, indicating that they might
not be essential to maintain basic proliferation in healthy conditions and that their reduction
could be compensated. Knockdown of Cdk1 alone in either wild type or PU.1"M LSKs was
not sufficient to change proliferation, pointing to a compensatory mechanism by other factors
in play. However, since many cell cycle regulators are changed in PU.1"™ mice, it is still
possible that CDK1 might contribute to the hyperproliferative phenotype as part of a

composite effect.
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Figure 10. BrdU proliferation assay on HSC-enriched LSK cells of wild type and PU.1** mice (n=4)

upon lentiviral shRNA knockdown of specific cell cycle activators (shCdk1, shE2f1, shCdc25a) or a
non-silencing control shRNA (NSC). BrdU incorporation was measured after 12 hours by flow
cytometry on gated GFP+ cells (avg.% + s.d.; n=4; *P<0.05, **P<0.01).

4.1.5 PU.1 transcriptionally induces Cell Cycle Inhibitors and represses Cell Cycle
Activators

To test if binding of PU.1 to promoters of putative target genes might be correlated to
“active” or “repressed” histone marks, we chose a whole-genome approach. By obtaining
H3K4me3 and H3K27me3 ChIP-Seq data for LSK cells and PU.1 ChIP-Seq data for HPC-7
cells from (Adli et al., 2010, Wilson et al., 2010a) respectively, we mapped sequencing reads
to the mouse reference genome. Figure 11A shows the patterns of PU.1 binding to +/- 5kb
either side of all annotated mouse promoters in relation to the histone marks H3K4me3
(“active”) and H3K27me3 (“repressed”) as stacked heatmaps. Three types of promoters with
either the “active”, “repressed” or “no” histone marks at all, could be distinguished.
Interestingly, PU.1 binding was largely restricted to promoters with the “active” H3K4me3
mark. As shown on the right panel a substantial proportion of H3K4me3 bound promoters
were also bound by PU.1 (Figure 11A).

We next combined PU.1 ChIP-Seq data (Wilson et al., 2010a) with the differentially
expressed genes in SLAM+LSK cells of PU.1"* and wild type mice. Among all genes that

Y mice, binding of PU.1 to promoters of cell cycle genes was

were dysregulated in PU.1
significantly enriched pointing to the predominant role for PU.1 in regulating cell cycle in

HSCs (Figure 11B).
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Figure 11. A. PU.1 binding was largely restricted to promoters with the “active” H3K4me3 mark.
H3K4me3 and H3K27me3 ChIP-Seq data for LSK cells (Adli et al., 2010) and PU.1 ChIP-Seq data
for HPC-7 cells (Adli et al., 2010, Wilson et al., 2010a), were mapped to the mouse reference genome,
mm9 and shown as stacked heatmaps. B. Fraction of PU.1-bound genes to all genes in the categories
differentially expressed genes (DEGs) or non-DEGs comparing the GO-group of cell cycle genes with
the whole genome.

In line with differential expression of cell cycle genes and concurrence of PU.1
association with the active histone mark H3K4me3 at promoters genome-wide we expected
| kirki

PU.1 binding to promoters of genes that were downregulated in HSCs of PU. mice.

Indeed, PU.1 bound promoters and enhancers of cell cycle inhibitors such as Gfil and
Cdknla (Figure 12). Surprisingly, we also observed distinct PU.1 binding to promoters and
enhancers of cell cycle activators such as Cdk1, E2f1, and Cdc25a (Figure 12, Table 2).
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Figure 12. PU.1, H3K4me3 and H3K27me3 binding profiles for promoter and enhancer regions of
PU.1 target genes. PU.1 ChIP-Seq data (red and green tracks) of the hematopoietic stem cell line
HPC-7 (Wilson et al., 2010a) are shown in comparison to IgG control (grey tracks). A 6.5kb stretch of
Gfil, Cdknla (p21), Cdk1, E2f1, and Cdc25a loci are shown. Black bars indicate the sequences that
were used in reporter assays. Red and greed marks at black bars stand for putative PU.1 binding sites.
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To evaluate the transcriptional regulation through PU.1 on a subset of promoters and
enhancers of its putative target genes we applied functional transcriptional reporter assays.
Based on ChIP-seq data, we selected promoter and enhancer regions of Gfil, Cdknla, Cdkl,
E2f1, and Cdc25a and cloned them into pXP2, pGL2, and pGL4 reporter vectors respectively
(Table 2 for detailed sequence information). Each sequence contained between 1 and 3
putative PU.1 binding sites according to calculated transcription factor binding using
MatBase software (genomatix©) (indicated with red or green marks on promoter/enhancer

indicating black bar in Figure 12).

Table 2. Sequences of indicated regions used for reporter assays

Gfil (min promoter): NCBI Reference Sequence: NT 109320.5: 5154
TGTCCCACTGGGGGATGGGGCTGGGGTTGAGAAGGCTAGTGAGCGCCTCTAACGCTCAGGAAGTGAAGTTTGTGGTTTTGGGGGCT

GAGCTCCGAAGGAGATTAAAAAAAAAAAAAAAAAAAAAGTCAGAGAGACAGATCAGTCTCTCCCGAAAGCAAGATTCAGTTTGCACACTCTCA

GAGCTCGGTGCCCGCGCCCTGACCCCGAAGGTAGGTTTGCTGAACTGCTGTGCCT-5390

Cdknla (p2l) enhancer (intron2): NCBI Reference Sequence: NT 039649.8: 7190
TCTGACTCATCGCGTGCTTTGGGCGTGGAGATCAAGGTGGAGGGGGCCAGAGCTAAGAGCACTTTCTTTGCTCTCGAGTGTCCGTG
CGTGCGTGTGTGCGTGCGTGCGTATGTGTGTGTGTGTGTGTGTCTGTGTACGTGCGTGTGTGTGTGTGTGTGTATGCGTGCGCGCGCGCGCGL
TCAGTCTGGTTTCCCAACATAGGCGGGAATTTAGGAAGCCTGGGCTCATCGTGACGTGTTTTGTGGCCCGGGGTCCCCCTCCTTTCCTCTCCT
CTCTCCACCCCAGGGTGACGCGCAGCTCCGGTGCCCAAGCAGTTTTGGCGGGCGGGCAGCGCCGGGCAGGAAACTGACTCACCACTCCTTGCT
CGGCCTACGCGCCGCCTACCGAGCGCCATTTCCTGAGTGCACAGCGCCCCCTACCGGCATCAGTGAGGACTGCAAGGCCGGCTAGGCGCGGGT
GGCACCACGGGCTTCTGCCACCCCCACCGCGGCTTAAAGGGAA-7691

Cdkl promoter: NCBI Reference Sequence: NT 039500.8: 3726

CGCCCAGCTAATAACAAGCTCTTGATGTAGTGGTACTGTCACTTTGGTGGCTGGCTATCTAAATTCAATGCATTTGAATTGTGTTA
GTCTTGGAGGGAAATTACACACAGAAAGGTAGCTGGAGAAAAAAGAGAATAGATTAGACTGTCCAGAAACAACAGGACGATATTGGAAGGAAA
ACAGAGCTCAAGAGTCAGTTGGCGCCCGCCCTCCTGCAATTCCTCTGGCCGCGGTTTCCGCTCCCTTTCGCGCTCTGCGCTCCCAGGCAGCCC
CGCCCAAGCGTAGCTCAGCTCTGATTGGCTCCTTTGAACGTCTACGTGCAATCGGATTGGCGGATCCCGGGAGCTTTACCGCGGCGAGTTTGA
AACTGCTGGCACTCGGCCTCTAAGCTCCTGGAGTTGCTGCGTCCGCGCAGTCCGGAACTGCGGTGTGGCCCCAGCCGGGACAGAGAGGTATGG
CGTGAGTCGGACTGGGTGCAGGCTGGGCCTGCGGGGGCTCCACGGGATCTGGGGGTTCCCCCGGGGAAGGGCAGGACATCCATGTGAGCCTGG
GGATCCCTTGTGGACGGGTAGGGCCTCCACGTGAGATCTTGGTCTCCTGTGGACGGGTAGGGCCTCACCTAAGTCCGGGATCCCTTATGG
3867

E2F1:NCBI Reference Sequence: NT 039207.8: 31559
CTTGCCTGTCTGTTTGCTGAGCCTCGCTCCGGGCCTCGGCGTCTTCACCGGAGCGTCGGAACCATTAATGATTGTGTCTCACGT
GTATCCAGCTGGTGCTTGCTTAGTGCACGCTCAGGCTTTGGCACCAAATTCCCAATTCTGGTGTGAGCTGGGTGTTGTCACGTGCCCATCTGC
CAGAGGGAGGAACTGAGGCCCAGAGATGGGGAAGTGCTTCACGCAGCTGCAGATGGTGGGGCTGATATTTGAACTGATGTCTGCTGGCTTGCT
GCAGAACCTATGGCTAGGGAGTGCGCACAGTTGCTTGTTGGAGGTGAGAGAGGGTGACTGTTAGAGACATCTTCGGGAGATCCTCCTTAGTAG
CTCTGCCAGGTGCAGGCCTGGCCTTCCAGGCCTCTGGGGATAGGCCTCTTGATTGGGAGGCCTTCTCTG-31990

Cdc25a promoter: NCBI Reference Sequence: NT 039482.8: 12069

TTTCGGTAGGGACTAGCGCCCCCACAGAAAGTTTCATTGACTCCTTTCTCATTTCAGCCACCTCCCAACTCTTCAGGCTTCGCCCC
CACCGAGAGAGGGCGTGACCTCGAGGAGGCCCACGAGACGCTTCCTCCTTTCCTTCTCATTGGTCCGGCTCAGCTGTCATTCGGGAGCGAGGA
GAAGTTTGCTTCCTGATTGGTGAATTCCGTTTGGCGCCAACTAGGAAAGGGGCGGGGCGGCGGCTATCCTGAGTGTGCAGCAATTAACGCTAA
GGCCACTTTGGTGGTGAGGGAAGTGAAGGTTCCTTCTCTGCGAGCCGGCTACGGAGCAAGGAGGGAGAAAAAAAGTGAGGCGAGTTAGTCGGA
GCGGTGGTCTCAAGACTCTTCCTCCACGGAGTTTGTTTGGATTTAATCTTGAGGTTGCAGGCGCCCGCCCGCCTGCGGGCCTCGCGGGACAGA
GAGGGAAGCACCGGTGCTTGTGCCTGGCGCCTGCCGAGTCCCCTACGCTCGCCGGTCCGCGCCGCTGCCCGTGGCGGCCGCGTCTCTGAACCG
CGGGGTCGTGTTTGTGTTTGACCCGCGGGCGCTGGTGGCGTGGCACGCGGCTGAAGCCGGTGCCAGCGGGGCGGGGCCCGGCGCAGCGGAGGL
GGAGGAAGACGGAGCGGGAGTCCGGGCAGGCCCGGCGGCGCCATGGAACTGGGCCCGGAGCCCCCCCACCGCCGCCGCCTGTTCTTCGCTTGL
AGCCCCACGCCTGCGCCGCAGCCCACGGGGAAGATGCTGTTTGGCGCGTCAGCTGCTGGCGGACTGTCCCCTGTCACCAACCTGACGGTCACC
ATGGACCAGCTGGAAGGACT-12919

Cotransfection of the indicated reporter constructs with increasing amounts of PU.1

expression plasmid resulted in a dose dependent increase of reporter activity for the Gfil
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promoter and a Cdknla (p21) intron 2 enhancer (Figure 13 red bars). In contrast, reporter
activity of a E2f1 intron 1 enhancer (Figure 13A), and of the Cdk1 and Cdc25a promoters
demonstrated a PU.1 dose-dependent decrease (Figure 13B, green bars). We went on to mutate
the putative PU.1 binding sites of the Gfil promoter, the Cdk1 promoter and the Cdc25a
promoter. Mutation of PU.1 binding sites in either promoter significantly reduced the PU.1’s
activating function on Gfil and its repressive function on Cdk1 and Cdc25a transcriptional
activity (Figure 13B). In summary, these reporter assays demonstrated that PU.1 positively
regulated transcription of cell cycle inhibitors Gfil and Cdknla (p21) and negatively
regulated transcription of the cell cycle activators Cdk1, E2f1, and Cdc25a through direct
binding to their promoters/ enhancers. These results demonstrate that PU.1 directly controls

multiple regulators of cell division in HSCs.
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Figure 13. Reporter assays in either pXP2, pGL2, or pGL4 luciferase vectors of indicated promoters
and enhancers cotransfected with increasing amounts of PU.1 expression plasmid. Shown are mean
values * standard deviation; P-values: * <0.05, **<0.01, ***<(0.001 compared to reporter levels with
Ong PU.1 set as 100%, n=4; B. Reporter assays for Gfil, Cdk1, and Cdc25a either with or without
targeted PU.1 binding site mutations. P-values are demonstrated in comparison of mutated versus
unmutated reporter activity of the corresponding PU.1 dose.
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4.1.6 Testing for Positive Autoregulation of PU.1 in HSCs In Vivo

To confirm positive PU.1 autoregulation in HSCs in a different in vivo model, we
utilized conditional PU.1 knockout mice. In these mice, excision of PU.1 exons 4 and 5 could
be induced by poly-inosinic—polycytidylic acid (pIpC) administration. Resulting truncated

transcripts (PU.157

) demonstrated the expected loss of the RNA corresponding to the DNA
binding ETS domain. Truncated transcripts were equally stable compared to wild-type (full
length) PU.1 mRNA (Figure 14A, B) (Iwasaki et al., 2005). We quantified murine truncated
PU.1 transcripts with a murine-specific TagMan RQ-PCR (Exonl-2, Figure 15A), and found
an average reduction of 61% after excision in phenotypic HSCs (Figure 14C). Importantly,
introduction of a human PU.1 transgene into the PU.1%*'~ background (Leddin et al., 2011)
rescued repression of PU.15!

(Figure 14C).

transcripts, demonstrating that PU.1 indeed is autoregulated
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Figure 14. Positive PU.1 autoregulation in HSCs. A, Mouse model with induced truncation of PU.1
transcripts (PU.1%'?) which lack the DNA binding domain (black boxes: -14kb URE and Exons,
black triangles: loxPsites). B, Stability of truncated PU.1%*'” transcripts is comparable to that of wild
type. After ActinomycinD (5pg/ml) treatment of cultured Lin'Scal “ckit” cells, 1x10* cells were
harvested at indicated timepoints and TagManPCR was performed (Ex1-2 and 188, avg. * s.d. relative
to starting point; n=3). C, Positive autoregulatory loop: Transgenic expression of human PU.1 protein
restored PU.1%" transcript levels in HSCs. TagqManPCR (Ex1-2 and 18S) of purified Lin"
Scal‘ckit'CD150"CD48" cells (HSCs) of MX1Cre PU.1 "™ (WT), MX1Cre PU.1"" (PU.1%') and
PU.1%*'? crossed to a human PU.1 transgene (PU.1"*'?+hPU.1-TG), (avg. + s.d. as fold change to
WT; n=3-4; **P<0.01).
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However, this autoregulatory loop may also involve other transcription factors,
especially other Ets factors. TagMan RQ-PCR analysis of the Ets factors Flil, Elf1, Erg, and
Etv6 in HSCs and LSKs revealed that at least Erg and Etv6 were expressed at detectable
levels in HSCs (Figure 15B).
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Figure 15. A, Species specificity of indicated TagMan RQ-PCR assays using murine (RAW264.7) or
human (ME1 and HL-60) PU.1 expressing cell lines, or a mixture of the indicated murine and human
lines (average values [avg.] + standard deviation [s.d.], n=2). B, Flil, EIf1, PU.1, Etv6, and Erg
mRNA levels in Lin'Scal ‘c-kit'CD150"CD48 cells (HSCs) and Lin'Scal "c-kit" (LSK) of wild-type
(WT), PU.1 heterozygous (PU.1""), and PU.1"" mice as measured by TagMan RQ-PCR (average
values [avg.] + standard deviation [s.d.] as fold change to WT PU.1; n=4). There was no detectable
expression of Flil and EIfl in HSCs and no compensatory increase after PU.1 level reduction in HSCs
and LSKs.

43



To provide direct experimental proof that PU.1 binding to the -14kb URE is essential
for autoregulatory PU.1 transcription in HSCs and to rule out secondary effects related to the
consequences of decreased transcription factor concentration we designed a new mouse
model (Figure 16). In this model PU.1 levels were maintained through the balanced expression
of a human PU.1 BAC (Figure 7D) (Leddin et al., 2011). Transcription of a murine allele with
the mutated PU.1 binding site could be quantified using murine-specific PU.1 TagManPCR
(Ex3-4) that only detected full-length transcripts. The second murine allele was truncated
(Ex1-3) and therefore undetectable with this assay. In macrophages, mutation of the PU.1 site
at the -14kb URE had no impact on PU.1 transcription, even though PU.1 was bound at that
site (Figure 16, Figure 17) (Wilson et al., 2010a, Heinz et al., 2010). However, in HSCs, we
found that transcription levels of the mutated allele were decreased by 60%, which was
similar to those observed in HSCs of PU.1"* mice. These results proved 1) that direct PU.1
binding to the -14kb URE is essential for PU.1 transcription in HSCs; 2) that after excluding
secondary effects of reduced PU.1 levels, the decrease of PU.1 transcription in HSCs was
comparable to the one in PU.1*" mice; 3) that secondary effects on PU.1 regulation in HSCs
of the PU.1ki/ki model appeared to have no impact; and 4) that therefore the PU. 1% model is

an unbiased model to study direct involvement of the -14kb PU.1 binding site in gene

regulation of HSCs.
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Figure 16. Mice with one PU.1%'> allele and one full-length allele either with (b) or without (a) a
mutated PU.1 autoregulatory site at -14kb URE. Both (a and b) had one copy of a human PU.1
transgene (Leddin et al., 2011). Murine-specific PU.1 TagManPCR Ex3-4 (full-length transcripts

44



only) was performed. For macrophages (Mac), and Lin'Scal ckit"CD150"CD48" cells (HSCs), the
average values relative to wild type + s.d. are shown (n=5; **P<0.01).
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Figure 17. UCSC Genome Browser (http://genome.ucsc.edu/) illustration of PU.1 ChIP-Seq data of
the hematopoietic stem cell line HPC-7 (Wilson et al., 2010a) and primary macrophages (Heinz et al.,
2010) at the PU.1 locus. Both, HPC-7 cells and macrophages demonstrate PU.1 binding to the -14kb
URE and a recently identified -12kb element (Leddin et al., 2011).
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In conclusion, positive autoregulation of PU.1 could be demonstrated in three

independent mouse models and accounted for more than 60% of PU.1 levels in HSCs.

4.1.7 Autoregulatory PU.1 Binding Mediates Chromosomal Loop Formation in HSCs
Recently, we reported that in cells with high expression of PU.1, the -14kb URE
physically interacts with the proximal promoter (PrPr) thereby forming a chromosomal
conformation poised for active transcription (Ebralidze et al., 2008). These studies employed
chromosome conformation capturing (3C) and were performed on cell lines to obtain
sufficient material (Dostie and Dekker, 2007, Ebralidze et al., 2008). We modified the 3C
protocol to reduce the amount of cellular material needed and to quantify the degree of

interaction between regulatory elements. We verified the linear (i.e. quantitative) range of this
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assay from 1x10° down to 5x10* cells, which allowed us to assay the Lin"Scal “c-kit" (LSK)
population, which includes HSCs (Figure 18A,B).

A N¢¢X

Bg2 |

v 3 § -//—//// lﬁl Sotf et/

-14kb URE prPr +22kb
B

§‘ ~
% 1_2 1 -+ RAW264.7 (1x108)
§ 1 - - RAW264.7 (5x105)
E 0.8 7 RAW264.7 (1x107)
= 0-6 -
% 0.4 - - RAW264.7 (5x10%)
2 02~
% 0 - !
o

-4kb PrPr H3 +22kb

Figure 18. A, Diagram indicating genomic positions of homology regions (H1-H3), the -12kb
regulatory element (-12kb RE), proximal promoter (prPr), Exons1-5 (Ex1-5) and Bgl2 restriction sites
(vertical arrows) for Quantitative Chromosome Conformation Capturing (3C). Also shown is a
genomic region at +22kb used as a control. B, Relative crosslinking frequency of H2 with indicated
regions, measured by TagMan PCR and calibrated with an intergenetic DNA amplicon (normalized to
average interaction of H2-PrPr). Quantitative TagManPCRs experiments were in a linear (i.e.
quantitative) range from cell number 1x10° down to 5x10* (using dilutions of RAW264.7 cells). The
PU.1 binding site in homology region 2 (H2) in the URE is indicated with an asterisk.

Using 2x10° purified primary cells of pooled wild type and PU.1""* animals, we found
that mutation of the -14kb PU.1 site led to a loss of the physical interaction between -14kb

URE and prPr (Figure 19) specifically in HSC/progenitors but not in macrophages.
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Figure 19. PU.1 binding to the -14kb URE site mediates a chromosomal loop formation in
HSC/progenitors. 3C revealed a loss of physical interaction between the -14kb URE and PrPr
specifically in Lin'Scal ckit” (LSKs) of PU.1"™. Bone marrow of 4 individual animals (PU.1" or
wild type) was pooled and ~2x10° sorted cells were used (Macrophages [Mac], LSK for each
biological duplicate). After crosslinking and Bgl2 digestion, ligated DNA was purified and
interactions of the H2 region with indicated genetic locations was measured by TagManPCR and
calibrated with an intergenetic DNA amplicon. 3C experiments were performed as two independent
biological and two technical replicates. Graphs represent results of three (Mac) or four (LSK)
independent quantitative TagManPCR experiments (avg. + s.d., *P<0.05). Crosslinking efficiencies
are shown as relative values to H2-prPr interactions of wild type.

We have previously described an autoregulatory PU.1 site in a -12kb cis element and
reported its activity exclusively in mature myeloid cells as compared to other cell types
especially lymphoid cells (Leddin et al., 2011). To test if the -12kb element compensated for
the -14kb URE, we quantified the strength of interaction of the -12kb element with the

proximal promoter in macrophages of wild type compared to mPU. 1M

mice (Figure 20).
Interestingly, we found that the crosslinking frequency was significantly higher in
macrophages of mice with a PU.1 binding site mutation in the -14kb URE. This indicated that
the -12kb cis regulatory element, which also harbors a PU.1 autoregulatory site, was more
active in mature myeloid cells and might at least partially contribute to the observed normal

PU.1 levels in macrophages.
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Figure 20. Relative crosslinking frequency of the -12kb element with the proximal promoter in
macrophages (Mac) of wild type compared to PU.1"" mice (average values [avg.] + standard
deviation [s.d.], *P<0.05).

Taken together we propose a model in which PU.1 binding is necessary in HSCs to

establish an active chromosomal conformation for proper PU.1 transcription to balance cell

cycle activators and inhibitors (Figure 21).

Normal HSC Loss of PU.1 Autoregulation
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Figure 21. Cartoon: Positive autoregulation induces an active chromosome loop conformation
resulting in sustained PU.1 levels which balance cell cycle inhibitors and activators to prevent
exhaustion of adult hematopoietic stem cells.
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4.2 Runx induced spatial chromatin organization of PU.1 pathway has a
Sfunctional impact on normal and AML/ETO9Ya leukemic stem cells

Runx transcription factors contribute to hematopoiesis and are frequently implicated in
hematologic malignancies. All three Runx isoforms are expressed at the earliest stages of
hematopoiesis; however their function in hematopoietic stem cells (HSCs) is not fully
elucidated. Here, we show that Runx factors are essential in HSCs by driving the expression
of the hematopoietic transcription factor PU.1. Mechanistically, using a knock-in mouse
model in which all three Runx binding sites in the -14kb enhancer of PU.1 are disrupted we
observed failure to form chromosomal interactions between the PU.1 enhancer and its
proximal promoter. Consequently, decreased PU.1 levels resulted in diminished long-term
HSC function through HSC-exhaustion, which could be rescued by reintroducing a PU.1
transgene. Similarly, in a mouse model of AML/ETO9a leukemia, disrupting the Runx
binding sites resulted in decreased PU.1 levels. Surprisingly, leukemia onset was delayed and
limiting dilution transplantation experiments demonstrated functional loss of leukemia
initiating cells. Our data demonstrate that Runx-dependent PU.1 chromatin interaction and
transcription of PU.1 are essential for both normal and leukemia stem cells. Although low
PU.1 levels have been considered as hallmark of leukemia, reducing PU.1 might also target

the leukemic stem cell.

4.2.1 Runx binding sites in the PU.1 URE mediate PU.1 transcription in HSCs.

In order to understand the role of the three Runx factors in regulating PU.1 in
hematopoietic stem cells, we first evaluated expression of the three Runx transcription factors
in unselected bone marrow cells and HSCs (SLAMLSK, or Lineage-
Scal+cKit+CD150+CD48- (Kiel et al., 2005)). While expression of all Runx genes was
clearly detectable in both populations, Runx1 was the most highly expressed factor in HSCs
(Figure 22A). To test if loss of Runx1 would result in a compensatory upregulation of either
Runx2 or Runx3 in HSCs, we utilized Mx1-Crel inducible Runx1 knockout mice (Growney
et al., 2005) and tested changes of mRNA levels of individual Runx factors. Induced
disruption of Runx1 resulted in non-detectable Runx1 mRNA levels in HSCs, indicating
efficient excision. Interestingly, Runx3 levels were significantly increased, whereas Runx2

levels remained unchanged, suggesting that Runx3 might partially compensate for Runx1 loss
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in HSCs (Figure 22B).
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Figure 22. Runx factors mediate PU.1 transcription in HSCs through binding sites at the -14kb URE.
A. mRNA Ievels of indicated Runx genes in unselected whole bone marrow cells (BM) and isolated
SLAM+LSK cells (HSC enriched population). Shown are average (avg.) levels + standard deviation
(sd.); n=7 (note that expression data for Runx1 have been presented in Levantini et al. Supplementary
Fig SI (Levantini et al., 2011)). B. mRNA levels of indicated Runx genes after CRE induced Runx1
deletion in SLAM+ LSK cells. Shown are avg. levels £ sd. (n=4), * indicates p<0.05.

The hematopoietic transcription factor PU.1 harbors three conserved Runx binding

sites at its -14kb upstream regulatory element (URE) (Figure 2) (Huang et al., 2008). Reporter

assays in stably transfected 416B cells demonstrated that the transcriptional activation

potency of the URE depends highly on the intactness of all three Runx binding sites (Figure

23).
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Figure 23. Mutation of the Runx binding sites (from TGTGGTA to TGACCTA) reduced URE
reporter activity in individual clones of stably transfected 416B cells. Pxp2 luciferase vector plus PU.1
promoter were used as indicated with either a wild type URE, a URE in which Runx site 1 and 2 were
mutated, a URE in which Runx site 3 was mutated, or a URE in which all three Runx sites were
mutated. Bar graphs show the luciferase activity of independent cell clones relative to the activity of
empty pxp2 vector. Activity values were normalized to the transgene copy number measured by
Southern blot analysis.

We previously generated a knock-in mouse model (PU.1-URE-mRunx) in which

binding of all Runx factors was abolished from the URE of PU.1 (Huang et al., 2008) (Figure

24A).
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Figure 24. A. Simplified scheme of murine PU.1 locus indicating the three Runx binding sites, all of
which have been selectively mutated from TGTGGTA to TGACCTA in the Knock-in mouse model
“PU.1-URE-mRunx”. B. PU.1 mRNA levels in SLAM+LSK cells of PU.1-URE-mRunx and Runx1
deleted mice compared to control. Shown are avg. levels * sd. (n=4), * indicates p<0.05.
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Electro-mobility shift assays demonstrated that in contrast to a loss of all three URE
Runx binding sites, a loss of Runx1 alone led only to a minimal decrease of CBF binding due
to the contribution of other Runx family members (Huang et al., 2008). Chromatin
immunoprecipitation (ChIP) analyses of total bone marrow cells confirmed the loss of Runx

binding to the -14kb URE in PU.1-URE-mRunx mice (Figure 25).
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Figure 25. Quantitative chromatin immunoprecipitation (ChIP) of total bone marrow cell lysates using
normal rabbit IgG and antibodies against Runx. Black bars in scheme indicate RQ-PCR primer
locations of the PU.1 locus. One additional primer set was used to amplify the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene as an internal control. Relative enrichments for Runx
antibodies were calculated as fold enrichment over IgG. “URE fI/f” indicates bone marrow of mice
after homologous recombination with a similar targeting vector as for Runx site mutants but with
unmutated URE serving as positive control, “URE -/-“ (Rosenbauer et al., 2004) indicates bone
marrow of mice with excised URE serving as negative control. Shown are values as avg. + sd. of four
independent RQ-PCR analyses.

Importantly, PU.1 mRNA levels in HSCs of PU.1-URE-mRunx mice were reduced by
72% in comparison to controls (wild type), greater than the average reduction of 63%
observed in Runx1 knockout mice (Figure 24B). These results revealed the major role of the

URE Runx sites for PU.1 transcription in HSCs.
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4.2.2 Disruption of Runx binding leads to a loss of URE-proximal promoter interaction
We recently reported that a stable interaction of the URE with the proximal promoter is
required for efficient PU.1 transcription in hematopoietic progenitors/HSCs (Staber et al.,
2013). To test if Runx binding is also necessary for loop formation in the PU.1 gene locus, we
designed a chromosome conformation capturing (3C) experiment in which after DNA
crosslinking and restriction enzyme digestion (with Bgl2), the frequency of interactions of the

URE with other DNA fragments was quantified by TagMan Real time PCR (Figure 26A).

A
14kb -4kb
H
oy 3
A F—
een /,{ H2 ',,q '{f ES —Vno
URE
B
Q
g 14 - H2>-4kb H2>PrPr H2>H3
g 12 4
(g
g 1
E 0.8 A
2 0.6
5 0.4 1
: .
5 027 nd. LSKcells
e 0 .
o

Figure 26. Runx site mutation leads to loss of URE-proximal promoter interaction in
HSCs/progenitors. A. Simplified scheme of the PU.1 gene indicating the positions of homology
regions (H1-H3), the -14kb upstream regulatory element (URE), proximal promoter (PrPr), Exon 1-5
(E1-E5), and Bgl2 restriction sites (vertical arrows) for quantitative chromosome conformation
capturing (3C). The genomic region at -4kb was used as control. B. Quantitative 3C demonstrates a
loss of URE-PrPr interaction in mice with disrupted Runx binding sites (PU.1-URE-mRunx) and a
significant loss after induced Runx1 deletion in LSK cells. After crosslinking and Bgl2 digestion,
ligated DNA was purified and interactions of the H2 region with indicated genetic locations was
measured by TagManPCR and calibrated with an intergenetic DNA amplicon. Graphs represent the
results of four independent quantitative TagManPCR experiments (avg. + sd; *, p <0.05).
Crosslinking efficiencies are shown as relative values to H2-PrPr interactions of WT and Cre-Runx
respectively.
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In LSK (lin-, sca+, cKit+) stem/progenitor cells, induced deletion of Runx1 resulted in a
pronounced (66%) decrease in crosslinking frequency between the URE and proximal
promoter. After disruption of Runx binding sites, however, crosslinking frequencies were not
detectable (Figure 26B). To verify the dramatic effect of URE Runx site mutations on PU.1
folding, we also applied a semi-quantitative (PCR/Southern blot based) 3C approach
investigating the interactions of the proximal promoter with other DNA segments in the PU.1
locus (Figure 27A). Using isolated cKit+ cells from bone marrows of PU.1-URE-mRunx and
wild type mice, we could confirm the loss of interaction between URE and proximal promoter

following Runx site mutation (Figure 27B).
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Figure 27. Runx site mutation leads to loss of interaction between H2 (in the URE) and the proximal
promoter (PrPr). A. Diagram indicating: proximal promoter (PrPr); -14kb upstream regulatory element
(URE); position of homology regions (H1-H2); Bgl II restriction sites used in 3C. B. Semi-
quantitative 3C performed on paired (n=2) wild type (WT; black line) and Runx mutant (mRunx; red
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line) c-kit+ bone marrow cells. The graphs represent results of two independent PCR/Southern blot
experiments.

4.2.3 Mutation of the Runx binding sites results in loss of HSC function

Since PU.1-URE-mRunx mice expressed PU.1 at very low levels in HSCs, we next
analyzed the HSC phenotype. The percentage of progenitors (LSK) and HSCs in PU.1-URE-
mRunx mice was not different from wild type controls as determined at an age of 4 months

(Figure 28A). Similarly, absolute cell numbers of LSKs and HSCs also appeared to be

unchanged (Figure 28B).
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Figure 28. Runx binding site mutation leads to reduced numbers of functional HSCs. A and B.
Phenotypic HSCs are unaltered in PU.1-URE-mRunx mice compared to WT (4 months). A. Flow
cytometry of bone marrow samples demonstrating the avg. percentage + sd. of LSK cells (from
lineage negative population) and the avg. percentage * sd. of SLAM+LSK cells (from LSK
population). B. Total number of LSK and SLAM+LSK cells in bone marrow (avg. + sd. of 1 femur
and 1 tibia; n=5).

HSCs of PU.1-URE-mRunx mice demonstrated normal bone marrow homing

capabilities (Figure 29).
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Figure 29. Homing of PU.1-URE-mRunx HSCs is unaltered. 5 x 10° bone marrow cells of 4 month
old wild type (WT) or PU.1-URE-mRunx mice (C57BL/6J, CD45.2") were transplanted into irradiated
(900 rads) C57BL/6J, CD45.1" recipients. After 16 hours bone marrow was analyzed. Shown is the
avg. percentage + sd. of CD45.2" cells of Lin"Scal 'CD150°CD48 cells (HSCs) (n=5).

To test if the Runx-PU.1 axis would impact the function of HSCs, we performed
competitive repopulation transplantation with limiting dilution of phenotypic HSCs (Figure
30A). After 6 months, we evaluated hematopoietic reconstitution in blood and bone marrow
considering mice with a CD45.2 chimerism of < 0.3% as negative responders. Quantification
of competitive repopulating units showed a severe (24.5-fold) decrease indicating a dramatic

loss of HSC long-term function (Figure 30B and C).
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Figure 30. A. Experimental scheme of the limiting dilution competitive repopulating units (CRU)
assay. Indicted numbers of isolated SLAM+LSK cells of WT or PU.1-URE-mRunx mice (CD45.2)
were transplanted together with 2x10° unselected whole bone marrow cells of competitor mice
(CD45.1) into lethally irradiated (1300 rads) recipients (CD45.1). B Semi-logarithmic plot showing

the percentage of negative recipients as function of the number of transplanted SLAM+LSKs. CRUs
are indicated as vertical dashed lines. C. Table showing the frequency of CRUs and the total number

of transplantations per cell dose. Reconstitution was evaluated in blood and bone marrow 6 months
after transplantation. Mice with CD45.2 chimerism < 0.3% were considered as non-responders.

To further analyze if the loss of functional HSCs of PU.1-URE-mRunx mice was related to

premature HSC exhaustion we performed a series of analysis on HSCs after repetitive injuries

and stress. We first evaluated their potential to regenerate bone marrow after repetitive

injections with the antimetabolite 5’-fluorouracil (5-FU). Survival of PU.1-URE-mRunx mice

was significantly decreased (p < 0.0001) upon weekly 5-FU injections demonstrating that
HSCs of PU.1-URE-mRunx mice could not provide sufficient blood supply after injuries, a
key physiologic task of HSCs (Figure 31).
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Figure 31. Reduced capability of PU.1-URE-mRunx mice to regenerate bone marrow after repetitive
injuries by weekly 5-fluorouracil (5-FU) administration (intraperitoneally [i.p] injected 150 mg/kg).
Results are shown as Kaplan-Meier survival curves (n =9, p<0.0001 [Mantel-Cox]).

Using repetitive transplantation experiments we investigated if the potential to repopulate

bone marrow exhausted with increasing rounds of transplantations. Indeed, HSCs of PU.1-

URE-mRunx mice failed to repopulate bone marrows of lethally irradiated recipients after the

third round of transplantations (Figure 32).
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Figure 32. Serial transplantation assays. Rounds of transplantations with 5x10° bone marrow cells
were performed in 16-week intervals. Bar graphs indicate survival percentage after each round of
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transplantation (n =5).

Competitive long-term repopulation assays with total bone marrow cells also reflected the
functional defects of HSCs of PU.1-URE-mRunx mice (Figure 33). We previously
demonstrated in PU.1 knockout, PU.1 heterozygous, and PU.1 hypomorphic mice that by
crossing to a human PU.1 transgenic strain, PU.1 protein levels were restored (Staber et al.,
2013, Leddin et al., 2011). Importantly, we here show that HSC functions of PU.1-URE-
mRunx mice could be rescued by the human PU.1 transgene (Figure 33), thus providing proof

that the HSC phenotype of PU.1-URE-mRunx mice depended on PU.1.
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Figure 33. 1x10° whole bone marrow cells of indicated donor mice (CD45.2+) were co-transplanted
with equal amounts of CD45.1+ wild type bone marrow cells into lethally irradiated CD45.1+
recipients. Bar graphs show donor chimerism in blood after 6 months (avg. + SD, n=5; **, p <0.01).
Loss of chimerism of PU.1-URE-mRunx donors was restored by breeding to a strain harboring a
human transgene expressing PU.1 (*‘“+ hPU.1-TG”).

4.2.4 Delayed AML/ETO9a leukemia onset in cells of Runx binding site mutants

We next aimed to investigate if leukemic stem cells share the same dependence on the
Runx-PU.1 pathway as normal HSCs. Given the role of Runx in regulation of PU.1 (Huang et
al., 2008), and other studies suggesting that dysregulation of PU.1 is an important mechanism
in AML (Vangala et al., 2003, Rosenbauer et al., 2004, Steidl et al., 2006, Aikawa et al.,
2010), we chose to test this hypothesis using a model of AML/ETO transduced leukemia.
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A truncated form of the AML/ETO fusion protein (AML/ETO9a) efficiently induces
leukemia when expressed in a MigR1 retrovirus in fetal liver cells (Yan et al., 2006). We
transplanted equal numbers of AML/ETO9a transduced E14.5 fetal liver cells of PU.1-URE-

mRunx and wild type mice into CD45.2 recipients and analyzed leukemia development and

survival (Figure 34).

WT+A/E9a _ WT+A/E9a
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@ A - . AnalysiS, )
PU.1-URE-mRunx+ A/E9a Survival study | pu.1-URE-mRunx+ A/E9a

@ 48 hours guamnny

WT / PU.1-URE-mRunx a

MigR1-A/E9a

Figure 34. Experimental scheme: E14.5 fetal liver cells (lineage depleted) of PU.1-URE-mRunx and
WT mice were retro-virally (MigR1) transduced with the fusion oncogene AML/ETO9a (A/E9a)
harboring an eGFP signal. After 48 hours GFP positive cells were isolated and transplanted into
CD45.2 recipient mice (n=7). Development of leukemia and survival was monitored. Moribund mice

were taken for analysis.

AML/ETO9a protein was stably expressed in leukemic samples of recipients (Figure 35).
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Figure 35. Representative Immunoblot demonstrating stable A/E9a protein expression in
leukemic samples (spleen) of A/E9a recipients.
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Leukemic cells derived from AML/ETO9a transduced PU.1-URE-mRunx cells showed
significantly decreased PU.1 levels compared to those derived from AML/ETO9a transduced
wild type leukemia cells (Figure 36).

PU.1 mRNA

Relative to WT+A/E9a
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Figure 36. PU.1 mRNA levels of leukemic (c-kit+, GFP+) cells. Shown are avg. levels * sd. relative
to WT+A/E9a (n=4), ** indicates p<0.01.

All recipients eventually developed leukemia with similar patterns of multi-organ infiltration

(Figure 37, Figure 38).
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Figure 37. Representative flow cytometry analysis of spleens of moribund recipients of either
WT+A/E9a or PU.1-URE-mRunx+A/E9a cells

WT + AML/ETO9a RV

Liver Lung Spleen Kidney

PU.1-URE-mRunx + AML/ETO9a RV

Liver Lung Spleen Kidney

Figure 38. Histologic specimens of indicated organs showing diffuse infiltration of leukemic cells of
moribund recipients of either WT+A/E9a or PU.1-URE-mRunx+A/E9a cells (HE staining).
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However, disease onset of recipients of AML/ETO9a induced PU.1-URE-mRunx leukemic

cells was delayed, and survival was significantly longer than of recipients of AML/ETO9a

induced wild type cells (median 193 days versus 118 days, p=0.0013) (Figure 39).
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Figure 39. Kaplan Mayer survival analysis of recipients receiving either WT or PU.1-URE-mRunx

cells transduced with A/E9a (n=7; p=0.0013).

4.2.5 Loss of AML/ETO9a leukemic stem cells in Runx site mutants

To investigate if the observed delay of leukemia onset was related to a decreased number

of functional leukemic stem cells in AML/ETO9a PU.1-URE-mRunx recipients, we designed

an experiment to quantify leukemia initiating cells (LICs) using limiting dilution

transplantations (Figure 40).
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Figure 40. Experimental outline: WT+A/E9a and PU.1-URE-mRunx+A/E9a leukemic cells from
moribund primary recipients (s. Figure 34, Figure 37, Figure 39) were isolated and transplanted in
limiting dilutions to secondary recipients in which development of leukemia was monitored.

100, 1000, 10,000, or 20,0000 leukemic cells from primary recipients (AML/ETO9a
transformed wild type and PU.1-URE-mRunx) were transplanted into secondary recipients
(CD45.2+) respectively and development of leukemia was monitored with a follow-up of up

to 4 months. LIC frequency of PU.1-URE-mRunx AML/ETO9a leukemias was dramatically
decreased (1 in 32,741 compared to wild type AML/ETO9a; *** 1 in 184, p <0.0001)

(Figure 41, Table 3).
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Figure 41. Logarithmic plot showing the percentage of negative recipients as function of the dose of
transplanted A/E9a leukemia cells. Leukemia initiating cells (LICs) were calculated as for CRUs.

Table 3. Table showing the frequency of LIUs and the total number of transplantations per cell dose.
Leukemia development was monitored by survival and evaluated in spleen and bone marrow. No GFP
positive cells were detectable in bone marrow or spleen of surviving mice after 4 months, which were
then considered as non-responders.

Quantification of leukemia initiation cells (LICs) {follow up 4 months)

Transplanted cell # WT + A/ED PU.1-URE-mRunx + A/E9a
100 2/5 o/5
1,000 5/5 o/s
10,000 5/5 1/4
20,000 5/5 2/4
LIC frequency 1in 184 1in 32,741
(95% confidence interval) (56 - 609) (10,525 - 101,846)

Leukemia was evident with splenomegaly (Figure 42), and leukemic cell (cKit+ and GFP+)
infiltration of spleen (Figure 43) and bone marrow (Figure 44). Thus, as for normal HSCs, the

Runx-PU.1 pathway is essential for leukemic stem cell function of AML/ETO9a leukemia.
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Figure 42. Representative picture of a leukemic (WT+A/E9a) and a non-leukemic (PU.1-URE-
mRunx+A/E9a) spleen at 4weeks after transplantation.
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Figure 43. Flow cytometry analysis of spleens shown in Figure 42.
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Figure 44. Flow cytometry analysis of bone marrows of mice of which spleens are shown in Figure
42.
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4.3 Antisense transcription in normal blood development and core binding
factor leukemia

During myeloid differentiation PU.1 levels need to increase to avoid a differentiation
block, which would lead to leukemia. In contrast PU.1 expression needs to stop completely to
develop T-cells (Figure 45). Here we demonstrate that expression of a long noncoding
antisense RNA plays a central role in silencing the expression of PU.1. We provide evidence
that specific 3-dimensional chromosome architectures facilitate expression of either PU.1
mRNA or PU.1 antisense transcription by locating distal enhancer- or modifier- segments
either to the proximal or the antisense promoter. Our data suggest that Runx factors directly
influences PU.1 antisense expression. We further show that fusion oncoproteins of CBF
leukemias establish a specific higher-order chromatin structure leading to PU.1 antisense
transcription and active PU.1 silencing. Thus, silencing transcription factor PU.1 is an active
process that requires a specific chromosome formation and transcription of a non-coding

antisense transcript
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Figure 45. Scheme of PU.1 expression during normal hematopoiesis.
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4.3.1 Mapping of noncoding transcripts of the PU.1 locus using tiling arrays

To sufficiently map the PU.1 antisense ncRNAs and to screen for additional potentially
relevant ncRNAs, we designed, in collaboration with Roche Nimblegen, Madison, WI, USA,
a high-resolution tiling array covering specific regions on human chromosome 11 (47313409
to 47563127) and murine chromosome 2 (90821954 to 91070913) (Figure 46). Both regions
contain the PU.1 locus and span ~250kb in total. We designed 50mer probes overlapping
25bps to achieve high resolution coverage of the entire PU.1 locus with its up- and
downstream regions. This will enable us to detect and map ncRNA expression within and
around the PU.1 locus. Figure 47 demonstrates proof-of-concept, showing strong expression
of transcripts detected over the exons (Exon 1-5 in light blue boxes) of the PU.1 locus. The
array is currently being validated and will be ready for use by the time this project starts.
Samples to be hybridized to this array will include total RNA samples from various cell types
with different spatial organization of the PU.1 locus, like granulocytes and T-cells (Ebralidze,
2008; Hoogenkamp, 2007, Hoogenkamp, 2009), to allow a comparative analysis of the
expression of all detectable ncRNA transcripts. These data will help us to understand how
PU.1 non-coding transcripts are associated with different chromatin and PU.1 expressions

states.
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Figure 46. Design of tiling array (Roche Nimblegen).
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PU.1 Locus Exon 1-5 with all Introns

Ex1 16.2 kb URE H2

«—— —_— = 5
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Figure 47. Expression values of hybridized oligonucleotides at indicated location of the PU.1 gene
locus. High resolution tiling array analysis of the whole PU.1 gene locus. 1pg of ribosomal RNA
depleted total RNA from U937 cells was hybridizid to the array. The PU.1 gene locus with Exons 1-5
(transparant and numbered for Ex1-5) shows the presence of transcripts along the exons and in various
intronic regions.

For a better demonstration results of tailing array are illustrated in a scheme of the PU.1 AsPr

region (Figure 48).
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Figure 48. PU.1 mRNA and PU.1 antisense RNA expression. Scheme localizing transcripts at the
PU.1 locus (PrPr-proximal promoter, AsPr-antisense promoter, E-exon). Expression is indicated by
RNA-sequencing of the haploid cell line KBM7 (Burckstummer et al., 2013) and high resolution tiling
array data of the myeloid cell lone U937 (Roche Nimblegen).

4.3.2 PU.1 mRNA and antisense expression during hematopoiesis

We have developed and validated highly-specific TagMan-assays to quantify expression of
PU.1 mRNA and antisense transcripts. Data from primary human bone marrow samples show
an inverse expression pattern in mature cells (Figure 49). Lymphoid cells from peripheral
blood (here not distinguishing B- and T-cells) demonstrate very high antisense but low or no
PU.1 mRNA expression. In contrast, in monocytes PU.1 mRNA levels are high and PU.1

antisense levels are low.
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Figure 49. PU.1 mRNA and PU.1 antisense expression in human hematopoiesis. Hematopoietic stem
cells, HSC: CD34+, CD38-, lin-; Granulocyte-macrophage progenitor, GMP: CD34+, CD38+,
CD123+, CD45RA+, Common lymphoid progenitor, CLP: CD34+, CD38+, CD10+, CD45RA-.
Lymphocytes and Monocytes were distinguished by size and granularity in the forward and sideward
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scatter of flow cytometry. TagManPCR was performed for PU.1 mRNA, PU.1 antisense RNA and
18S as house keeping gene; results are shown relative to mean.

4.3.3 PU.1 mRNA and antisense expression in leukemic subsets

Analysis of a few bone marrow samples obtained from patients with AML MO, and the two
types of core-binging factor (CBF)-AML, t(8;21) and inv(16), demonstrated a relative
increase of PU.1 antisense RNA levels in the CBF-AML samples (Figure 4), suggesting a
putative functional role of antisense deregulation in leukemogenesis. This increase of PU.1
antisense expression can also be found in a murine model for inv(16) leukemia that has been
published previously and is available to our lab through a collaboration with Lucio Castilla

(not shown) (Kuo et al., 2006).
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Figure 50. Human PU.1 mRNA and PU, 1 antisense expression in leukemia samples. Patients with
core-binging factor leukemias (inv16, t(8;21) show a relatively high PU.1 antisense expression
compared to their respective PU.1 mRNA levels, suggesting a functional role of PU.1 antisense.

4.3.4 Runx1 and Runx3 bind and activate PU.1 AsPr

We identified a Runx site in the PU.1 antisense promoter region in intron3. We tested binding

of Runx1 and Runx3 to this site by Electro-mobility shift assays (EMSA) gel and found that
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both factors can physically bind to H3 and that specific antibodies for Runx1 and Runx3
super-shift the labeled probe (Figure 51).
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Figure 51. Electro mobility shift assay (EMSA) with supershift demonstrating binding of Runx1 and
Runx3 at the antisense promoter region.

We also asked if Runx1 or Runx 3 can transactivate the antisense promoter in a similar
fashion Runx1 does for the URE (Hoogenkamp, 2007, 2009). Therefore, we cloned a
fragment of H3 i(ncluding the Runx site) in antisense direction into the pXP2-firefly-
luciferase vector. Indeed, both Runx1 and Runx3, but not, lead to a strong dose-dependent
increase in H3-ncRNA promoter activity, whereas Runx2, seems a less potent transactivator
even when high concentrations of up to 200ng DNA (excess) were added to the pxp2-H3
promoter construct (Figure 52). Of note, Runx mediated transactivation capacity strictly

relied on CB1b that was also added to the reaction.
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Figure 52. Reporter assays in pXP2 luciferase vectors of AsPr promoters cotransfected with increasing
amounts of indicated Runx factors and 50ng of CBFb expression plasmids. Shown are mean values +
standard deviation; P-values: * <0.05, **<0.01, ***<(0.001 compared to reporter levels with Ong Runx

set as 1; n=4.

4.3.5 CBF-oncofusion proteins bind and activate PU.1 AsPr

Public available ChIP-sequencing data of the AML1-ETO cell line Kasumi-1 (Ptasinska et al.,

2012) show significant AML1-ETO binding at the region of the antisense promoter that
decreased after siRNA mediated knockdown of AMLI1-ETO (Figure 53).
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Figure 53. ChIP-sequencing data of AML1-ETO binding in Kasumi-1 cells. Note that Kasumi-1 cells
do not express endogenous ETO, therefore detection of ETO stands for AML1-ETO, siRNA mediated
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knockdown of AML1-ETO significantly decreases the (AML1)-ETO binding peak. Data were
obtained from (Ptasinska et al., 2012).

We next asked if the fusion oncoproteins of t(8;21) and inv(16) leukemias might transactivate
the AsPr similarly such as Runx1 and Runx3. Transient reporter assays in HEK293T cells
indicated a dose dependent activation potential of the antisense reporter by the CBF fusion

proteins AML1-ETO and CBFB-MYHI11 (inv16) (Figure 54).
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Figure 54. Similar to Runx1 and Runx3, reporter assays indicate a dose dependent antisense promoter
activation by CBF fusion proteins (right) AMLI1-ETO and CBFp-MYHI11 in transient transfected
HEK293T cells.

4.3.6 Block of CBF-oncofusion proteins reduces PU.1 As transcription
Dr. Bonifer’s group provided us with material of the AML1-ETO siRNA knockdown
experiment (Ptasinska et al., 2012). We found that after AMLI1-ETO knockdown PU.1

antisense was indeed decreased and PU.1 mRNA and protein levels were increased

supporting our hypothesis of CBF induced PU.1 antisense expression (Figure 55, Figure 56).
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Figure 55. In AML1-ETO leukemic Kasumi-1 cells AML1-ETO knockdown decreases PU.1
antisense and increase PU.1 mRNA expression.
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Figure 56. In AML1-ETO leukemic Kasumi-1 cells AML1-ETO knockdown increase PU.1 protein

expression.
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Another collaborator, Lucio Castilla, developed a small molecule inhibitor (AI-10-49) of
CBFB-MYHI11 (inv16 fusion protein) (Illendula, Pulikkan et al. manuscript currently in
revision in Nature). Treatment of ME-1 cells, a human inv16 leukemia cell line, decreased

PU.1 antisense expression (Figure 57).
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Figure 57. Treatment of ME-1 cells (inv16 leukemia cell line) with the small molecule inhibitor
AL10-49 (targeting CBFb-MYH11) decreases PU.1 antisense levels.

4.3.7 Competitive promoter model

PU.1 expression relies on a proper function of its upstream regulatory element (URE)
(Rosenbauer et al., 2004, Hoogenkamp et al., 2007, Huang et al., 2008, Staber et al., 2013),
which contains three runx sites in its homology region 2 (H2) (Huang et al., 2008). Total bone
marrow cells of mice in which the URE had been genetically deleted (Rosenbauer et al.,
2004), demonstrated an almost identical reduction of PU.1 coding and non-coding antisense
transcripts of ~ 80% indicating that the biogenesis of PU.1 mRNA as well as PU.1 antisense
RNA rely on the URE (Ebralidze et al., 2008). Interaction of the URE with the proximal
promoter is associated with sufficient PU.1 expression as revealed by quantitative
chromosome conformation capture (3C) analysis (Staber et al., 2013). Importantly, our data

show that in the non-PU.1-expressing T-cell line Jurkat the URE interacts with the PU.1
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antisense promoter in intron 3 whereas in myeloid cells the URE interacts with the proximal

promoter (Figure 58).
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Figure 58. Chromosome conformation capturing of indicated cell lines demonstrating a strong
interaction between the URE and the AsPr in Jurkat cells and strong URE PrPr interaction in the
myeloid cell lines HL60 and U937. . Graphs represent the results of four independent quantitative
TagManPCR experiments (avg. + sd; *, p < 0.05). Crosslinking efficiencies are shown as relative
values to either URE-AsPr (Jurkat) of URE-PrPr interactions (HL60, U937).

Of note, Jurkat cells have high antisense levels and strong antisense promoter activity
(Ebralidze et al., 2008) and mice lacking the URE fail to suppress PU.1 levels during T-cell
development (Rosenbauer et al., 2006) pointing to a crucial function of URE mediated
antisense transcription involved in PU.1 silencing in T-cells. Based on these findings and our
preliminary data we here propose a “competitive promoter model”, in which the proximal

promoter and the antisense promoter compete for interaction with the URE (Figure 59).
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Figure 59. Competitive promoter model. Quantitiative 3C demonstrating strength of interactions of
the URE with either the proximal or the antisense promoter.

Interestingly, preliminary 3C analysis of chromatin interactions of Kasumi-1 cells after
AMLI1-ETO knockdown demonstrated that the interaction of the URE with the antisense
promoter changed to an URE-proximal promoter interaction after AML1-ETO depletion
(Figure 60).
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Figure 60. Changes of chromatin structure in Kasumil cells upon AML1-ETO knockdown.

These findings support the theory that CBF fusion proteins activate a PU.1 silencing process
that is present during normal T-cell development and involves a specific chromatin

configuration and transcription of the PU.1 noncoding antisense RNA.

4.3.8 Functional effect of PU.1 AS silencing in vitro

Given the high expression levels of PU.1 antisense transcripts in patients with (Figure 50)
we asked for their functional contribution to the leukemic phenotype. We therefore utilized
the lentiviral pGhUG6 vector that allows for selection of successfully infected cells by flow
cytometry through its eGFP cassette (Staber et al., 2013). Overexpression of PU.1 induces
monocytic/macrophage differentiation of Kasumi-1 (Vangala et al., 2003). We infected

Kasumi-1 cells with shRNAs targeting PU.1 antisense transcripts (shPU.1 AS) and found a

79



significant, 60% knockdown of PU.1 antisense transcripts and an approximately 4 fold

increase of PU.1 mRNA compared to non-silencing control (shNSC) (Figure 61).
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Figure 61. PU.1 mRNA and PU.1 As transcripts upon shRNA mediated knockdown of PU.1 antisense
transcripts. (Realtime PCR; average values [avg.] + standard deviation [s.d.] relative ti nuclear NSC;
n=4; *P<0.05, **P<0.01)

Cultured Kasumi-1 cells infected with shPU.1 AS differentiated into monocytes (detected
morphologically and through induced cell surfaces expression of CD15 and CD11b) (Figure
62).

80



1500
2000+ i

1500 i
e 1000
1 2.78
(’ . 1000 — 18 ] —_—

500

500

O —rormymm L ALK BN T B R LA B Q —frrT T T
0 10% 10% 10% 10° 0 10? 0% 10* 10°
<PE-Cy3-A>: CD14 <PE-A>: CD11b

non-silencing ctrl

6500
400
- 10
200 |
T - 0~y — S
0 10% 10% 10 10° o 10 10° w0t 10
<PE-Ly5-A>: CD14 <PE-A: CD11b

Figure 62. ShRNA mediated knockdown of PU.1 antisense transcripts induced monocyte
differentiation of Kasumi-1 cells in vitro (as evidenced morphologically and via increased cell surface
expression of myeloid markers CD11b and CD14).

Cell cycle analysis using Pyronin Y / Hoechst staining demonstrated that PU.1 As knockdown
decreased cell cycle activity (Figure 63).
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Figure 63. Increased fraction of Kasumi-1 cells in silent GO cell cycle phase after knockdown of PU.1
As RNA (SH-04) compared to non silencing control (NSC).
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Figure 64. ShARNA mediated knockdown of PU.1 antisense transcripts (SH-04) induced apoptosis
(indicated by Propidium iodide (PI) / Annexin V) in leukemic Kasumi-1 cells compared to non-
sielencing control (NSC).

To analyze the effect of PU.1 As silencing on T-cell differentiation, we isolated murine
progenitor cells (LSK) and transfected them with lentiviral ShRNAs either NSC or anti-PU.1
As (Sh-4). We then cultured infected cells in a co-culture system with op9-deltal stromal
cells under addition of fIt3 ligand and IL-7. After 8 days we measured T-cell progenitor
differentiation using surface markers CD25 and Thyl. Interestingly, knockdown of PU.1 As
inhibited T-cell progenitors development (Figure 65).
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Figure 65. Co-culture system of NSC or Sh-4 transfected LSK cells with op9-deltal stromal cells
under addition of flt3 ligand and IL-7. After 8 days T-cell progenitor differentiation was analyzed by
flow cytrometry using CD25 and Thy1 antibodies.

4.3.9 Targeting PU.1 AS by insertion of a transcriptional terminator in vivo

These data prompted us to initiate development of the following in vivo model system to
further analyze the biological function of PU.1 As RNA. To analyze their role especially in
the nucleus, we chose to insert transcriptional terminators into a human PU.1 BAC (Clone
name: RP11-750A9) in antisense direction downstream of the antisense transcriptional start
site in intron 3 (Intron 3 TerF BAC). Transcriptional terminator plasmids (TerF-FRT-Kan-
FRT) were constructed through the insertion of the bacterial selection marker Kanamycin
(Kan) flanked by FRT into the 2.2kb beta-globin transcription terminator (TerF) plasmid,
kindly provided by Dr. Nick Proudfoot. We inserted TerF-FRT-Kan-FRT 3’ to exon 3 within
intron 3. After excision of Kan the construct was purified and linearized with P1-Scel and has
been delivered to the Beth Israel Deaconess Medical Center (BIDMC) Transgenic Animal
Core for direct pronuclear microinjection (Figure 66). Two founder lines of transgenic mice
carrying the unmodified human PU.1 BAC (RP11-750A9) were kindly provided by Dr. Frank

Rosenbauer. Since these mice appear normal and do not exhibit any hematologic
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discrepancies they serve as serve as ideal controls. Interestingly, when crossed to PU.I
knockout mice expression of this human PU.1 transgene fully rescues the PU.1 knockout

phenotype (Leddin et al., 2011).
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Figure 66. Schematic diagram of the strategy to insert the transcriptional terminator in intron 3.

For functional analyses of constructs we stably transfected 416B cells (murine myeloid
progenitor cell line) with the modified human PU.1 BAC construct (Intron 3 TerF BAC) and
as a control an unmodified human PU.1 BAC (RP11-750A09; Intact BAC) using co-
transfection with PGK-puro. We obtained 9 positive founder lines per experimental group
from which we picked 3 that showed comparable copy numbers of the inserted transgene as
measured by TagMan Real-Time PCR Assay (not shown). Interference of the insertion of the
transcriptional terminator with splicing was thought to be ruled out using a human PU.1
specific RT-PCR spanning exon3 and exon4. Our studies on these stably transfected cell lines
also revealed that insertion of a transcriptional terminator in intron 3 resulted in undetectable

antisense expression levels (Figure 67).
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Figure 67. Abrogation of intron3 antisense transcription. 416B cells were transfected with either intact
human PU.1 BAC or PU.1 BAC that was modified by insertion of a transcriptional terminator in
antisense direction in intron 3. Bars show mean expression values (n = 3) of PU.1 antisense (intron3)
expression normalized to PU.1 mRNA expression levels as measured by Tag-Man Real Time PCR.
Error bars indicate s.e.m.

However, a detailed analysis on total bone marrow of the obtained transgenic animals
demonstrated a profound interference of the transcriptional terminator with sense

transcription and RNA splicing in vivo as indicated by Northern blotting (Figure 68).
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Figure 68. Northern blot using total bone marrow of transgenic mice with indicated genetic
background indicated interference of the transcriptional terminator with sense transcription and RNA
splicing.

We therefore concluded not to use the transcriptional terminator model for our further studies

on the functional role of PU.1 As transcripts.

4.3.10 Functional effect of PU.1 AS silencing in vivo

Since we achieved a profound PU.1 As knockdown in Kasumi-1 cells using lentiviral
shRNAs and since the transcriptional terminator mouse model did not work, we went on to
study the effect of PU.1 As silencing in vivo using a xenograft model. We transplanted
positive infected Kasumi-1 cells (eGFP+) into immune-compromised NOD-scid IL2R gnull
(NSCID) mice and assayed leukemia development and survival. PU.1 antisense knockdown

reduced leukemic outgrow and prolonged survival (Figure 69).
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Figure 69. ShRNA mediated knockdown of PU.1 antisense transcripts reduces leukemic outgrow.
2x10° eGFP+ cells were intravenously injected in NOD-scid IL2Rgnull (NSCID) mice. Recipients
were monitored for leukemia development and survival (shown as Kaplan Meyer plot).

Leukemic populations were manifest as eGFP+ population in flowcytometry (not shown),

splenomegaly, and white bone coloring (Figure 70).

Figure 70. Moribund mice and controls were analyzed for signs of leukemia (eGFP+ population)
splenomegly, color changes of bones
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4.3.11 PU.1 AS transcripts induce PU.1 PrPr methylation

We next aimed to investigate if PU.1 AS transcripts might be involved in silencing PU.1
expression through methylation of CpG islands at its proximal promoter (PrPr). We utilized
Combined Bisulfite Restriction Analysis (COBRA) in which “C” (Cytisin) is converted to “U”
(uracil) by treatment with bisulfite. Consecutive PCR replaces “U” with “T” (tymidine). CpG
methylation avoids “C” to “U/T” conversion and if a restriction enzyme is used that uses a

CG sequence, cutting capability is preserved (Figure 71).

methylated locus unmethylated locus
m m
CGCG CGCG
i bisulfite conversion
m m
CGCG
Y polymerase chain reaction
CGCG TGTG
Y restriction digestion
CG #*CG TGTG

Figure 71. Scheme illustrating the principle of Combined Bisulfite Restriction Analysis (COBRA)
(retrieved from Wikipedia: http://en.wikipedia.org/wiki/Combined Bisulfite Restriction Analysis).

Using the pGHUG6 lentiviral sShRNA system we previously observed a knockdown of PU.1 AS
transcripts even in the nucleus (Figure 61). We thus used that system to infect the AML-ETO
leukemia cell line Kasumi-1 and the T-cell line Jurkat with pPGHU6-shRNA- PU.1 AS and
analyzed DNA of cell lysates with COBRA. The 530pb sequence including the PU.1 prPr
contains 19 CpG islands, of which some are located within a restriction site of cutting
enzymes, such as aTaql: 2; Hpy1661:2; Hpy188III: 1. Using a restriction cocktail with these
enzymes digested PCR products of bisulfite converted DNA of Kasumi-1 and Jurkat cells
treated with the non silencing control (NSC), whereas after PU.1 AS knockdown methylation

and digestion was lost (Figure 72).
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Figure 72. COBRA of Kasumi-1 and Jurkat cells after PU.1 AS knockdown demonstrates a loss of
methylation sensitive digestion pattern compared to NSC. .
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4.3.12 PU.1 AS transcripts interact with a DNA methyl transferase (DNMT)

To analyze if PU.1 AS noncoding transcripts mediate PU.1 prPr CpG methylation by
shuttling of a DNA methyl transferase (DNMT) we tested a direct interaction using total RNA
immunoprecipitation (RNA-IP or RIP) with antibodies directed against different DNMTs as
indicated (Figure 73). Interestingly, RIP with DNMT3b revealed a clear positive signal in RT-
PCR after IP (Figure 73). We thus, hypothesize that PU.1 AS mediates PU.1 prPr silencing by
bringing the methylation initiating enzyme DNMT3b in close physical proximity.
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Figure 73. RNA immunoprecipitation (RNA-IP or RIP) with antibodies directed against different
DNMTs.
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5 Discussion

5.1 Chromatin structure and transcription factor binding

Our experiments functionally connect autoregulatory binding of PU.1 and binding of
Runx factors to changes in chromosome structure and gene activity. Furthermore, we found
that fusion oncoproteins of core binding factor (CBF) leukemias induce distinct structural
chromosome changes. Among other reports using 3C assays to study enhancer-promoter
interactions (for review see (Bulger and Groudine, 2011)), enhancer occupancy by the
transcription factors Oct4, Nanog, and Sox2 and the cofactors mediator and cohesin was
associated with enhancer-promoter co-localization of actively transcribed genes in embryonic
stem cells (Kagey et al., 2010). While it can be suggested that binding of these factors
actively mediates enhancer-promoter interaction, it is just as likely that they are consequences
of independent events, thus leaving the mechanisms of action uncertain (Bulger and Groudine,
2011). A recent study identified a novel Igh V(D)J recombination control region harboring
CTCF binding sites and reported loss of interaction with a long distance element in knockout
lines for that region (Guo et al., 2011). However, these data were leaving the question
unanswered if CTCF binding or other mechanisms would mediate loop formation.
Importantly, we recently described that targeted mutations of RUNX binding sites in a
downstream regulatory element (DRE) of a human CD34 transgene caused perturbation of the
DRE-promoter interaction in transgenic mice (Levantini et al., 2011). Together with the
functional models presented here, using specific disruption of transcription factor binding in
the URE of the endogenous PU.1 locus, we now can distinguish between correlation and
causation of transcription factor binding and chromosome looping necessary for gene

activation (Figure 74).

91



/7 = Ha //prj—l-// 26 { bt et =

Figure 74. Cartoon illustrating transcription factor binding mediated folding of the PU.1 locus (H1
and H2 are the two homology regions of the URE).

In our 3C analysis of chromatin interactions of Kasumi-1 cells after AMLI1-ETO knockdown
we found that the interaction of the URE with the antisense promoter changed to an URE-
proximal promoter interaction after AMLI1-ETO depletion. This indicates that CBF fusion
proteins mediate a specific chromosomal configuration of the PU.1 locus that is normally
observed in T-cells. Thus, we conclude that CBF proteins hijack a T-cell specific mechanism
of chromosome folding thereby establishing a chromosomal state that does support

transcription of PU.1 AS, but not PU.1 mRNA (Figure 75).
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Figure 75. CBF proteins (AML1-ETO) hijacking a T-cell structure for myeloid leukemic cells.

5.2 PU.1 and stem cell proliferation

Our results demonstrate that PU.lacts as a key regulator of HSC proliferation by
restraining cell cycle through multiple downstream targets. Limiting cell cycle activity is
critical to maintain life-long HSC function and to prevent HSC exhaustion (Cheng et al., 2000,
Hock et al., 2004, Zhang et al., 2006, Miyamoto et al., 2007, Matsumoto et al., 2011). It has
been shown that PU.1 induces proliferation of erythroid progenitors (Fisher et al., 2004, Back
et al., 2004). However, a previous study using inducible PU.1 over-expression suggested that

PU.1 could reduce proliferation in HSCs (Fukuchi et al., 2008). As indicated by gene
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expression and GO-analysis presented in this study, PU.1 significantly regulates pathways
which have been associated with HSC maintenance and self-renewal, such as canonical Wnt,
MAPK, and p53 signaling (Scheller et al., 2006, Kirstetter et al., 2006, Luis et al., 2009, Liu
et al., 2009, Wang et al., 2011). Surprisingly, in HSCs PU.1 directly regulates various
components of the cell cycle machinery by inhibiting cell cycle promoting factors like Cdkl,
E2fl1, and Cdc25a and inducing expression of inhibitors like Gfil, Cdknla (p21), and Cdknlc
(p57). Similar to PU.1ki/ki hypomorphs, young Gfil-/- mice demonstrate increased
phenotypic HSCs, increased cell cycle activity, and decreased HSC maintenance and function
(Zeng et al., 2004, Hock et al., 2004). PU.1 binds the promoter and a -35kb upstream
regulatory element of Gfil, which induces its expression in HSC/progenitor cells (Wilson et
al., 2010a, Wilson et al., 2010b). Also, in concordance with the PU.1ki/ki model, mice
deficient for the G1 checkpoint regulator Cdknla (p21) have increased HSC proliferation and
susceptibility to exhaustion in stress conditions such as serial bone marrow transplantation
and repetitive 5’FU injections (Cheng et al., 2000). Interestingly, HSCs of the b-catenin gain
of function mouse model also demonstrated decreased p21 levels and a similar increase in
HSC proliferation (S/G2/M: 3.5-fold in b-catenin gain of function mice; 2.5-fold in PU.1ki/ki
mice) and consecutive exhaustion following serial transplantation (Scheller et al., 2006).
Moreover, it has been reported recently that Mx1-Cre conditional deletion of Cdknlc (p57)
resulted in increased HSC cell cycle activity and exhaustion in adult mice (Matsumoto et al.,
2011). Taken together, our data demonstrate that PU.1 levels control multiple components of
the complex regulatory network that balances HSC quiescence and proliferation. Several of
these components, which are under direct transcriptional control of PU.1 have been
demonstrated to modify HSC proliferation and to impact HSC exhaustion (Figure 76, Figure
77).
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Figure 76. Positive autoregulation induces an active chromosome loop conformation resulting in
sustained PU.1 levels which balance cell cycle inhibitors and activators thereby maintaining HSCs.
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Figure 77. Disruption of positive autoregulation alters chromosome loop conformation resulting in
reduced PU.1 levels, unbalanced cell cycle inhibitors and HSC exhaustion.
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5.3 Transcription factor autoregulation in vivo

Our data demonstrate that positive autoregulation of a transcription factor occurs in vivo
and that it has an essential function in an adult mammalian organism. Distinct cellular states
are established and maintained by transcription factor networks, which can create cellular
memory and stability (Xiong and Ferrell, 2003, Shykind et al., 2004, Acar et al., 2005).
Autoregulation is suggested to play a critical role in fine-tuning the steady-state of
transcription factor concentrations in these networks. In particular, positive transcriptional
autoregulation is implicated to preserve stability and to enhance cellular memory by
increasing concentration and response time to fluctuations of stimuli (Acar et al., 2005,
Murugan and Kreiman, 2011). Synthetic circuits and in vitro culture based studies have been
utilized to identify mechanisms of autoregulatory gene networks. Recently, genome-wide
transcription factor occupancy studies have also emphasized a potentially fundamental role of
autoregulation to maintain distinct cellular phenotypes such as embryonic stem cell state
(Young, 2011). However, these studies are inherently descriptive, and are also limited in that
they have not accounted for changes secondary to decreased transcription factor expression.
Therefore, the natural occurrence and in vivo functional relevance of autoregulation in
complex organisms such as mammals has remained unclear. Using a series of in vivo genetic
models, including knockouts, transgenics, targeted deletions, and in particular models which
maintain normal PU.1 expression, we can now demonstrate conclusively that PU.1

autoregulates its expression through a binding site in an upstream regulatory region.

5.4 Runx-PU.1 pathway in normal stem cells

This study uncovers a novel role of the Runx-PU.1 pathway in normal and leukemic stem
cell biology. Previous reports of Runx1 function in HSCs have been inconsistent, probably
due to partial compensatory effects of other Runx family members (Ichikawa et al., 2008,
Jacob et al., 2010, Cai et al., 2011, Ichikawa et al., 2004). Here we show that Runx1 deletion
led to Runx3 up-regulation in HSCs. Together with a recent study demonstrating a functional
role of Runx3 in HSCs (Wang et al., 2013), this suggests that Runx3 partially substitutes for

Runx1 function. The functional redundancy of Runx factors was further supported by a report
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showing Runx2 up-regulation in MLL-AF9 leukemia (Bernt et al., 2011). By disrupting the
common binding sequences of all Runx family members in the PU.1 URE, we could evaluate
the Runx-PU.1 axis without compensatory effects. We found that Runx factors mediate
folding of the PU.1 locus to a loop formation and induce PU.1 transcription in HSCs, which is
fundamental to preserve HSC function by preventing exhaustion. Using PU.1 hypomorphic
mice, we recently provided experimental evidence that PU.1 prevents HSC exhaustion (Staber
etal., 2013). In HSCs, PU.1 directly regulates various components of the cell-cycle
machinery by inhibiting cell-cycle-promoting factors, such as Cdk1, E2f1, and Cdc25a and
inducing the expression of inhibitors such as Gfil, Cdknla (p21), and Cdknlc (p57) (Staber
et al., 2013). Similarly, PU.1 slows down the cell cycle of HSCs/progenitors (Kueh et al.,
2013). Thus, our data provide functional evidence that by inducing PU.1, Runx factors

prevent HSC exhaustion through the regulatory function of PU.1 on the cell cycle machinery.

5.5 Runx-PU.1 pathway in leukemic stem cells

Acute leukemia is characterized by a block in hematopoietic differentiation. Since PU.1
strongly promotes myeloid differentiation, it has been thought to be a leukemia-suppressive
gene (Tenen, 2003). Reducing PU.1 levels can induce AML in mice (Rosenbauer et al.,
2004), and low PU.1 levels have also been implicated mechanistically in specific forms of
leukemia such as Acute Promyelocytic Leukemia (Walter et al., 2005, Mueller et al., 2006)
and Core-Binding Factor Leukemia (Vangala et al., 2003, Goyama and Mulloy, 2011, Huang
etal., 2011, Huang et al., 2008, Okuda et al., 1998). However, the observation that the Runx-
PU.1 pathway is essential in HSC biology led us to to investigate whether normal and
leukemic stem cells might share the requirement of Runx induced PU.1 for their stemness. As
proof of principle, we disrupted the Runx-PU.1 axis in AML/ETO9a induced leukemia and
observed a dramatic decrease in leukemic stem cell function. This finding demonstrates the
requirement of Runx-PU.1 for leukemic stem cell function, likely through the requirement of
at least some level of PU.1 to prevent stem cell exhaustion. Using a mouse model with the
combined loss of Runx1/CBFB a recent study reported the requirement of Runx for the
survival of MLL-AF9 fusion leukemia cells (Goyama et al., 2013). Another recent report
indicated a key role of Runx1 in MLL-AF4 leukemia (Wilkinson et al., 2013). Our data are
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consistent with these reports. Furthermore, we here present experimental evidence that Runx
factors are required to maintain the stemness of leukemic cells through their downstream

target PU.1.

5.6 PU.1 antisense mediated silencing of PU.1 promoter

We have demonstrated that Runx induced PU.1 levels and the URE-prPr interaction have
a crucial function in normal HSCs. Despite the fact that PU.1 is an anti-leukemic gene we
further showed that at least some PU.1 levels through Runx mediated URE-prPr interaction is
also required in A/E9a leukemic stem cells. It therefore appears surprising that AML-ETO
fusion oncoprotein themselves mediate a specific structure that favors the interaction of the
URE with the AsPr in contrast to the URE-prPr interaction. In AML-ETO leukemia with
intact Runx sites URE-prPr interactions occur to a to a higher degree than in Runx site
mutants, in which URE-prPr interaction was below the detection threshold. We therefore
hypothesize that low PU.1 levels are critical for leukemia development since proliferation
potential is increased and myeloid differentiation is disrupted. However, a decrease of PU.1
levels over a critical threshold affects the stemness of both normal HSCs and leukemic stem
cells.

This work achieved three major innovations: First, we demonstrated how a higher-order
chromosome architecture regulates gene transcription through activating either a proximal
promoter or a non-coding antisense promoter in a competitive / dualistic manner
(“competitive promoter model”). Second, we showed that fusion proteins of core-binding
factor (CBF) leukemias t(8;21) and inv(16) arrange a specific three-dimensional chromosome
structure, which facilitates excessive PU.1 antisense transcription resulting in PU.1 silencing
as a driving event of these leukemias. Third, we found a direct interaction of PU.1 As
transcripts with DNMT3b and described a noncoding dependent methylation of the PU. 1
promoter. These experiments established a novel mechanism linking a distinct higher-order
chromatin structure with transcription of a non-coding RNA and tumor suppressor gene

methylation as specific cause of a large subgroup of acute myeloid leukemia (Figure 78).
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Figure 78. Scheme illustrating the mechanism linking a distinct higher-order chromatin structure with
transcription of a non-coding RNA and PU.1 promoter methylation in CBF AML.

Hematopoietic stem cells (HSC) ensure a life-long replenishment of all blood lineages and
maintain a sufficient HSC pool (Leary et al., 1985). The decision of an individual HSC to
commit to the myeloid lineage requires a timed and strictly stage dependent expression of the
master transcription factors Runx1 and PU.1 (Rosenbauer and Tenen, 2007, Hoogenkamp et
al., 2009, Huang et al., 2008, Staber et al., 2013, Kueh et al., 2013). The interplay between
these two factors may also be of significance in human leukemia, as Runx function is
frequently affected in various types of the disease such as the core-binding factor leukemias
t(8;21) and inv(16) or through direct mutations of Runx1 (Meyers et al., 1995, Lukasik et al.,
2002, Silva et al., 2009, Peterson et al., 2007). Leukemia is the most frequent cancer related
cause of death in adults between the age of 30 and 40 and also a frequent cause of death of
children. The prognosis for these patients is poor, because to date, except for the small
subgroup of t(15;17) leukemia cases, no causative therapy exists and our understanding about
the mechanism of disease has remained limited (Swerdlow, 2008).

Emerging regulatory mechanisms include long non-coding RNA (ncRNA) molecules and

higher order chromatin interactions (Lee and Bartolomei, 2013, Rinn and Chang, 2012,
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Sexton and Cavalli, 2013, Staber et al., 2013). The biological characterization and functional
analyses of PU.1 non-coding transcripts is a centerpiece of this thesis. We established the
functional link between Runx and CBF fusion proteins, three dimensional chromatin
arrangements and non-coding transcription thus breaking new grounds in our understanding
of gene regulation. Insights in this novel mechanism deepened our knowledge of
hematopoietic stem cell differentiation and CBF leukemia development and will provide a
basis for the development of novel ncRNA directed causative drug therapies in hematologic

disorders.
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6. Abbreviations and bibliography

Abbreviations

PU.1 (encoded as SPI1/Sfpil): Transcription factor binds to a purine-rich sequence known as
the PU-box; Runt-related transcription factor (RUNX), ETS (E26 transformation-specific or
E-twenty-six) family is one of the largest families of transcription factors, acute myeloid
leukemia 1 protein (AML1), embryonic stem cells (ESC), induced pluripotent stem cells
(1IPSC), Hematopoietic stem cells (HSC), core-binding factor (CBF) leukemia, acute myeloid
leukemia (AML), upstream regulatory element (URE), proximal promoter (PrPr), antisense
promoter (AsPr), antisense transcription start site (ATSS), chromosome conformation capture
(3C), enhanced green fluorescent protein (¢GFP), antisense (AS), Non Silencing Control
(NSC), small hairpin RNA (shRNA), Electro-Mobility-Shift-Assay (EMSA), Chromatin
Immuno-precipitation (ChIP), polyinosinic-polycytidylic acid (pIpC),
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